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�2.1	Review of concepts





2.1.1	Atom, atomic number, neutron number, mass number, nuclide, element and isotopes



	Atoms are made up of two main parts, the atomic nucleus and the electrons which surround the nucleus.  The nucleus in turn is made up of protons and neutrons. The nucleus carries nearly all the mass of the atom (over 99.9%), but its volume is infinitesimally small compared to that of the atom.  Dimensionwise the nucleus in an atom is like a marble on a football field.  Thus a large fraction of the volume of an atom is empty space and a particle like an alpha(a)-particle or a neutron can pass through an atom uninterrupted if it does not encounter the nucleus.



	The number of protons in the nucleus is known as the atomic number and it is denoted by the symbol Z.  The number of neutrons in a nucleus is known as the neutron number and this is denoted by the symbol N.  The total number of particles in the nucleus is known as the mass number which is denoted by the symbol A.



	A = Z + N



	Z protons give a positive electric charge to the nucleus and this charge is neutralised by Z electrons that surround the nucleus, thus making the atom as a whole an electrically neutral entity.



	Chemical properties of an atom and therefore its position on the Periodic Table of elements, depends on the number of protons in the nucleus, Z, whereas its nuclear properties depend both on the atomic number and the neutron number.



	All atoms having the same Z and therefore the same chemical properties, are said to belong to the same element and occupy the same position on the periodic table.



	Nuclides are atomic nuclei characterised by the number of protons and neutrons in the nucleus.  They are represented symbolically as:



			� EMBED Equation.2  ���	where X is the chemical symbol



	An element may have several different types of atoms, all containing the same number of protons, but different numbers of neutrons.  These different types of atoms are known as the isotopes of the same element.

			

	Examples:



	-	Hydrogen has three naturally occurring isotopes



	� EMBED Equation.2  ���;  � EMBED Equation.2  ��� (deuterium);  � EMBED Equation.2  ��� (tritium)  (Z = 1, N = 1, 2 & 3 respectively)





	-	Carbon has three naturally occurring isotopes



		� EMBED Equation.2  ���; � EMBED Equation.2  ���;  � EMBED Equation.2  ���		(Z = 6,  N  =  6, 7, & 8)

 		



	-	Oxygen has two naturally occurring isotopes



		� EMBED Equation.2  ���; � EMBED Equation.2  ���;   		(Z = 8,  N  =  8 & 10)

 		�ADVANCE \U 5.0�	



	-	Uranium has two naturally occurring isotopes



		�ADVANCE \U 3.0�� EMBED Equation.2  ���;  � EMBED Equation.2  ���;			(Z = 92,  N  =  143 & 146)

 		�ADVANCE \U 5.0�	



2.1.2	Binding energy, stability, N/Z ratio, chart of the nuclides, radioactivity



	The atomic nucleus is made up of protons and neutrons.  Protons are positively charged and repel each other by electromagnetic forces (e.m. forces), and their repulsion is proportional to the square of the number of protons (Z2) and inversely proportional to the square of the distance between the charges.   When the distance is infinitesimally small as in the case when all the protons are inside an atomic nucleus, the repulsion is enormously high.  If there is no other stronger force that bind the particles in the nucleus together, the nucleus cannot hold together and should break up.  Fortunately this job is done by the strongest of the 4 basic types of force that exist in nature.  This force is known as the "strong force" and nuclear scientists sometimes refer to it as the "nuclear force".  "Fortunately" we say, because if this force was not there to do this job we would not have been here and the earth would not have been in existence.  Strong force is 100 times stronger than the e.m. forces that cause protons to repel each other and the nucleus to attract and retain the electrons around it.  Strong force binds neutrons and neutrons, protons and protons, and neutrons and protons with equal strength.  The energy with which the particles in a nucleus are bound together is known as the binding energy (BE) of the nucleus.  Binding energy is a reflection on the stability of a nucleus and higher binding energy means higher stability.



	A more convenient measure of the stability of a nucleus is the binding energy per nucleon (BE/A) (nucleon is any particle in the nucleus).  Figure 2.1 shows how BE/A varies with the mass number of a nucleus.

















































Figure 2.1.  Variation of binding energy per nucleon with atomic mass number.





































Figure 2.2.  Range of nuclear stability.



	An a particle (nucleus of the 4�ADVANCE \L 3.0�2He atom) is a nucleus of exceptional stability for its mass with a BE of 28.3 MeV and a BE/A of 7.1 MeV per nucleon.  Compare with the relevant figures for a deuteron (2�ADVANCE \L 3.0�1D), which are 2.225 MeV and 1.112 MeV per nucleon.

	For heavy nuclei BE/A decreases with the increase of the mass number due to increasing e.m. repulsion among protons, up to uranium (Z = 92) beyond which this repulsion breaks up nuclei and prevents them from occurring in nature.  Heavy nuclei always try to reduce this repulsion energy in the nucleus in order to attain greater stability.



	There is a balance between the number of protons and neutrons in a nucleus.  For light nuclei Z is equal or nearly equal to N.  As the mass number increases the proportion of neutrons has to increase to balance the increasing e.m. repulsive energy by adding more attractive strong force components.



	When all nuclides are plotted on a chart N vs Z all stable nuclides fall in a stability range bending towards the N-axis as mass increases.  This chart has been expanded to a very useful chart of the nuclides giving information on both stable and unstable (radioactive) nuclides.













































Figure 2.3.  Portion of the chart of the nuclides.

							

	In this chart each nuclide occupies a square and basic information about the nuclide are printed on the square.  Information available on the chart of the nuclides includes the symbol, mass number, half-life, modes of decay, nature and energy of radiations emitted and percentage abundance.  Stable, naturally radioactive and artificial nuclides are differentiated by the colours used for shading the squares.  The chart of the nuclides is a useful source for quick information on the characteristics of any nuclide.  Nuclei falling outside the stability range on this chart are unstable due to imbalance of the N/Z ratio and undergo changes to establish a stable N/Z ratio.



	Nuclides which are unstable due to imbalance in the N/Z ratio or excessive e.m. repulsive energy readjust themselves to attain stability by changing a neutron to a proton or a proton to a neutron or by shedding some protons.  In the process of readjustment, these nuclides emit radiation in the form of beta 

(b-) particles, positron (b+) particles, a particles and gamma(g)-rays.  Often stability is not attained by one stage of adjustment and in such instances the product resulting from one stage of readjustment undergoes further stages of adjustment.  In some cases chains of such readjustments are possible before stability is attained.  Nuclides formed by such readjustment, nearly always, exist in an excited state possessing excess energy and this energy is released as e.m. radiation (g-rays) or transferred directly to extra nuclear electrons.



	Unstable nuclides which undergo readjustment emitting radiation are known as radioactive nuclides and the process of readjustment emitting radiation is known as radioactivity.  The radionuclide products that the process of radioactivity produces are called daughters.  Radioactivity include 6 main processes viz. b- decay, b+ decay, electron capture, a decay, g or x-ray emission and internal conversion.





2.2	b- decay



	The mechanism of readjustment of nuclides which have excess neutrons, to attain a stable N/Z ratio is by converting a neutron into a proton (pt).  In the process of converting a neutron to a proton two light particles are given out at high speed and the energy of conversion is shared between these two particles.  The two particles given out are a beta particle and a neutrino (n):



	n°  ®  p+  +  b-   +  n°



	A b- particle is a fast moving electron (electrons coming from inside an atomic nucleus re known as a beta particles).  An electron has a negative electric charge equal in magnitude to the positive charge on a proton and a mass of 5.488 x 10-4 AMU (atomic mass units).  A neutrino is an extremely light neutral particle which has such a high penetrating power that it can go across the earth without interaction.  As b- rays have to share the energy of transformation with neutrinos and the ratio of sharing is not a fixed quantity, b- rays are not mono-energetic (all b- particles do not have the same energy).  Although the energy of a b- ray is not a fixed quantity the maximum energy that a b- ray can possibly have is the energy of transformation which is a fixed quantity.  Therefore, when we refer to a fixed quantity with respect to energy of b- we consider Emax, which is the maximum energy a b- rays can acquire.

�	Emission of a b- ray increases the atomic number (Z) of the nuclide by one while retaining the mass number unchanged.  The nature of the chemical element changes and the position of the nuclide in the periodic table shifts one place to the right e.g.



				� EMBED Equation.2  ���	®	� EMBED Equation.2  ���	+	b-  

		 		�ADVANCE \U 5.0�	 





				� EMBED Equation.2  ���	®	� EMBED Equation.2  ���	+	b-  

		 		�ADVANCE \U 5.0�		�ADVANCE \U 5.0�	 



				� EMBED Equation.2  ���	®	� EMBED Equation.2  ����ADVANCE \U 3.0�	+	b-  

		 	�ADVANCE \U 3.0�				 �ADVANCE \D 3.0�







2.3	b+ decay and electron capture



	When a nucleus has excess protons there are two competing mechanisms to convert a proton to a neutron.  In electron capture (EC) an electron from an inner electron shell is sucked into the nucleus and captured by a proton without emitting any radiation from the nucleus.



			p+	+	e-	®	n°	+	n





	The electron is usually sucked in from the K-electron shell and therefore EC is sometimes referred to as K-capture.  EC decreases the atomic number of the nuclide by one without changing the mass number and shifts its position in the periodic table to the left by one place.



e.g			� EMBED Equation.2  ����ADVANCE \U 3.0�	+	e-	®	� EMBED Equation.2  ���





	EC creates an electron vacancy in the electron shell of the new nucleus and filling of this vacancy results in the emission of an x-ray characteristic of the new element.  EC can be measured by detecting the x-rays emitted.  If, in a nuclide which has excess protons and tries to convert a proton to a neutron, the energy of transformation available is greater than 1.02 MeV  The positron (b+), which is the antiparticle (opposite charge for our purposes)of the electron having the same mass and opposite charge is ejected from the nucleus.  Positron being the antiparticle of the electron is unstable in the presence of an electron.  When it meets an electron both disappear converting their mass into energy.



				p+	-------->	b+	+	n	+	n

�

	This is known as annihilation.  Converting the mass of an electron-positron pair into energy produces two gamma rays each of energy 0.51 MeV and in opposite directions.  They have to be in opposite directions to have a total momentum of zero.  b+ decay is detected by measuring the 0.51 MeV g-rays.



e.g.			� EMBED Equation.2  ���+	(+

		



	EC and b+ decay are competing processes when the energy of transformation is greater than 1.02 Mev.



































Figure 2.4.  g-ray emission after competing electron capture and b+ decay.





2.4	a decay



	The high e.m. repulsion among the protons of a heavy nucleus reduces its BE/A substantially and the nucleus tries to become more stable by shedding protons.  Protons are bound inside the nucleus with a BE and have no way of acquiring sufficient energy to overcome the energy barriers (at least 8 MeV) that they have to go through to come out.  A deuteron (2�ADVANCE \L 3.0�1D) can acquire 2.225 MeV of energy in the form of its BE, but it cannot come out as the energy needed for it to come out is 13.5 MeV.  Due to its exceptionally high BE, an a particle can acquire more energy than necessary to come out of the nucleus.  The BE of an a particle is 28.3 MeV and the energy required for it to come out is 27 MeV.  An a particle is the only particle which has its own BE higher than the energy needed for it to come out of a heavy nucleus.  Therefore the only mechanism by which a heavy nucleus can shed its protons is by emitting a particles.  Emission of an a particle reduces the mass number (A) of a nucleus by 4 and its atomic number (Z) by 2, shifting the position of the nuclide in the periodic table to the left by two places. 

�e.g.			� EMBED Equation.2  ���	(	� EMBED Equation.2  ���	+	� EMBED Equation.2  ���





			� EMBED Equation.2  ���	(	� EMBED Equation.2  ���	+	� EMBED Equation.2  ���

	





	a particle emission tilts the N/Z ratio of a nuclide towards the neutron rich direction and therefore a emission is often followed by b- decay to restore a stable N/Z ratio.





2.5	g ray emission and internal conversion



	b- decay, b+ decay, EC and a decay changes a nuclide to produce a new nuclide of a different element.  The new nuclide formed, initially appears in a excited state with excess energy.  An excited nucleus formed in this manner gets rid of its excess energy (excitation energy) and reaches its ground state by directly transferring its excitation energy to an extra nuclear electron or by emitting the excitation energy as one or more g rays.  Transfer of excitation energy to an extra nuclear electron is known as internal conversion (IC).







































Figure 2.5.   g-ray emission after b- decay.





	Internal conversion produces the electron that receives the energy to be ejected from the atom with a kinetic energy equal to the excitation energy of the nucleus less the ionisation potential of the electron.  Unlike in the case of b- decay, all electrons given out by IC have the same energy (mono-energetic).  Filling up of the electron vacancy created by IC produces an x-ray characteristic of the element.



2.6	Activity and specific activity



2.6.1	Activity - The quantity for describing the amount of radioactivity



	The basic event that characterises a radioactive nuclide is the transformation of its nucleus into the nucleus of another species.  This transformation is known as decay, and there may be several modes of decay for a given nuclide.  The number of nuclear transformations occurring per unit of time is called the activity.  As an example, consider the decay scheme for bismuth-212, shown in Figure 2.6.  This nuclide undergoes alpha decay in 36 percent and beta decay in 64 percent of its disintegrations.  A quantity of 212Bi that undergoes 100 nuclear disintegrations per minute has an activity of 100/min and emits 36 alpha particles and 64 beta particles per minute.  Gamma photons accompany 72 percent of the alpha decays and 16 percent of the beta decays.







































Figure 2.6.  Disintegration scheme of bismuth-212.  





	The original (imperial) unit of activity is the curie (Ci), which is equal to the activity of one gram of radium-226.  The number of disintegrations per second in one gram of radium-226 is 3.7 x 1010.  Present definition of the curie is the quantity of a radioactive material in which the number of atoms disintegrating per second is 3.7 x 1010.  The curie is now being replaced by the SI unit the becquerel (Bq).



	The becquerel is the amount of radioactive material in which, on the average, 1 atom disintegrates per second.  It is thus a very small unit, whereas the curie is a very large unit.









	The approximate relationship between activities expressed in the two units is as follows:



			1 mCi	=	37 kBq

			1 mCi	=	37 MBq	

			1 Ci	=	37 GBq	=	3.7 x 1010 Bq

			1 kBq	=	0.027 mCi

			1 MBq	=	27 mCi

			1 GBq	=	27mCi



	It is important to recognise that the unit of activity refers to the number of disintegrations per unit time and not necessarily to the number of particles given off per unit time by the radionuclide.  For example, 1 mCi of 212Bi undergoes 2.22 x 106 transformations per minute but gives off 2.22 x 106 x 0.36 alpha particles per minute, 2.22 x 106 x 0.64 beta particles per minute, and 2.22 x 106 x 0.36 gamma photons per minute.  The rate of emission of a particular type of ionising particle can be equated to the activity only when each disintegration gives off one of that particular particle.



2.6.2	Specific activity



	Although the activity of a sample is a measure of the quantity of radioactive material present, it does not say anything about the mass (or volume) of that material.



	The relationship between the activity and the mass (or volume) of the radioactive material is known as the specific activity.  Its units are the becquerel or curie per kilogram or becquerels or curie per mole.



	It is possible to prepare a sample of a radioactive isotope in which no non-radioactive isotope of the same element is present.  Such a sample is said to be carrier free.



	When a radioactive material is produced by neutron irradiation of a sample in a reactor, the specific activity of the material produced depends on its half-life and on the atomic weight of the sample being irradiated.  High specific activities can be obtained when the half-life is short and the atomic weight low.





2.7	Production of x-rays, bremsstrahlung



	There are two different mechanisms through which x-rays are produced.  These are illustrated in Figure 2.5.  The most important mechanism, from the point of view of the use of x-rays in radiography, is through a violent acceleration of the electron, resulting in a sharp deflection, as it interacts with the electrical field around the nucleus.  Such acceleration results in the emission of photons of x radiation.





























	(a)























	(b)



Figure 2.7.  Methods of x-ray production by electron bombardment.  (a)	Bremsstrahlung production by acceleration of bombarding electrons.  Electrons accelerated (shown here as a change of direction) near the highly charged nucleus of a heavy element may lose all or most of their energy through the emission of x-ray (called bremsstrahlung, meaning "braking radiation").  (b) Characteristic x radiation production by deexcitation of atoms energised by bombarding electron.  Step 1:  Incident energetic electron ejects orbital electron from an inner shell of the atom, leaving the atom in an excited state.  Step 2:  An electron from an outer shell drops to the vacant shell, resulting in the emission of a characteristic x-ray.



	The x-rays produced are generally referred to as bremsstrahlung (braking radiation), because the electrons lose energy and slow down in the process of emitting the radiation.  All the kinetic energy of the electron may be converted into an x-ray, but this occurs only rarely.  Most of the time, only part of the energy is converted.  The result is a continuous spread of energies in the x-rays produced, up to the maximum energy of the electron.  In commercial x-ray units, the x-rays are produced by bombarding a target with electrons that receive their energy by acceleration through a high voltage.



	The second mechanism of x-ray production is through transitions of electrons in the inner orbits of atoms.  These orbital transitions produce photons of discrete energies given by the differences in energy states at the beginning and end of the transitions (Figure 2.7).  Because of their distinctive energies, the photons produced are known as characteristic x-rays.  Characteristic x-rays can be produced only if electron vacancies are created in the inner orbits  of atoms to which outer electrons can be transferred.  There are several ways in which such vacancies can be produced.  One is through the bombardment of an atom with energetic electrons which may result in the ejection of other electrons from the innermost shells.  This can be an important source of x-rays in an x-ray tube, although the main source is from acceleration of the electrons in collisions with the target, as discussed in the previous paragraph.  Vacancies can also be produced by photoelectric absorbtion of x-rays.  There are two forms of radioactive decay that also create vacancies followed by x-ray emission:  internal conversion and electron capture.  These processes are responsible for the development of radionuclide x-ray sources.  The manner in which they give rise to x-rays is shown diagrammatically in Figure 2.8.





	a)











				Step 1				Step 2

			Capture of K electron			Emission of X-ray





	b)













				Step 1				Step 2

			Ejection of K electron			Emission of X-ray



Figure 2.8.  Radionuclide sources of x-rays.  (a) X-ray production by electron capture.  Step 1:  Electron is captured from the innermost (K) shell by iron-55 nucleus, converting a proton in the nucleus into a neutron and producing a manganese-55 atom with an electron missing in the K shell.  Step 2:  Innermost orbit of manganese-55 atom is filled by transition of an electron from an outer shell, accompanied by the emission of an x-ray.  The most favoured transition is from the closest shell, and this gives rise to a 0.0059 MeV x-ray.   (b)  X-ray production by internal conversion.  The example used is the isomer of tin-119, a metastable state of the nucleus that is more energetic than the ground state by 0.089 MeV.  It reverts to the stable state with a half-life of about 250 days by releasing this energy.  Step 1:  The 0.089 MeV released in reverting to the ground state is imparted to one of the inner electrons which is ejected from the atom as an internal conversion electron.  Step 2:  The vacant shell is filled immediately by another electron, a process accompanied by the emission of an x-ray.  Internal conversion electrons from the next (L) shell are followed by 0.004 MeV x-rays.



	Although there are many physical processes that result in the production of x-rays, the process most commonly used is electron bombardment of a target in an x-ray tube.  The reason for the almost universal use of this method of x-ray generation is that the x-ray tube produces the smallest and most intense x-ray source.





2.8	Properties of ionising radiation and their interaction with matter



	In order for the health physicist to understand the physical basis for health effects of radiation, radiation dosimetry and the theory of radiation shielding, the mechanisms by which the various radiations interact with matter must be understood.  In most instances, these interactions involve a transfer of energy from the radiation to the matter with which it interacts.  Matter consists of atomic nuclei and extra-nuclear electrons.  Radiation may interact with either or both of these.  The probability of occurrence of any particular category of interaction, and hence the penetrating power of radiations and the distribution of chemical and biological reaction centres, depends on the type and energy of the radiation as well as on the nature of the absorbing medium.  In all instances, excitation and ionisation of the absorbing medium atoms results from their interaction with the radiation. 



2.8.1	Range-energy relationship



·	Alpha rays



-	Range-energy relationship.



	Alpha particles are the least penetrating of the ionising radiation types.  In air, even the most energetic alpha from a radioactive substance would travel only several centimetres, while in tissue, the range of alpha radiation is measured in micons (1 m = 10-4cm).  The term range, in the case of alpha particles, may have two different definitions:  mean range and extrapolated range.  The difference between these two ranges can be seen in the alpha-particle absorption curve, in Figure 2.9.























Figure 2.9.	Alpha particle absorption curve.



·	Beta rays



	The attenuation of beta rays by any given absorber may be measured by interposing successively thicker absorbing media between a beta ray source and a suitable beta ray detector, such as a Geiger counter, as shown in Figure 2.9, and counting the beta particles that penetrate the absorbing media.  When this is done with a pure beta emitter, it is found that the beta particle counting rate decreases rapidly at first, and then slowly as the absorbing medium thickness increases.  Eventually, a thickness of absorbing medium is reached that stops all the beta particles; the Geiger counter then registers only background counts due to environmental radiation.  If semi-log paper is used to plot the data, and if the counting rate is plotted on the logarithmic axis while absorbing medium thickness is plotted on the linear axis, the data approximates a straight line, as shown in Figure 2.11.  The end point in the absorption curve, where no further decrease in the counting rate is observed, is called the range of the beta rays in the material of which the absorbing medium are made.  





























Figure 2.10.  Experimental arrangement for absorption measurements on beta particles.



































Figure 2.11.   Absorption curve (aluminium absorbers) of 210Bi beta particles, 1.17 MeV.  The broken line represents the mean background counting rate.





	As a rough rule of the thumb, a useful relationship is that the absorber half-thickness (that thickness of absorber that stops one-half of the beta particles) is about one-eighth of the range of the beta rays.  Since the maximum beta ray energies for the various isotopes are known, by measuring the beta ray ranges in different absorbers, the following systematic relationship between range and energy is established:



		      lnE		= 	6.63 - 3.2376 (10.2146 - ln R)½



	where:	R 	= 	Range (mg/cm2)

			E 	= 	Maximum beta ray energy (MeV)



	Inspection of Figure 2.12 shows that the required thickness of absorbing medium for any given beta ray energy decreases as the density of the absorbing medium increases.  Detailed analyses of experimental data show that the ability to absorb energy from beta rays depends mainly on the number of absorbing electrons in the path of the beta ray, that is, on the areal electron density (electrons per cm2) in the absorbing medium; and, to a very much lesser degree, on the atomic number of the absorber.  For practical purposes, therefore, in the calculation of shielding thickness 

against beta rays, the effect of atomic number is neglected.  Areal density of electrons is approximately proportional to the product of the density of the absorbing medium material and the linear thickness of the absorber, thus giving rise to the unit of thickness called the density thickness.  Density thickness, td, is defined as the product of density and thickness.



				td g/cm2	=	r g/cm3 x tl cm







































Figure 2.12  Range-energy curves for beta rays in various substances, (adapted from Radiological Health Handbook, Office of Technical Services, Washington, 1960).





	The units of density and thickness need to be grams and centimetres, or any other consistent set of units.  Use of the density thickness unit, such as g/cm2 or mg/cm2 for absorbing media makes it possible to specify such absorbing media independently of the absorber material.  It should be pointed out that beta ray shields are almost always made from low atomic-numbered materials to prevent the production of bremsstrhalung.  For example, the density of aluminium is 2.7 g/cm3 and a sheet of aluminium 1 cm thick, therefore, has a density thickness of



				td	=	2.7 gm/cm3 x 1 cm	=	2.7 g/cm2.



	If a sheet of Plexiglass, whose density is 1.18 g/cm3 is to have a beta ray absorbing quality very nearly equal to that of the 1 cm thick sheet of aluminium, i.e. 2.7 g/cm2, its linear thickness is found to be



				

				t1	=	� EMBED Equation.2  ���	=	2.39 cm



	Another practical advantage of using this system of thickness measurement is that it allows the addition of thicknesses of different materials in a radiologically meaningful way.  A universal curve of beta ray range (in units of density thickness) versus energy given is given in Figure 2.13.























Figure 2.13.  Range-energy curve for beta particles.  The range is expressed in units of density thickness (from Radiation Health Handbook, Office of Technical Services, Washington, 1960).





2.8.2	Mechanisms of energy loss



·	Alpha rays



	An alpha particle absorption curve is flat because alpha radiation is essentially monoenergetic.  Increasing thickness of absorbing media serves merely to reduce the energy of the alpha particles that pass through the absorbing medium; the number of alpha particles is not reduced until the approximate range is reached.  At this point, there is a sharp decrease in the number of alpha particles that pass through the absorbing medium.  Near the very end of the curve, absorption rate decreases due to straggling, or the combined effects of the statistical distribution of the "average" energy loss per ion and the scattering by the absorber nuclei.  The mean range is the range most accurately determined, and corresponds to the range of the "average" alpha particle.  The extrapolated range is obtained by extrapolating the absorption curve to zero alpha particles transmitted.



	Air is the most commonly used absorbing medium for specifying range-energy relationships of alpha particles.  For energies less the 4 MeV, and for 4-8 MeV, the range in air at 0°C and 760 mm pressure is closely approximated (within 10%) by the equations:



			R (cm)	=			0.56E MeV		for 	E < 4 MeV,



			R (cm)	= 	1.24	E MeV - 2.62		for 	4 < E < 8 MeV.

				



	The major energy loss mechanism for alpha particles, is electronic excitation and ionisation.  In passing through air or soft tissue, an alpha particle loses, on the average, 35 eV per ion pair that it creates.  Because of its high electrical charge and relatively low velocity (due to its great mass), the specific ionisation of an alpha particle is very high, of the order of tens of thousands of ion pairs per centimetre in air, (Figure 2.14).



	The mass stopping power of any absorbing medium for an alpha particle is defined in the same way as for a beta particle.  The same thing is true for the relative mass stopping power of any absorbing medium.































Figure 2.14.  Bragg curve of specific ionisation by alpha particles in air at standard temperature and pressure.





·	Beta rays



	Interaction between the electric fields of a beta particle and the orbital electrons of the absorbing medium leads to electronic excitation and ionisation.  The electron is held in the atom by electrical forces, and energy is lost by the beta particle in overcoming these forces.  Since electrical forces act over long distances, the "collision" between a beta particle and an electron occurs without the two particles coming into actual contact as in the case of the collision between like poles of two magnets.   The amount of energy lost by the beta particle depends on its distance of approach to the electron and on its velocity.



	In many ionising collisions, only one ion pair is produced.  In other cases, the ejected electron may have sufficient kinetic energy to produce a small cluster of several ion pairs.  In a small proportion of the collisions the ejected electron may receive a considerable amount of energy, enough to cause it to ravel a long distance and to leave a trail of ionisations.  Such an electron, whose kinetic energy may be on the order of 1000 eV, is called a delta ray.



	Beta particles have the same mass as orbital electrons, and hence are easily deflected during collisions.  For this reason, beta particles follow torturous paths as they pass through absorbing media.



	By using a cloud chamber or a film to visualise the ionising events, and by counting the actual number of ionisations due to a single primary ionising particle of known energy, it has been found that the average energy expended in producing an ion pair is about two to three times greater than the ionisation potential.  The difference between the energy expended in ionising collisions and the total energy lost be the ionising particle is attributed to electronic excitation.  For oxygen and nitrogen, for example, the ionisation potentials are 13.6 and 14.5eV, respectively, while the average energy expenditure per ion pair in air is 34 eV.  Table 2.1 shows the ionisation potential and mean energy expenditure, for producing an ion pair for several gases of practical importance.



	Table 2.1  Average energy lost by a beta particle in the production of an ion pair.

				





























Specific ionisation.  The linear rate of energy loss of a beta particle due to ionisation and excitation, which is an important parameter in health physics instrument design and in the biological effects of radiation, is usually expressed by the specific ionisation.  Specific ionisation is the number of ion pairs formed per unit distance travelled by the beta particle.  Generally, the specific ionisation is relatively high for low energy betas; it decreases rapidly as the beta particle energy increases, until a broad minimum is reached around 1 MeV.  Further increase in beta energy results in slowly increasing specification, as shown in Figure 2.15

























Figure 2.15.  Relationship between beta particle energy and specific ionisation of air.





2.9	Interaction of gammas, x-rays and neutrons with matter



2.9.1	Gamma and x-rays



·	Attenuation



	The attenuation of gamma radiation is qualitatively different from that of either alpha or beta radiation.  Alpha and beta particulate radiations have definite ranges in matter, and therefore can be completely absorbed.  Gamma radiation can only be reduced in intensity by increasingly thicker absorbing media.  It cannot be completely absorbed.  If gamma ray attenuation measurements are made under conditions of good geometry, that is, with a well collimated, narrow beam of radiation, as shown in Figure 2.16 and if the data are plotted on semi-log paper, a straight line results, as shown in Figure 2.17.























Figure 2.16.  Measuring attenuation of gamma rays under conditions of good geometry.  



	Ideally, the beam should be well collimated, and the source should be as far away as possible from the detector.  The absorbing medium should be midway between the source and the detector, and it should be thin enough so that the likelihood of a second interaction between a photon already scattered by the absorbing medium is negligible.  There should be no scattering material in the vicinity of the detector.



	If the gamma rays are monoenergetic, then we have attenuation curves like the solid lines in Figure 2.17.  If the gamma ray beam is heterochromatic (many wavelengths), a curve results, as shown by the dotted line in Figure 2.17.  The equation of the straight line in Figure 2.17 is:



					ln I		 =	- m t + lnIo

				or

						ln I/Io		= 	- m t.

				

where:	Io	=	Gamma-ray intensity at zero absorbing medium thickness

		t	= 	Absorbing medium thickness

		l	= 	Gamma ray intensity transmitted through an absorbing medium of t thickness

		e	= 	Base of the natural logarithm system,

		m	= 	Slope of the absorption curve = the attenuation coefficient.









































Figure 2.17.  Attenuation of gamma rays under conditions of good geometry.  The solid lines are the attenuation curves for 0.662 MeV (monoenergetic) gamma rays.  The dotted line is the attenuation curve for a heterochromatic beam.



	Taking the anti-logs of both sides, we have:



							I/Io	=	� EMBED Equation.2  ���



This is the basic equation for calculating the thicknesses of shielding materials for shielding g and X - radiation.



	Since the exponent in an exponential equation must be dimensionless, � EMBED Equation.2  ��� and t must be in reciprocal dimensions; that is, if the absorber thickness is measured in centimetres, then the attenuation coefficient is called the linear attenuation coefficient, ml, and must have dimensions of "per cm".  If t is in g/cm2, then the absorption coefficient is called the mass attenuation coefficient, � EMBED Equation.2  ���m, and must have dimensions of (g/cm2-1).  The numerical relationship between � EMBED Equation.2  ���ml and mm is given by the equation:



						 � EMBED Equation.2  ��� cm-1	=	� EMBED Equation.2  ���m(cm2/g) x r (g/cm3)



where r is the density of the absorbing media.



	Table 2.2  Linear Attenuation Coefficients, cm-1.



















·	Interaction mechanisms



	For radiation protection purposes, three major mechanisms for the interaction of gamma ray are considered significant.  Two of these mechanisms, photoelectric effect and compton scattering, which involve interactions only with the orbital electrons of the absorber, predominate when the g-ray energy does not greatly exceed 1.02 MeV.  

In the case of higher energy photons, pair production, which is a direct conversion of e.m. energy into mass, occurs.  These three gamma ray interaction mechanisms result in the emission of electrons from the absorber atoms, ie. ionisation (known as primary ionisation).  These electrons then proceed to ionise other atoms in the absorbing medium.  This is known as secondary ionisation which accounts for the majority of ionisation events within the absorbing medium.



-	The photoelectric effect



	A photon of relatively low energy (less than 1 MeV) may interact with a tightly bound electron, causing it to be ejected from the absorbing atom, (Figure 2.18).  In this case the photon disappears and the ejected electron, known as a photo electron, may subsequently cause secondary ionisation.  The photo electric effect is most likely to occur in materials with a high atomic number, which makes lead (Z=82) a useful shielding material.











































Figure 2.18.	The photoelectric effect.

�



	For typical gamma ray energies, the most probable origin of the photo electron is the innermost electron orbit (the K shell).  Thus the absorbing atom is left in an ionised state with a vacancy in one of its bound shells.  This vacancy is quickly filled through capture of a free electron or by rearrangement of electrons from other shells of the atom resulting in the emission of one or more characteristic x-ray photons.  In a few cases an x-ray will interact with a bound electron and eject it from the atom.  Such an electron has low energy and is known as an Auger electron, see Figure 2.19.

























Figure 2.19.  Auger electron production.



-	Compton scattering



	Compton scattering is an elastic collision between a photon and a "free" electron. i.e. An electron whose binding energy is very much less than the energy of the photon.  In such a collision it is impossible for the photon to give up all its energy if momentum and energy are to be conserved.



	Part of the photon's energy is transferred to the electron and the photon is scattered with a reduced energy (longer wavelength), (Figure 2.20).

































Figure 2.20.  Compton scattering.

�



	Because all angles of scattering are possible the energy transferred to the electron can vary from zero to a large fraction of the gamma ray energy.  The scattered photon can continue to interact with other absorbing atoms and the compton electron may produce secondary ionisation.



	The compton effect is important for gamma ray energies between approximately 0.2 and 5 MeV, and predominates in absorbing media with intermediate values of atomic number.  It presents a problem in shielding design since the scattered photons are not adequately removed or absorbed from a beam of radiation.  In a wide beam, photons which are at first scattered out of the beam may later be scattered back into the beam.  This is known as the build-up effect.



-	Pair production



	A gamma photon of energy greater than 1.02 MeV may interact with the electric field surrounding a nucleus and give up all its energy to form two particles, an electron and a positron (see Figure 2.21).  Any gamma energy in excess of 1.02 MeV occurs as kinetic energy of the electron-positron pair and energy of recoil of the nucleus.  The electron and positron lose kinetic energy through secondary ionisation.



	The positron loses its energy very rapidly and will combine with an absorbing atom's electron in a process called annihilation.  In this process the two particles disappear converting their mass into two photons each of 0.51 MeV, emitted in opposite directions from each other.





	In practice pair production is highly unlikely until the gamma ray energy approaches twice the threshold value.  The threshold value of 1.02 MeV is the energy equivalent of the rest mass of the electron-positron pair.  Pair production predominates in materials with a high atomic number.

































Figure 2.21.  Pair production.





2.9.2	Neutrons



	All neutrons start life as fast neutrons with energies greater than 0.1 MeV.  They are produced by induced fission, spontaneous fission (252Cf), or a nuclear reaction such as Pu:Be or Am:Be.  Fast neutrons are slowed down by either elastic or inelastic collisions with nuclei of absorber atoms.





	For fast neutrons interacting with low atomic numbered absorbers, elastic scattering (scattering without loss of energy) is the predominant mode of interaction.  In such a collision both momentum and kinetic energy will be conserved, see Figure 2.22.























Figure 2.22.  Elastic neutron scattering.



	The greatest neutron energy loss will occur when the neutron collides with a particle which has the same mass, eg. a proton (hydrogen nucleus).  This makes hydrogen rich materials such as water, concrete and paraffin, particularly useful for neutron shielding.



	When neutrons collide with heavier nuclei they are more likely to undergo an inelastic collision in which kinetic energy is not conserved.  The probability of this effect also depends on the energy of the fast neutron, increasing as the neutron energy increases.  When inelastic scattering occurs the neutron collides with an absorber atom's nucleus and imparts a significant portion of its energy to the nucleus, thus exciting it.  The neutron is deflected with a reduced energy, and the nucleus de-excites almost immediately by emitting a gamma photon, see Figure 2.23.  This effect can also be explained in terms of neutron absorption and re-emission.

















































Figure 2.23.  Inelastic neutron scattering.





Thermal neutrons



	When fast neutrons have been slowed down by elastic and inelastic collisions they become thermal (slow) neutrons with energies of the order of 0.025 eV.  The dominant process for thermal neutrons is capture, in which the neutron becomes part of the absorbing nucleus, which must then get rid of excess energy, usually by emission of gamma photons, (Figure 2.24).



























Figure 2.24.  Neutron capture.





	Neutron capture may give rise to other processes.  In some light nuclei the capture of a neutron leads to the emission of a proton.  Neutron capture in boron or lithium leads to alpha emission and neutron capture in certain heavy nuclei such as uranium and plutonium leads to fission.  Neutron capture may produce a radioactive isotope which decays according to the laws of radioactive decay.  This process is called neutron activation.  For example, irradiated chromium produces chromium-51 which decays by electron capture and gamma emission with a half-life of 27.8 days.



	The ability of an absorbing medium to capture neutrons depends on its nuclear cross section (measured in barns).  Cadmium, lithium and boron are particularly good absorbing medium for thermal neutrons.  However neutron absorption in cadmium and boron produces gamma radiation which could present another hazard.  A combination of polyethylene and boron or lithium makes a good shield.  The hydrogen atoms in the polyethylene thermalise the neutrons which can then be captured by the boron or lithium nuclei.  The alpha particles produced are quickly absorbed.  The remaining hazards would be the 0.48 MeV gamma from the boron and the 2.22 MeV gamma which results if hydrogen nuclei absorb neutrons (a low probability since the capture cross section for hydrogen is relatively low).



2.10	Absorbed dose and radiation exposure



	During the early days of radiological experience, there was no precise unit of radiation dose that was suitable either for radiation protection or for radiation therapy.  For purposes of radiation protection, a common "dosimeter" was a piece of dental film with a paper clip attached.  A daily exposure great enough to just produce a detectable shadow was considered a maximum permissible dose.  For greater doses and for therapy purposes, the dose unit was frequently the "skin erythema unit".  Because of the great energy dependence of these dose units, as well as other inherent defects, neither of these two units could be biologically meaningful or useful either in the quantitative study of the biological effects of radiation or for radiation protection purposes.  Furthermore, since the fraction of the energy in a radiation field that is absorbed by the body is energy dependent, it is necessary to distinguish between radiation exposure and radiation absorbed dose.



2.10.1	Unit of exposure



·	Coulomb  per kilogram



	Before the widespread use of radioactive materials, the quantity used to measure x radiation was the amount of ionisation produced in air, where radiation deposited its energy on air molecules.  The quantity measured in this way was known as the exposure.



	For external radiation of any given energy flux, the absorbed dose to any point within an organism depends on the type and energy of the radiation, the depth within the organism of the point at which the absorbed dose is required, and elementary constitution of the absorbing medium at this point.  For example bone, consisting of higher atomic numbered elements (Ca and P) than soft tissue (C, O, H, and N) absorbs more energy from an x-ray beam, per unit mass of absorber, than soft tissue.  For this reason, the x-ray fields to which an organism may be exposed are frequently specified in exposure units.  The exposure is a measure of the photon flux, and is related to the amount of energy transferred from the x-ray field to a unit mass of air.  The unit of exposure is defined as that quantity of x or gamma radiation that produces in air, ions carrying 1 coulomb of charge (of either sign) per kg air.



					1 exposure unit	=	1 C/kg air.



	The exposure unit is based on ionisation of air because of the relative ease with which radiation induced ionisation can be measured.  The operational definition of the exposure unit may be converted into the more fundamental units of energy absorption per unit mass of air by using the fact that the charge on a single ion is 1.6 x 10-19 coulombs and that the average energy dissipated in the production of a single ion pair in air is 34 eV.



	It should be noted that the exposure unit is an integrated measure of exposure, and is independent of the time over which the exposure occurs.  The strength of an x-ray or gamma-ray field is usually expressed as an exposure rate, such as coulombs per kg per hour.  The total exposure, of course, is the product of exposure rate and time.





·	Roentgen



	Formerly, before the SI system was adopted, the unit of x-ray exposure was called the roentgen, and was symbolised by R.  The roentgen was defined as the quantity of x or gamma radiation that produces ions carrying one statcoulomb of charge of either sign per cubic centimetre of air at 0°C and 760 mm Hg.





							1 R	=	1 SC/cm3

�

	Since an ion carries a charge of 4.8 x 10-10 SC, and the mass of 1 cm3 of standard air is 0.001293 g, an exposure of 1 R corresponds to an absorption of 87.7 ergs per gram of air, or to a dose of 0.877 rad.



							1 R	=	4880 C/kg



	Another unit that measures the effective biological damage is necessary as different types of radiation depositing the same quantity of energy can cause different levels of biological damage.  This unit Sievert (and the older one Rem) is defined in the next chapter.



2.10.2	Units of absorbed dose



·	Gray



	Radiation damage depends on the absorption of energy from the radiation, and is approximately proportional to the concentration of absorbed energy in tissue.  For this reason, the basic unit of radiation dose is expressed in terms of absorbed energy per unit mass of tissue.  This unit is called the gray (Gy) and is defined as:



							1 Gy	=	1 J/kg.



	One gray is an absorbed radiation dose of one joule per kilogram.



	The gray is universally applicable to all types of ionising radiation dosimetry including irradiation due to external fields of gamma rays, neutrons, or changed particles, as well as that due to internally deposited radioisotopes.



·	Rad



	Before the universal adoption of the SI units, radiation dose was measured by an imperial unit called the rad (Radiation Absorbed Dose).



	One rad is the energy deposition of 0.01 j/Kg:



	

							

						1 Gy		=	100 rad



�2.11	Units



2.11.1	Activity



	The quantity used to describe the amount of radioactive material present is ACTIVITY.  This is the number of disintegrations per unit time.  The process of radioactive decay is an exponential process and is described by the formula:



	At  =  Ao e-lt



	where:	Ao 	is the original activity

			At 	is the activity at time t

			l 	is the radioactive decay constant



	The SI unit for activity is the becquerel (Bq) in disintegrations per second.  The imperial unit is the Curie (Ci).



2.11.2	Exposure and dose



	A source of ionising radiation may emit radiation that varies in quantity with respect of time and space.  This is called an EMISSION.  The part of the emission that contacts the person who is exposed to ionising radiation is the EXPOSURE.



	Exposure is a quantity that is rarely measured in radiation protection these days.  The Imperial unit of exposure is the Roentgen and its SI equivalent is the Coulomb per kilogram.  It is equivalent to the amount of X or gamma radiation at a certain position based upon the ability of the radiation to produce ionisation in air.



	The part of the exposure that is absorbed by the person is the DOSE.  The total dose is the dose to the entire body and it is a summation of the doses to individual organs.



	Dose is referred to as "absorbed dose" (D) and is defined as the energy absorbed by matter per unit mass of irradiated material at the place of interest or averaged over a specific organ or tissue.  The SI unit of absorbed dose is the gray (Gy).  One gray is equivalent to 1 Joule per kilogram of tissue.



	To quantify the amount of ionising radiation absorbed in a particular tissue or organ with respect to the RBE of the radiation we must measure the "equivalent dose" (HT) of ionising radiation.  Equivalent dose is the sum of the product of absorbed dose averaged in a particular organ or tissue of a single person and the radiation weighting factor for a particular type of ionising radiation.  It has the units of sievert (Sv).  1 sievert is equal to 1 Joule per kilogram of tissue.  Equivalent dose relates to a radiation dose in a single organ or tissue.



	HT  =  WR . D

�	Where WR is the radiation weighting factor and gives a relative measure of the damage that each type of radiation can do.  This will be discussed further in section 4.



	Equivalent dose enables the magnitude of exposures due to different types of ionising radiations to be compared directly with one another even though the biological effects of each type of radiation will vary in terms of severity.



	The unit for quantification of ionising radiation with respect to its RBE, when absorbed by the whole body is "effective dose" (E).  Effective dose is the sum of the weighted equivalent doses in all tissues and all organs of the body of a single person.



	E  =  SWT . HT



	Where WT is the tissue weighting factor and gives a relative measure of the susceptibility of each type of tissue.  This will be discussed further in section 4.



2.11.3	Summary of units



�PRIVATE ��	Physical

	Quantity�	SI Unit�Non-SI Unit�	Relationship��



Activity�becquerel (Bq)



1 becquerel =

1 disintegration/second�curie (Ci)�	1 Ci	=	3.7 x 1010Bq

			=	37 GBq



	1 Bq	=	2.7 x 10-11Ci

			=	27 pCi��Exposure�coulomb per kilogram

(C/kg)�roentgen (R)�	1 R	=	2.58 x 104C/kg

	1 C/kg	=	3881R��Absorbed dose�gray (Gy)

1 Gy=1J/kg�rad (rad)�	1 rad	=	0.01 Gy

	1 Gy	=	100 rad��Equivalent dose�sievert (Sv)

Sv=Gy x WR

HT=SWR.D�rem�	1 rem	=	0.01 Sv

  	1 Sv		=	100 rem��Effective dose�sievert (Sv)

E=SWT.HT�rem�	1 rem	=	0.01 Sv���

�







 



 



� PAGE �24�	BASICS OF RADIOACTIVITY AND PROPERTIES OF IONISING RADIATION





�	BASICS OF RADIOACTIVITY AND PROPERTIES OF IONISING RADIATION	� PAGE �23�









		�page \* arabic�23�








