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X-rays. Radioactivity
Not long after Röntgen’s discovery of X-rays in 1895, there arose in scientific circles two schools of thought concerning the nature of these penetrating rays: 

· one held to the belief that X-rays are high-speed particles like cathode more penetrating rays; 

· other held to the idea that they are electromagnetic waves of extremely high frequency.  

Although many experiments were performed to test these two hypotheses, several years passed before the wave theory was proven to be correct. 

In 1912 Von Laue proves that X-rays are electromagnetic waves of high frequency; the upper limit is considered to be  6(1019 Hz,  corresponding to a wavelength of   5(10-12 m;  the lower limit corresponds to the upper limit of ultra-violet radiation, frequencies of the order of 1017 Hz  (a wavelength of  3(10-9 m). 

The properties of X-rays include:

· invisibility;

· passing through many substances opaque to visible light;

· scattering by the materials through which they pass;

· ionization atoms of substance through which they pass; 

· the ability to cause certain chemical compounds to fluoresce;

· the ability to affect a photographic plate.
X-ray tube

The X-ray tube consists of an evacuated tube with a cathode and a massive anode or anti-cathode containing a target: 

· the cathode is a heated tungsten filament emitting electrons, which are focused on the target; 

· the anode is made of copper, has external cooling fins and may be water-cooled;

· the target is a piece of tungsten mounted in the anode and inclined at an angle so that X-rays are emitted at right angles to the electron stream and leave the tube through a window. 

Continuous X-rays

The variation of intensity of  X-rays with wavelength forms an X-ray spectrum. Experiments have shown that there exist two kinds of  X-rays, - continuous and characteristic.

Continuous X-rays, as their name implies, have a continuous spectral distribution. 
They are produced when electrons accelerated in a vacuum hit a target and lose kinetic energy in passing through the strong electric field surrounding the target nuclei.
Since the law of conservation of energy must hold, some of the energy of the incoming electron  is given up to the newly created photon  hv, and the remainder  is retained by the electron.  The closer the electron comes to the nucleus, the greater is its loss in velocity and energy, and the greater is the frequency and energy of the radiated photon. 
By the conservation of energy,
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On the short-wavelength side, the continuous X-ray spectrum is limited by a minimum wavelength,  (min, called the continuous spectrum limit. 

 A very simple explanation for the existence of the minimum wavelength  (min  is given by quantum theory.  It is obvious that the maximum energy   hvmax  of the X-ray quantum that is possible is one in which the electron is completely stopped by the atom.  In this special case, 

Ekin  = hvmax .
Since the kinetic energy  Ekin  of the electrons in the beam striking the target is given by the voltage V  applied to the tube, we obtain

eV = hvmax .
On passing from frequency to wavelength we get
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This equation agrees well with experimental data; it provided a very precise tool for experimentally determining Planck’s constant  h. 

Experiments have shown that the power  P  of  X-ray tube emission in a continuous spectrum of the X-rays depends on the voltage difference  V  and current  I  between the anode and cathode and the nature of the target  ( atomic number Z )
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where  k = 10-9V-1.
Characteristic X-rays

Characteristic X-rays, like visible light, originate from the jumping of an electron from one orbit to another. When high-speed electrons from the cathode of an  X-ray tube strike the target, they ionize many of the atoms composing the surface layers of the material. 

Owing to their very high speeds (about 0.1 the velocity of light), the electrons penetrate the atoms and remove an electron from the inner shells by collision.  
In atoms of large atomic numbers  Z  the  K-, L-, M-  and other shells closest to the nucleus are complete.  If an electron is removed from a shell closer to the nucleus, its vacancy will be filled by an electron from a shell farther from the nucleus.  This transition is accompanied by the emission of  a  X-ray quantum.

If primary hard radiation or an incident electron removes an electron from the innermost (K-) shell, its vacancy can be filled with an electron from the L-, M-, N- or other shells.  This transition will be accompanied by the emission of quanta of definite energies, and the resultant spectral lines will be those of the  K-series.  
To remove an electron from the K-shell which is closest to the nucleus and where the electrons are attracted by the nucleus strongest of all, an input of energy is necessary, called the excitation threshold of the K-series.  The energy of the incident electron or primary incident quantum should be at least equal to this threshold.

As an electron from the  L-shell  jumps into the  K-shell, it emits a quantum of the lowest energy corresponding to the K(-line which has the longest wavelength of all lines in the K-series of characteristic X-rays emitted by a given atom.  
The K(-line corresponds to the transition of an electron from the  M-shell  to the  K-shell.  The  K(-line corresponds to the transition of an electron from the  N-shell  to the  K-shell.  Together, the K(-, K(-, K(-, etc. lines make up the  K-series.

The  L-,  M-, etc. series of characteristic X-rays are emitted when an electron leaves a vacancy in the  L-,  M-,  N-, etc. shells, respectively.  
For example, the transition of an electron from the  M-shell to the  L-shell produces the  L(-line; that of an electron from the  N-shell produces the  L(-line  and so on.  All transitions ending up on the L-shell produce the L-series of characteristic  X-rays.
The jumping process continues until the outermost shell is reached, where an electron jumping in gives rise to visible light.  
These  X-rays are called characteristic of the element in which they are produced.  Characteristic  X-rays have a line spectral distribution.  A distinction of this distribution is that the atoms of each element, irrespective of the compound they form, produce a specific line spectrum of characteristic  X-rays. 
 In this, they strongly differ from the optical electron spectra of the same atoms, which vary according to whether the atoms are free or part of a chemical compound.

The  X-ray line spectra of atoms have been found to be similar from element to element, with homologous lines (spectral series) generally occurring at progressively shorter wavelengths as the atomic weight increases.  
Moseley Law

In 1913, Moseley found that wavelengths of characteristic X-rays depend in a well-defined manner on the atomic numbers of the elements that emit  X-rays (the target element).
This dependence, known as the Moseley law, may be written as
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where   v( = 1/(   is the wave number of the line,  R  is the Rydberg constant in m-1,  a  is a proportionality constant, and  (   is the same for all the given series emitted by a particular target element.  
For the  K(-lines, Moseley derived the following expression
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In this form the equation resembles the expression for the frequency or the wave number of the line in the Lyman series of the hydrogen atom.  
The difference is that the  Z  in the spectral series formulae for one-electron systems is less by  (, called the screening constant.  This constant reflects the fact that electrons “screens” the nucleus and makes its effective charge equal to  (Z - ()e  rather than to the entire charge Ze.  

When first applied to the elements of the Periodic table, the Moseley law confirmed that the nucleus charge should increase by one from element to element.  This came as a proof of the validity of the nuclear atom and of the theory underlying the Periodic table.

X-ray effects in substances

When photon collides with a neutral atom, the collision is either elastic or inelastic. 

An elastic collision is one in which the laws of conservation of momentum and conservation of mechanical energy are both upheld. 
In another words, the particles behave as though they were perfectly elastic spheres; total energy and total momentum before impact are equal to the total energy and total momentum after impact. Scattering due to an elastic collision is called elastic scattering. 

Thus, a person standing near an irradiated patient (patient receiving radiation) does also receive a small amount of radiation scatter, which is a potentially serious occupational hazard to those working in the  X-ray field. 

The fact that  X-rays are invisible and not detectable by man’s other senses is important from the point of view of radiation safety.  Radiation workers exposed to X-rays occupationally do not receive any sensory warning indicating their daily exposure to X-rays.  
Most technicians and radiologists wear a film badge which is like a Geiger counter that constantly detects and records the amount of radiation to which a person is exposed.

An inelastic collision is one in which the impinging photon, in striking a neutral atom, hits one of the electrons and either knocks it into one of the outer energy levels or knocks it completely out of the atom. In the first instance, we say the atom has been excited, in the second case it has been ionized. 

To raise an electron from its normal state to an excited state, or to remove it from the atom, requires the expenditure of energy; this is supplied by the impinging photon. 
As a consequence, some of the total energy before collision is used for excitation or ionization, and what is left is divided between two particles. 
Because the masses of atoms are thousands of times that of the electrons, nearly all energy what is left is confined to the electron. The recoil velocity and kinetic energy of an atom that has been hit by a moving photon is relatively small. Scattering due to an inelastic collision is called inelastic scattering.

The liberation of electrons by electromagnetic radiation due to an inelastic scattering is known as photoelectric effect.  Einstein proposed an explanation of the photoelectric effect as early as 1905.  His ideas were expressed in one simple relation:
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The first term  hv  represents the total energy content of a single quantum of  X-rays incident on a substance.  The letter  h  is a constant, called Planck’s constant of action.  
At or beneath the surface a photon is completely absorbed and, in disappearing, imparts its total energy to a single electron.  Part of the energy  W  is consumed in getting the electron free from the atoms and away from the substance surface;  the remainder is used in giving the electron a kinetic energy.  

Specific to relatively low-energy photons (0.1 – 1 MeV) the photoelectric effect is essential for interaction between photons and  K-electrons. 

Once X-rays cause ionization of neutral atoms of matter by releasing electrons, those electrons can then strike other atoms and ionize them as well. 
Because of its ability to rearrange and disrupt atoms, ionizing radiation can cause chemical changes in the cells, through which it passes, and is able to affect the functioning of those cells.  This change is noted when normal cells become cancerous after exposure to X-rays.    

There is yet another type of an inelastic scattering of photons. In 1923,  Compton observed the scattering of  X-rays of a definite wavelength  (  by the electrons of graphite, paraffin and other lightweight substances.

Compton’s experiments showed that the wavelength  ((  of the scattered  X-rays was longer than that  (  of the incident rays.  
The shift in wavelength, called the Compton shift, (( = (( - (,  was found to depend solely on the scattering angle (  and to be independent of either the properties of the scatterer or the wavelength of the incident radiation:

(( = (( - ( = (C (1- cos()
The quantity  (C is the same for all substances and equal to   (C = 2.43(10-12 m.   It is called the Compton wavelength, and the inelastic scattering of photons by electrons has come to be known as the Compton effect.

By the law of conservation of energy 
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where  hv  is the total energy content of a single X-ray quantum incident on a substance;  hv(  is the energy of a scattered photon;  W + Ekin  is the reduction of energy of the scattered photon.

The Compton effect takes place along with (and independent of) the photoelectric effect.  The relation between intensities of these processes depends on the nature of a substance and photon energy.

X-ray analysis of material structure

As a direct result of the Laue experiment two new fields of physics were opened up:

· the study and measurement of  X-ray wavelength;

· the study of material structures by their action on X-rays.

In Laue method of  X-ray analysis of the crystal structure, a beam of  X-rays of all wavelengths is passed through a thin slice of the crystal, and the wavelength satisfying condition produces an interference pattern as a series of spots, which is received on a photographic plate.
With the lattice constant known, it is an easy matter to determine the wavelength.  The same method may be employed to obtain a monochromatic beam of  X-rays, that is, to derive a beam falling within a narrow band of wavelengths from a broad spectrum.

At present, the Laue method is only of historical interest.  For practical purpose, use is made of the Debye-Scherrer-Hull method proposed in 1926.  In this method a beam of  X-rays is directed on a powder sample of the material (hence it is also called the powder method) and the diffracted beams are received on a photographic plate.  
This method provides a convenient tool for the investigation of polycrystalline materials.  This is extremely valuable, because to grow a single crystal of a substantial size is a complicated procedure, and very often the desired single crystal cannot be obtained at all. 

Let a monochromatic beam of  X-rays of wavelength  (  be incident on a crystal so that the beam makes an angle (  with the crystal plane. The path length difference between the interfering reflected beams is given by
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The condition for an interference maximum is

( = 2d sin ( = m(.
This condition was established in 1913 by Bragg and is known as the Bragg law.  At about the same time and independently, this law was also established by Wulf of Moscow University.

In order to obtain an X-ray powder photograph, a narrow beam of monochromatic X-rays is directed onto a bar compressed from the fine-grained powder of the material.  
In a fine-grained sample, there are many crystallites oriented at random, but with the correct orientation for each of the  d-spacings.  Consequently, they will satisfy the Bragg condition, and will produce interference maxima.  

The first-order maximum will be  2(  distant from the zero-order maximum.  The condition   2d sin ( = m(  will be satisfied by all rays along the generators of cones of openings   4(,  each  d -spacing producing a separate concentric cone.  These cones appear on the film as a series of concentric circles with a zero-order maximum at the centre.

An X-ray powder photograph reveals the structure of not only polycrystalline substances, but also high-molecular-weight compounds, namely fibres and giant molecules (of the protein type), and changes in the structure of a material accompanying phase transitions.

Penetration of  X-rays

Because of the extremely short wavelengths X-rays (both continuous and characteristic) are highly penetrating. The penetration of X-rays depends upon two things: 
· first, the voltage applied between the anode and cathode of the X-ray tube; 
· second, the density of the substance through which the rays must travel.  
The higher the voltage applied to the tube, the greater is the penetration.  X-rays of great penetrating power are called hard X-rays, whereas those having little penetrating power are called soft X-rays.

In passing through a material  X-rays are scattered and absorbed, and intensity decreases:  
· The attenuation of  X-rays due to scattering is mainly due to the Compton effect.    
· The attenuation of  X-rays quanta due to absorbing is mainly due to the photoelectric effect.  
Attenuation of the  X-rays is described by the Bouguer law 
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where  I0  is the intensity of the incident beam;  I  is the intensity of transmitted radiation,  ( called the linear or mass attenuation coefficient  is the sum of three terms corresponding to: 
an elastic scattering  (el,  photoelectric effect  (ph, and the Compton effect  (C
( = (el + (ph + (C .

Medical diagnostics employs photons of energy from 60 to 120 keV. For these photons the mass attenuation coefficient is determined mainly by the photoelectric effect, that is ( ( (ph, 
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Here  (  is the density of the substance,  (  is the X-rays wavelength,  Z  is the atomic number, and  k  is the proportionality constant.

The fact that  X-rays are absorbed differently by different materials is widely utilized in radiography for the formation of images produced by  X-rays on a fluorescent screen or on a photographic plate. 

As X-rays pass through matter in the solid, liquid, or gaseous state, they are found to ionize atoms and molecules.  It is the ionization of atoms and molecules in a substance that limits the penetrating power of X-rays.  Heavy elements contain more electrons than light elements, thus placing more electrons in the path of the X-rays to stop them.  

The stopping power of a thin sheet of lead, for example, is equivalent to the stopping power of a sheet of aluminum several times thicker.  Lead atoms each contain  82 electrons, whereas aluminum atoms each contain only 13.

A material that allows radiation to pass with some reduction in the intensity, i.e. some radiation is absorbed, is called radiolucent.  
Flesh is radiolucent; the reduction in intensity is seen in a radiograph, where flesh is distinguished from the background, where there is no absorption.

Radiograph is a photographic record of an image formed by X-rays after passing through an object. 

A material is radio opaque when it absorbs most or all of a radiation. Opaqueness depends on the nature of the material and the wavelength of the radiation:

· Materials with atoms of high relative atomic mass are stronger in absorption.  
· Radiation of shorter wavelength has a greater penetrating power.

For mineral substances of bones composed partly of calcium and phosphorus (elements with  Z = 15, 20) the penetration of  X-rays is very poor and they are good absorbers. Bones are radiopaque to X-rays of longer wavelengths.  
Human bones absorb X-rays about  150  times as much as soft tissues in which they are chiefly absorbed by water.  This is why bones stand out so distinctly on  X-ray photographs. This explains the general appearance of   X-ray photographs.  

The focus point on the  X-ray target, being bombarded by high-speed electrons, acts as a point source of rays.  These rays spread out in straight lines.  
On passing through the body to the photographic film, more X-rays are absorbed by the bones than by the flesh:

· The shadow cast by the bones is therefore lacking in X-rays, and the photographic film for
these areas becomes transparent upon development.

· Where only flesh is traversed, the X-rays penetrate through to the photographic film, causing
it to develop out black.  The bones therefore appear white against a darker background.
If this “negative film”, as it is called, is printed on paper, it becomes a “positive”, the bones appearing black.

The fact that ionizing radiation such as  X-rays can produce fluorescence (rays of light energy emitted as a result of exposure to and absorption of radiation from another source) is the basis for fluoroscopy.  
The X-rays from the X-ray tube, after passing in varying degrees through the densities of the human body, cast shadows on the florescent screen.  The fluorescent screen glows when struck by the X-rays.

Nuclear species

Species of atom as characterized by the mass number A and the atomic number Z are called nuclear species, also nuclide. The term nuclide is not synonymous with isotope, which is any member of a set of nuclides having the same atomic number but differing mass number. 
The basic building blocks of complex nuclei are neutrons and protons. Like atoms, nuclei have a shell structure with the protons and neutrons in orbitals. Nuclei can exist in states of different energy, but ordinary stable nuclei are always in the bound state. The scale of these energies is 1,000,000 times as large as atomic or chemical energies.  

Nuclides are commonly expressed in the form   ZXA,  where A denotes the total number of protons and neutrons,  Z  represents the number of protons, and the difference between A and Z is the number of neutrons. Thus   17Cl37  signifies chlorine-37.  
Nuclei can undergo transformations that affect their binding energies. Some transformations can take place spontaneously, and such a process is called radioactivity.

Now about  1,700  nuclides are known, of which about  300  are stable and the rest radioactive.
Nuclear isomers, which have the same number of protons and neutrons but differ in energy content and radioactivity, are also distinct nuclides.  

Exponential-decay law

The law of radioactive decay has been derived on the assumption that radioactive decay occurs spontaneously, and we cannot pin down the nucleus that will decay in a given time interval  dt.  The point is that all nuclei of a given chemical element are indistinguishable.  

The best we can do is to find an average number  dN  of  nuclei decaying in the time interval from  t  to  t + dt.   Thus, what we have is a statistical process, that is, the decay of a given nucleus is a random event having a certain probability of occurrence.

By definition, the decay constant  (  is the decay probability per unit time per nucleus.

The decay constant is independent of time.  Physically, this means that for a spontaneous decay of a nucleus it is immaterial how “old” this nucleus is and that  (  is characteristic of all nuclei of a given kind. 
The reciprocal of the decay constant is the mean life, symbolized by the Greek letter (.  

Now will be shown that this definition of the decay constant leads to the exponential radioactive decay law, which is thus a statistical law.

The average number  dN  of nuclei decaying in the given infinitesimal time interval from  t  to  t + dt   is proportional to the number  N  of atoms present. Mathematically, this statement is expressed by the first-order differential equation,  
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Integration of the decay equation yields 
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which shows that an original population of radioactive atoms, N0  is the number of atoms present when  t = 0, decays exponentially at a rate dependent upon  the decay constant.

The time required for half of the original population of radioactive atoms to decay is called the half-life T. An equivalent expression in terms of half-life  T  is  
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It can readily be shown that the decay constant and half-life are related as follows:
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For a radioactive nucleus that decays by more than one process, the total decay constant is the sum of partial decay constants for each decay mode.

Activity

By definition, the total number A of decays per unit time, 
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is called the activity of a given radioactive sample.  On the basis that
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the activity of a radioactive source is equal to the product of decay constant by the number of unchanged nuclei present in that source:   A = (N.
Since the number of unchanged nuclei is decreasing continually, the activity of the remaining source is decreasing too.  This decrease is immaterial if the source has a long half-life (as is with uranium or radium).  It has to be taken into account, however, if the half-life is a few years or, the more so, a few days.  

For example, the activity of radon baths used for medical purposes is halved in less than two days, because the half-life of radon is 3.825 days.  This is why such a preparation has to be renewed rather frequently.

The units employed for measuring the amount of radioactivity contained in a given sample of matter are the becquerel and the curie: 

· A source is said to have 1 becquerel (Bq) of activity if it undergoes 1 decay every second.

· The rutherford (Rd), a unit of radioactivity equal to 106 decays per second, 1 Rd = 106 s-1. 
· The curie (Ci) is a unit of radioactivity defined as the quantity of any radioactive nuclide in which the number of decays per second is  3.7(1010.

The curie is a very large unit. This is why in practice use is made of submultiples of the curie, namely the millicurie (mCi) and the microcurie ((Ci).
Activity is determined by counting, with the aid of  radiation detectors  and electronic 
circuits, the number of particles and photons (pulses of electromagnetic energy) ejected from a radioactive material during a convenient time interval. 

This experimental count, however, must be interpreted in the light of a thorough knowledge of the particular manner of radioactive decay in the sample material, because some sources emit more than one particle or photon per disintegration. 

Alpha decay

In  alpha decay, an energetic helium ion is ejected, leaving a daughter nucleus of atomic number two less  than the parent and of atomic mass number four less than the parent. 
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It should be noted that in every reaction the charges, or number of protons, shown in subscript are in balance on both sides of the arrow, as are the atomic masses, shown in superscript.

Alpha decay, the emission of helium ions, exhibits sharp line spectra when spectroscopic measurements of the alpha-particle energies are made. 
For even-even alpha emitters the most intense alpha group or line is always that leading to the ground state of the daughter. Weaker lines of lower energy go to excited states, and there are frequently numerous lines observable.   

As early as 1911 the German physicist Johannes Wilhelm  Geiger, together  with the British physicist John Mitchell Nuttall, noted the regularities of rates for even-even nuclei and proposed a remarkably  successful equation for the decay constant  (,

log ( = a + b log r,

in which  r  is the range in air,  b is a constant, and  a is given  different values for the different radioactive series. 
The decay constants of odd alpha emitters (odd  A or odd Z or both) are  not quite so regular and may be much smaller. 

A nucleus can decay to an alpha particle (helium nucleus) plus a daughter product if the mass of the nucleus is greater than the sum of the mass of the daughter product and the mass of the alpha particle. 

Because of the inequality between the mass of a nucleus and the masses of the products, most nuclei beyond about the middle of the periodic table are likely to be unstable because of the emission of alpha particles. 

Beta decay

Beta decay is called any of three processes of radioactive disintegration by which some unstable atomic nuclei spontaneously dissipate excess energy and undergo a change of one unit of charge without any change in mass number. 

1. (--decay
In electron emission, called negative beta decay ((--decay), a neutron in the nucleus decays into a proton that remains in the product nucleus and ejects an electron and an antineutrino  
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(--decay results in a daughter nucleus, the atomic number of which is one more than its parent but the mass number of which is the same. For example, hydrogen-3 decays to helium-3 
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The energy lost by the nucleus is carried away by the ejected electron and the antineutrino, so
that beta particles from a radioactive material have energy ranging from  zero  to a distinct maximum, characteristic of the unstable parent.

2. (+-decay 
In positron emission, called positive beta decay ((+-decay), a proton in the parent nucleus decays
into a neutron that remains in the daughter nucleus and ejects a positron along with a neutrino
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Thus, (+-decay produces a daughter nucleus, the atomic number of which is one less than its 
parent and the mass number of which is the same. For instance, carbon-11 decays to boron-11 plus one positron and one neutrino 
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Positron emission was first observed by Irène and Frédéric Joliot-Curie in 1934. 

3. Electron capture
 In electron capture, an electron orbiting around the nucleus combines with a nuclear proton to produce a neutron, which remains in the nucleus, and a neutrino, which is ejected.
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Most commonly the electron is captured from the innermost, or  K, shell of electrons around the atom; for this reason, the process often is called   K-capture. An example is the nucleus of beryllium-7 capturing one of its inner electrons to give lithium-7:  
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Each chemical element consists of a set of isotopes the nuclei of which have the same number of protons but differ in the number of neutrons. Within each set the isotopes of intermediate mass are stable or at least more stable than the rest. 

For each element, the lighter isotopes, those deficient in neutrons, generally tend toward stability by positron emission or electron capture, whereas the heavier isotopes, those rich in neutrons, usually approach stability by electron emission.  

In comparison with alpha decay, beta decay is a relatively slow process.  Half-lives for beta decay are never shorter than a few milliseconds. 

4. Special beta-decay processes
Among the positron emitters in the light-element region, a number beta decays partly to excited states that are unstable with respect to emission of an alpha particle. Thus, these species exhibit alpha radiation with the half-life of the beta emission. 
Both the positron decay from boron-8 B8  and electron decay from lithium-8 Li8 are beta-delayed alpha emission, because ground as well as excited states of beryllium-8 Be8 are unstable with respect to breakup into two alpha particles. 

Another such process is beta-delayed neutron emission, which is exemplified by the following reaction:
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The asterisk denotes the short-lived intermediate excited states of oxygen-17 O17. 

There is a small production of delayed neutron emitters following nuclear fission, and these radioactivities are especially important in providing a reasonable response time to allow control of nuclear fission reactors by mechanically moved control rods. 

In a few cases, positron decay leads to an excited nuclear state not able to bind a proton. In these cases, proton radiation appears with the half-life of the beta transition. Such process is beta-delayed proton emission. The combination of high positron-decay energy and low proton-binding energy in the daughter ground state is required. 

Spontaneous fission

Spontaneous fission is the type of radioactive decay in which certain unstable nuclei of heavier elements split into two nearly equal nuclei of lighter elements and liberate a large amount of energy. 

Spontaneous fission is observable in many nuclear species of mass number 230 or more. 

When a heavy nucleus undergoes fission, a variety of fragment pairs may be formed, depending on the distribution of neutrons and protons between the fragments. 
The separated fragments experience a large Coulomb repulsion due to their nuclear charges, and they recoil from each other with kinetic energies determined by the fragment charges and the distance between the charge centres at the time of scission. 
As the nucleus of the fragment adjusts from its deformed shape to a more stable configuration, the deformation energy is recovered and converted into internal excitation energy, and neutrons may be evaporated from the moving fragment. 

The fast-moving, highly charged atom collides with the atoms of the medium through which it is moving, and its kinetic energy is transferred to ionization and heating of the medium as it slows down and comes to rest. The range of fission fragments in air is a few centimeters. 

During the slowing-down process, the charged atom picks up electrons from the medium and becomes neutral by the time it stops. The atom produced is called a fission product.

The fission product is still radioactive, and it finally reaches stability by undergoing a series of beta decays, which may vary over a time scale of fractions of a second to many years. The beta emission often accompanied by gamma rays and X-rays.

Spontaneous fission is not to be confused with induced fission, that occurs in nuclear reactors and explosive devices and is induced by the neutron bombardment of of nuclei. 

It is a property of uranium-235 U235, plutonium-239  Pu239, and other isotopes to undergo fission after absorption of a slow neutron. Other than the requirement of a neutron capture to initiate it, induced fission is quite similar to spontaneous fission.  

Radioactive radiations

When alpha rays penetrate matter, they do not continue to move indefinitely, but are brought to rest slowly by ionizing atoms all along their path.  Usually an ( particle will make several thousand collisions before being brought to rest.  

At each collision, some of the kinetic energy is expended in ionizing the atom encountered while giving that same atom a certain amount of kinetic energy.  Since ( particles produce the greatest number of ions in a given path, they penetrate the short distance and therefore have the poor penetrating power. 

As this particle speeds through matter, it picks up and loses electrons at a rapid rate.  Finally, upon coming to rest, however, each  ( particle collects and retains two electrons, becoming a normal helium atom.

Beta rays are streams of very fast electrons whose velocity approach that of light in a
vacuum. In striking contrast to alpha decay, the electrons or positrons emitted in decay do not exhibit sharp, discrete energy spectra but have distributions of electron energies ranging from 0 up to the maximum energy release, Q. 

These observations, along with other considerations involving the spins or angular momenta of nuclei and electrons, led Wolfgang Pauli to postulate the simultaneous emission of the neutrino (1931). The neutrino, as a light and uncharged particle with nearly no interaction with matter, was supposed to carry off the missing energy.

A third type of radiation, gamma radiation, usually accompanies alpha or beta decay. Gamma rays are photons. The high energy of gamma photons makes them much more penetrating of all radioactive rays. The great penetrating power of gamma rays stems from the fact that they have no electric charge and thus do not interact with matter as strongly as do charged particles. 

Experiments have shown that all radioactive radiations cause chemical effects, ionise gases and condensed materials on passing through them, and cause some solids and liquids to fluoresce. These properties are at the basis of experimental techniques for the detection and investigation of radioactive rays.

1. Range and penetration

The  total path length traversed by a charged particle before it is stopped is called its range  R. Range is the sum of the distance traversed over the crooked path (track).

The net projection measured along the initial direction of motion is the  penetration. 

The difference between range and penetration distances results from scattering encountered by the particle along its path. For heavy charged particles with high initial velocities large-angle scatterings are rare. The corresponding trajectories are straight, and the difference between range and penetration distance is, for most purposes, negligible.

The range R depends upon the type of particle, its original kinetic energy of motion, the medium through which it travels, and the particular way in which range is further defined. Range applies especially to charged particles. 

Alpha particles, in particular, travel in nearly straight paths because they are thousands of times heavier than the atomic electrons to which they gradually lose energy. Their range R  is measured from the source in a straight line to the point at which ionization ceases to occur. 

The range-energy relation is often given adequately as a power law, that range  R  is proportional to energy E  raised to some power  n.
Alpha particles conform to this kind of relation quite well with the exponent n = 1.5:
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Protons in the energy interval of a few hundred MeV conform to this kind of relation quite well with the exponent  n = 1.75:
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The range of beta particles is measured differently because radiated electrons are deflected into erratic paths by the electrons in the atoms of the absorbing medium. 
The range of beta particles may be taken as the greatest distance of penetration in a given direction, or the minimum thickness of the medium required to stop all electrons. 

In a given medium, electrons have a greater range than alpha particles of the same energy and are, therefore, more penetrating. 
2. Stopping power

Charged particles are slowed down chiefly because their energy of motion is dissipated in ionization or in excitation electrons of the atoms to higher energy levels within the atoms.
The stopping power of a medium toward a charged particle refers to the energy loss of the particle per unit path length in the medium. It is specified by the  -dE/dx, in which  -dE represents the energy loss and  dx  represents the increment of path length.

3. Ionization density

The ionization density (or specific ionization)  S  is called number of ion pairs formed per unit path length. It is specified by the  -dn/dx, in which  -dn represents the number of ion pairs and  dx  represents the increment of path length.
The ionization density produced by a fast charged particle along its track increases as the particle slows down. It eventually reaches a maximum called the Bragg peak close to the end of its trajectory. After that, the ionization density dwindles quickly to insignificance. 
A curve of ionization density versus distance in a given medium is called a Bragg curve. 

The mean range of radium-C' alpha particles in air at normal temperature and pressure (NTP), for example, is 7.1 cm; the Bragg peak occurs at about 6.3 cm from the source with a specific ionization of about 60,000 ion pairs per centimetre.


Gamma rays

On emitting an alpha particle, the parent nucleus turns into a daughter nucleus.  As a rule, a daughter nucleus is in the excited state. Jumping to the normal or a lower excited state, the daughter nucleus emits a gamma-photon. The nucleus emits gamma rays by the same mechanism as the atom emits photons. Gamma rays have a line spectrum.
A difference is that gamma-photons have far higher energies than optical photons. While in atoms, the spacing between the energy levels is of the order of  1eV, in the nuclei this spacing  is about 0.1MeV.  Thus, gamma rays are an electromagnetic radiation of short wavelengths not exceeding 10-11m, or 0.1Å.

Absorption of gamma-photon can cause the nuclei to change to by ejecting a subatomic particles, such as a protons, neutrons, or alpha particles what is called photodisintegration (phototransmutation). For example, magnesium-25, upon absorbing a photon of sufficient energy, emits a proton and becomes sodium-24
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Photodisintegration differs from the nuclear reaction photofission, in which a nucleus, upon absorbing a photon, splits into two fragments of nearly equal mass. 

When an energetic gamma photon   h v >1.02 MeV  passes a nucleus, it may disappear while creating an electron-positron pair.  

Gamma photons interact with matter by discrete elementary processes that include absorption, photodisintegration, ionization, scattering (Compton scattering), or pair production. 

The Bouguer law of absorption describes attenuation of the gamma rays
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where  I0  is the intensity of the incident beam;  I  is the intensity of transmitted radiation, ( called the linear or mass attenuation coefficient is the sum of three terms corresponding to photoelectric effect (ph, the Compton effect (C  and an electron-positron pair production (ep 

( = (ph + (C + (ep.
Gamma rays are detected by their ability to ionize gas atoms or to create electron-hole pairs in semiconductors or insulators. 

By counting the rate of charge pulses or voltage pulses or by measuring the scintillation of the light emitted by the subsequently recombining electron-hole pairs, one can determine the number and energy of gamma rays striking an ionization detector or scintillation counter.

Both the specific energy of the gamma ray photon emitted as well as the half-life of the specific radioactive decay process that yields the photon identify the type of nuclei at hand and their concentrations. 

By bombarding stable nuclei with neutrons, one can artificially convert more than 70 different stable nuclei into radioactive nuclei. Their characteristic gamma emission may be used for purposes of identification, or as radioactive tracers with which to determine the functions or malfunctions of human organs, to follow the life cycles of organisms, or to determine the effects of chemicals on biological systems and plants. 

The great penetrating power of gamma rays makes gamma rays extremely hazardous. More than 50 percent of the ionizing radiation to which humans are exposed comes from radon gas, which is an end product of the radioactive decay chain of radioactive substances in minerals. Radon escapes from the ground and enters the environment in varying amounts. 

Internal conversion  

Alpha or beta decay may simply proceed directly to the ground (lowest energy) state of the daughter nucleus without gamma emission, but the decay may also proceed wholly or partly to excited states of the daughter. In the latter case, gamma emission may occur as the excited states transform to lower energy states of the same nucleus. 

When a  ( photon is emitted by a nucleus, it must of necessity pass some of the electrons on its way out of the atom.  Upon passing close to one of the electrons, a photoelectric action may occur whereby the  (  photon is absorbed and an electron is emitted.  

Energetically this process must follow the photoelectric equation


[image: image31.wmf]2

2

1

v

m

W

h

+

=

n

 

Part of the  (  photon energy  h(  is used to pull the electron away from the atom, and the remainder is imparted to it as kinetic energy. 

Since the energy required to remove an electron from an atom will differ from one shell to another, the electrons can be expected to have any one of several discrete energies. The definite sharp lines supply the evidence for this assumption.  

Furthermore, the experimentally determined energies check exactly with those determined from X-rays. This orbital electron ejection is known as internal conversion. 

The ratio of internal conversion to the alternative gamma emission is called the internal-conversion coefficient.  

If by internal conversion an electron is ejected from the innermost  K shell, leaving a vacancy there, another electron from the  L shell or  M shell falls in to take its place and, in so doing, emits an  X-ray.  

Confirmation of such a process is assured since the measured wavelengths of such X-rays are identical with those emitted by the same element in an X-ray tube. 

Neutrons

A neutron is an uncharged particle with the same spin as an electron and with mass slightly
greater than a proton mass. The neutron cannot long exist in the free state. It is rapidly captured by nuclei in matter; therwise, in free space it will undergo beta-minus decay to a proton, a electron, and an antineutrino with a half-life of 12.8 minutes.
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Neutron beams may be produced in a variety of ways. A modern method is to extract a high-intensity beam from a nuclear reactor. 

A free neutron interacts with nuclei in a variety of ways, depending on its velocity and the nature of the target. Ordinary interactions include scattering (elastic and inelastic), absorption, and capture by nuclei to produce new elements. 

· Unlike the electron, a neutron loses energy significantly through elastic collisions, because
its mass is comparable to masses of atoms of low atomic number. 
· Pure absorption does not result in a new element, even though it is sometimes accompanied
by emission of gamma rays. 
· In certain cases of capture, radioactivity follows, often with production of beta particles.

· In another class of interaction, a heavy charged particle is ejected (such as an alpha particle
or proton); the resultant nucleus is often but not always radioactive.

· Extraordinary interactions of the neutron are represented by diffraction, nuclear fission, and
nuclear fusion. 

Units for measuring ionizing radiation

Like X-rays, gamma rays are absorbed by the medium, through which they pass and thus may affect its properties. As with other kinds of ionising radiation, the effect of gamma rays on substances is estimated in terms of the absorbed dose of radiation  D. 

Absorbed dose of radiation D is defined as the ratio of the energy delivered with radiation to the mass of the body absorbing the radiation. In the SI system unit is the gray:
1 gray (Gy) is the absorbed dose delivered when the energy per unit mass imparted to matter by ionising radiation is 1 joule per kilogram.

An off-system unit rad (radiation absorbed dose) is defined as 1 rad = 0.01 Gy.

The absorbed dose per unit time gives the absorbed dose rate  N:
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Its unit is 1 watt per kilogram, W/kg.

The exposure dose  De, expresses the energy of radiation as estimated from the ionisation of dry atmospheric air by  X-rays or gamma rays. Its unit is coulomb per kilogram:
1 coulomb per kilogram, C/kg is an exposure dose for which the sum of ions of the same sign produced by the electrons released by irradiated air with a mass of 1 kg at the full utilisation of the ionising capacity is 1 coulomb.

An off-system unit of the exposure dose is the roentgen  R,  1 R = 2.58 ( 10- 4 C/kg:
1 roentgen represents an exposure dose such that the sum of charges due to ions of the same sign in 1 cubic centimetre of air under normal conditions of atmospheric pressure, temperature, and humidity is equal to 1 absolute electrostatic unit of charge.

The exposure dose per unit time gives the exposure dose rate  Ne
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measured in amperes per kilogram, A/kg.  

1 unit of exposure dose rate represents an exposure dose of a photon radiation such that the exposure dose increases by one coulomb per kilogram in one second.

The off-system unit of the exposure dose rate is 1 R/s = 2.58 ( 10- 4 A/kg .
If an exposure dose  De   for an object is known in roentgens, the dose  D  absorbed by the object can be obtained in rads through the transitional coefficient  f   usually determined experimentally on models (phantoms), thus
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Depending principally on the atomic number and density of the object substance the coefficient  f  to a lesser extent depends on the energy of photons.  

For water and human soft tissues  f,  being almost independent of photon energy, equals approximately to 1  for the absorbed dose in rads and the exposure dose in roentgens.  That is why so convenient are the off-system units – rad and roentgen.

The biological effect produced by an ionising radiation is measured in terms of an equivalent dose  Deq.  The equivalent dose takes into account the relative biologic effectiveness (RBE) of ionising radiation, since each form of such radiation has a different effect on living tissue. 

The equivalent dose  Deq of a given type of radiation (in sievert (Sv)) is the dose of the radiation in Gy multiplied by a quality factor  K  that is based on the RBE of the radiation: 
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1 sievert is generally defined as the amount of radiation roughly equivalent in biologic effectiveness to 1 gray of gamma radiation. 

Because the sievert is inconveniently large unit for certain applications, the milligray (mGy) and millisievert (mSv) are often substituted.

An off-system unit is the roentgen-equivalent-man (rem).  This is the equivalent dose producing the same biological effect as that produced by 1 R of X-radiation: 1 rem = 10-2 Sv.
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