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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.  

The term “natural radioactivity” applies to the spontaneous transformation of one nuclear species into another with the emission of some particles (such as alpha, beta, antineutrinos, and neutrinos) or electromagnetic radiation (gamma rays).  

As a rule, natural radioactivity is displayed by the heavy nuclei at the end of the Periodic table.  All the naturally occurring isotopes above bismuth Bi in the periodic table are radioactive. 

The nuclei of elements throughout the periodic table have been bombarded with different particles and a great many nuclear reactions have been discovered,. As a result of this intensive investigation, more than 400 artificial radioactivities are now known. 

The law of radioactive decay has been derived on the assumption that radioactive decay occurs spontaneously.  Thus 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 reciprocal of the decay constant is the mean life, symbolized by the Greek letter (.  

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,  
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Integration of the decay equation yields (exponential-decay law)
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which shows that the number of atoms N0  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.

The total number A of decays per unit time, is called the activity of a radioactive sample
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So the activity of a radioactive source is   A = (N.
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.

In practice use is made of the millicurie (mCi) and the microcurie ((Ci).
Activity is determined by counting, with the aid of  radiation detectors. 

Alpha decay

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

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 process of radioactive disintegration by which unstable atomic nuclei spontaneously undergo a change of one unit of charge without any change in mass number. 

1. (--decay

In 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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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 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. 

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. 

Within each set the isotopes of intermediate mass are stable or at least more stable than the rest. 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.  

Spontaneous fission

Spontaneous fission is the radioactive decay in which unstable nuclei of heavier elements split into two 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. 
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 fission product is still radioactive, and it finally reaches stability by undergoing a series of beta decays. 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.  Since ( particles produce the greatest number of ions in a given path, they penetrate the short distance and therefore have the poor penetrating power. 

Finally, upon coming to rest, ( particle collects two electrons, becoming a helium atom.

Beta rays are streams of very fast electrons whose velocity approach that of light in a
vacuum. 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 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 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 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. 
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 is 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 = -dn/dx  is number of ion pairs n formed per unit path length x. 

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. 


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. Gamma rays have a line spectrum.
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 0.01nm.

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). 

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 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. 

The great penetrating power of gamma rays makes gamma rays extremely hazardous. 

Internal conversion  

Alpha or beta decay may proceed directly to the ground 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.  
This orbital electron ejection is known as internal conversion.

Energetically this process must follow the photoelectric equation
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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 have any one of several discrete energies. 
The definite sharp lines supply the evidence for this assumption.  

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

Furthermore, the experimentally determined energies check exactly with those determined from X-rays. 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.  


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. 

Dosimetry
Particles, such as gamma photon, atomic or molecular ions or molecular fragments, that travel in a material medium deposit energy along their paths. The energy of the particle is absorbed and utilised in producing physical, chemical, and, in living matter biologic changes.

With respect to radiation effects the terms primary and secondary are used in a relative sense; the usage depends on the situation under study. Thus, ionisation and excitation may be considered as primary with respect to some physical and chemical effects. 

For other chemical effects, production of free radicals may be considered as primary even though that process requires a much longer time for its accomplishment. 

Still longer times are involved in biologic processes, in which the end product of an earlier chemical reaction may be considered as primary.
The initial excitation process leads to no significant chemical effect. By contrast, ionisation may result in a large variety of chemical changes involving the positive ion, the outgoing electron, and the excited states resultant from charge neutralisation, as well as (parent) positive-ion fragmentation and ion-molecule reactions. 

The electron ejected in an initial ionisation process may further ionise and excite other molecules in its path, thus causing other chemical transformations. In addition, it may produce chemical changes of its own by dissociative attachment, and by formation of negative ions. Many of the negative ions produced in a dissociation process are chemically reactive. 

The important point to note is that in general each such effect is the progenitor of many ionisations and excitations, the distribution of which in space depends on the energy of the particle involved as well as on the system traversed. 
When a target is bombarded by a positive ion the alpha particle He2+ from nuclear decay, or indeed any high-energy heavy positive ion, the initial effects differ significantly from those of a high-energy electron.

Thus, positive ions produce their initial effects close together in the ionisation track in a condensed medium such as water (perhaps 0.1nm apart), whereas equally energetic electrons travelling through the same medium deposit energy in small collections called spurs, which may be 100 nm or so apart. 

The dense track, as well as the isolated spurs, contains ions, excited molecules, and electrons; however, the distributions in the two essentially different types of track are so different that the track effects may be quite dissimilar. 

As an example, alpha-particle irradiation of pure water produces substantial yields of hydrogen and hydrogen peroxide H2O2, whereas irradiation with beta particles, X-rays, or gamma rays is essentially without effect. 

Units for measuring ionizing radiation

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. The unit in the SI system 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 one 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. The exposure dose is measured in coulomb per kilogram, C/kg:
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.

Indirect biologic action process

 As ionising radiation penetrates living matter, it gives up its energy through random interactions with atoms and molecules in its path, leading to the formation of ions and free radicals. 

X-rays and gamma rays, for example, impart their energy to atomic electrons, which are thereby ejected from their orbits. Such an ejection of an electron results in an ion pair consisting of a free electron and the ion. 

The ejected electron may give rise to a highly reactive free radical, which in turn may diffuse far enough to attack a biologically important target molecule in its vicinity. 

This so-called indirect action process, through which radiation causes damage via radiation-induced free radicals, may be envisioned as follows:

incident gamma photon  ( fast electron ( ion radical ( free radical ( chemical change.

While the initial steps in the above process occur almost instantaneously, expression of the biologic effect may take years or decades, depending on the type of injury involved. 

Direct biologic action process

Direct biologic actions, studied in detail, gave rise to a target theory of radiobiology that has provided a quantitative treatment of many of the biologic effects of radiation, particularly in the field of genetics. 

According to this theory, a tissue or cell undergoing irradiation is likened to a field traversed by machine-gun fire, in which the production of a given effect requires one or more hits by an ionised track on a sensitive target. 
The probability of injury depends on the concentration of molecular damage produced at a critical target in the cell (e.g., a gene or a chromosome).  
The charged particles generally cause greater injury for a given total dose to the cell than do X-rays or gamma rays; i.e., they have a high RBE. 

At the same time, however, charged particles usually penetrate such a short distance in tissue that they pose relatively little hazard to tissues within the body unless a radionuclide, or radioactive isotope, that has been deposited internally, emits them. 

Major types of radiation injury

Any living organism can be killed by radiation if exposed to a large enough dose, but the lethal dose varies greatly from species to species. Mammals can be killed by less than 10 Gy, but fruit flies may survive 1,000 Gy. Many bacteria and viruses may survive even higher doses. 

Humans are among the most radiosensitive of all living organisms, but the effects of a given dose in a person depend on the dose, the organ irradiated, the conditions of exposure.

The biologic effects of radiation in humans and other mammals are 
· genetic, or heritable, effects, those that affect the offspring of the exposed individual,

· somatic effects, those that affect the body of the exposed individual.

Among the somatic effects, there are those that occur within a short period of time (e.g., inhibition of cell division) and those that may not occur until years or decades after irradiation (e.g., radiation-induced cancer).

In addition, there are 
· non-stochastic effects, that occur only in response to a considerable dose of radiation (e.g., ulceration of the skin) 
· stochastic, for which no threshold dose is known to exist (e.g., radiation-induced cancer).

Every type of biologic effect of radiation, results from injury to the cell.
 Effects on the cell

The effects of radiation on the cell include 
· interference with cell division, 
· damage to chromosomes  and  genes (mutations), 
· neoplastic transformation (a change analogous to the induction of cancer), 
· cell death. 

Each change is thought to be the end result of chemical alterations that are initiated by radiation as it randomly traverses the cell. 

By breaking both strands of the DNA molecule, radiation also can break the chromosome fibre and interfere with the normal segregation of duplicate sets of chromosomes to daughter cells at the time of cell division, altering the structure and number of chromosomes in the cell. 

Chromosomal changes of this kind may cause the affected cell to die when it attempts to divide, or they may alter its properties in various other ways. 

Effects on organs of the body

A wide variety of reactions occur in response to irradiation in the different organs and tissues of the body. Some of the reactions occur quickly, while others occur slowly. 

The killing of cells in affected tissues, for example, may be detectable within minutes after exposure, whereas degenerative changes such as scarring and tissue breakdown may not appear until months or years afterward.

Dividing cells are more radiosensitive than nondividing cells, with the result that radiation injury tends to appear soonest in those tissues in which cells proliferate rapidly: 

the skin, the lining of the gastrointestinal tract, and the bone marrow, where progenitor cells multiply continually in order to replace the mature cells that are constantly being lost through normal ageing. 

The early effects of radiation on these organs result largely from the destruction of the progenitor cells and the consequent interference with the replacement of the mature cells, a process essential for the maintenance of normal tissue structure and function.

The damaging effects of radiation on an organ are generally limited to that part of the organ directly exposed. Accordingly, irradiation of only a part of an organ generally causes less impairment in the function of the organ than does irradiation of the whole organ.

Control of radiation risks

In view of the fact that radiation is now assumed to play a role in mutagenic or carcinogenic activity, any procedure involving radiation exposure is considered to entail some degree of risk. 

At the same time, however, the radiation-induced risks associated with many activities are negligibly small in comparison with other risk commonly encountered in daily life.  Nevertheless, such risks are not necessarily acceptable if they can be easily avoided or if no measurable benefit is to be gained from the activities with which they are associated.

Consequently, systematic efforts are made to avoid unnecessary exposure to ionising radiation in medicine, science, and industry. Toward this end, limits have been placed on the amounts of radioactivity and on the radiation doses that the different tissues of the body are permitted to accumulate in radiation workers or members of the public at large.  

Although most activities involving exposure to radiation for medical purposes are highly beneficial, the benefits cannot be assumed to outweigh the risks in situations where radiation is used to screen large segments of the population for the purpose of detecting an occasional person with an asymptomatic disease. 

Examples of such applications include the "annual" chest X-ray examination and routine mammography. Each use of radiation in medicine (and dentistry) is now evaluated for its merits on a case-by-case basis. Modern technology has greatly reduced the risk of diagnostic X-rays, however. 

During therapeutic X-irradiation for the treatment of cancer, great care is taken to focus radiation on the tumour and to shield the adjacent normal body tissues from undue exposure.

Laboratory workers who use radioactive chemicals are careful to prevent undue exposure by contamination and to dispose of radioactive wastes properly. 

Other activities involving radiation also are assessed with care in order to assure that unnecessary exposure is avoided and that their presumed benefits outweigh their calculated risks.
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