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Unit - 1 

Nuclear reactions and artificial radioactivity 

Introduction: Any physical activity in this world, whether carried out by human beings or by nature, 

is caused due to flow of energy in one form or the other. Energy is one of the major inputs for the 

economic development of any country. In the case of the developing countries, the energy sector 

assumes a critical importance in view of the ever increasing energy needs requiring huge 

investments to meet them. 

Energy can be classified into several types, out of which one is: 

Renewable energy: It is the energy obtained from sources that are essentially inexhaustible. 

Examples of renewable resources include wind power, solar power, geothermal energy, tidal power 

and hydroelectric power. The most important feature of renewable energy is that it can be 

harnessed without the release of harmful pollutants. 

Non-renewable energy: It is the energy obtained by conventional fossil fuels such as coal, oil and gas, 

which are likely to deplete with time. 

                                   
                       Renewable Energy Source                                      Non-Renewable Energy Source 

 

Energy Consumption and Standard Of Living: The energy consumption of a nation can be 

broadly divided into the following areas or sectors depending on energy-related activities. 

 Domestic sector (houses and offices including commercial buildings) 

 Transportation sector 

 Agriculture sector 

 Industry sector 

Global Primary Energy Reserves:  

Coal: The proven global coal reserve was estimated to be 9,84,453 million tonnes by end of 2003. 

The USA had the largest share of the global reserve (25.4%) followed by Russia (15.9%), China 

(11.6%). India was 4th in the list with (8.6%).  
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Oil: The global proven oil reserve was estimated to be 1147 billion barrels by the end of 2003. Saudi 

Arabia had the largest share of the reserve with almost 23%. (One barrel of oil is approximately 160 

liters) 

Gas: The global proven gas reserve was estimated to be 176 trillion cubic metres by the end of 2003. 

The Russian Federation had the largest share of the reserve with almost 27%. 

Indian Energy Scenario:  

Coal dominates the energy mix in India, contributing to 55% of the total primary energy production. 

Over the years, there has been a marked increase in the share of natural gas in primary energy 

production from 10% in 1994 to 13% in 1999. There has been a decline in the share of oil in primary 

energy production from 20% to 17% during the same period. 

Nuclear Heat Energy: 

Nuclear energy is an excellent source of process heat for various industrial applications including 

desalination, synthetic and unconventional oil production, oil refining, biomass-based ethanol 

production, and in the future: hydrogen production. For most major industrial heat applications, 

nuclear energy is the only credible non-carbon option. The potential application of nuclear heat 

depends mainly on the temperature required.  

With reactor output temperatures of up to 700°C there is a wide range of possible applications, at 

900°C there are further possibilities, and at 950°C an important future application to hydrogen 

production opens up. 

About 20% of the energy consumption goes into process heat applications, compared with 35-40% 

into electricity.In this 20%, replacing fossil fuels with nuclear heat promises much in energy security, 

price stability and reduced regulatory risks, and it is the only option if carbon dioxide emissions are 

to be avoided. 

Nuclear Fission: 

Nuclear energy can be obtained by splitting a very heavy nucleus (e.g.. 235U) into two lighter nuclei. 

This fission reaction is an important and practical source of energy. A large fraction of the world's 

electrical energy is currently generated from energy liberated through the fission process. The 

method of generating fission energy is to get a heavy nucleus to fission and release the fission 

energy. Some very heavy nuclides actually undergo radioactive decay by spontaneously fissioning 

into two lighter nuclides. 

Downloaded from  be.rgpvnotes.in

Page no: 2 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


 

Generally, however, it is necessary to hit a heavy nucleus with a subatomic particle, such as a 

neutron, to produce a compound nucleus in an extremely highly excited state. The unstable 

compound nucleus may decay by a variety of methods including the fission process. For example, if 

235U is bombarded with neutrons, some possible reactions are 

 

The crucial aspect of fission reactions induced by neutrons is that some of the subatomic particles 

emitted are neutrons, usually more than one. These fission neutrons can then be used to cause 

other uranium nuclei to fission and produce more neutrons. In this way, a self-sustaining fission 

chain reaction can be established to release fission energy at a constant rate. This is the principle 

upon which fission reactors are based. 

Nuclides, such as 235U, 233U, and 239Pu, that fission upon the absorption of a slow moving neutron, are 

called fissile nuclei and play an important role in present-day nuclear reactors. 

Nuclides that fission only when struck with a neutron with one or more MeV of kinetic energy, such 

as 238U and 240Pu, are said to be fissionable, i.e., they undergo fast fission. 
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Some nuclides, which are themselves not fissile, can be converted into fissile nuclides upon the 

absorption of a slow moving neutron. Such fertile nuclides can be converted into useful nuclear fuel 

for fission reactors in which most of the neutrons are slow moving. The two most important of these 

fissile breeding reactions are 

 

The magnitude of the energy ultimately released per fission is about 200 MeV. The energy released 

in other nuclear events is of the order of several MeV. The amount of energy released per fission can 

be estimated by considering the binding energy per nucleon, 

Chain Reaction: Nuclear chain reactions are series of nuclear fissions (splitting of atomic nuclei), 

each initiated by a neutron produced in a preceding fission. 

Nuclear chain reactions are reactions where nuclear energy is obtained, generally through nuclear 

fission. These chain reactions are what provide nuclear power plants with the energy that is then 

turned into electricity for use by people. In these reactions, neutrons generated by the fission 

process continue on to initiate fission in other atoms. These reactions generally occur with 

heavier isotopes such as uranium-235 where there is a continuous release and absorption of 

neutrons. If at least one neutron from each fission reaction strikes another U-235 nucleus and 

initiates fission, the chain reaction is sustained and it is said to be critical. 
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Note that!! 

 An uncontrolled chain reaction is used in nuclear weapons 

 A controlled chain reaction is obtained where extra neutron is absorbed using controlling 

elements such as cadmium or graphite rods. This controlled release of energy can be used 

for nuclear power generation through  nuclear power plants 

Critical mass: The amount of fissile material necessary for a chain reaction to become self-

sustaining. The mass of uranium-235 that is required to produce a reaction that is self-sustaining is 

said to be the "critical mass". When the amount of fissile material is small 

 a y of the eutro s do ’t strike other uclei  
 chain reaction stops 

Nuclear Fusion: Nuclear fusion is a type of nuclear reaction where two light nuclei collide together 

to form a single, heavier nucleus. The products of this reaction are generally unstable compound 

nuclei, and thus they decay into more stable daughter products. This fusion results in a release 

of energy because the mass of the new nucleus is less than the sum of the original masses. Based on 

the principle of mass-energy equivalence, this mass difference means that some mass has been 

converted into energy. For elements lighter than iron, fusion yields energy. For elements lighter than 

iron, it is instead a process of fission that results in a yield of energy. 

Although there is a large yield in energy from the nuclear fusion process, there are forces that must 

be overcome to initiate this process. A lot of energy is required to overcome the Coulomb 

repulsion that exists between the protons in the nuclei that are being pushed together. As well, the 

hydrogen atoms must be pushed close enough together so that the strong nuclear force can begin to 

act, but this requires a very small separation. This is part of what makes controlled fusion difficult to 

achieve. 
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Types of fusion reaction: 

There are several different types of fusion reactions, but most involve 

two isotopes of hydrogen known as Deuterium and Tritium. Some fusion reactions include:  

 Proton-Proton chain: This type of fusion reaction is the one that takes place in the Sun. 

Here two pairs of protons collide and become two atoms of deuterium. Each deuterium then 

combines again with a proton to form helium-3, which combine again and eventually form 

helium-4. 

 Deuterium-Deuterium reactions: Here two deuterium atoms combine to form helium-3 

and a neutron. 

 Deuterium-Tritium reactions: Here one atom of deuterium combines with one atom of 

tritium to form helium-4 and a neutron. Most of the energy released here is in the form of a 

high-energy neutron. 

Uses: There currently exists no large-scale fusion reactor that could provide energy for use. This is 

because it has been difficult for scientists to create a controllable, non-destructive way of harnessing 

the energy released during fusion. The process of fusion is difficult to control largely because of the 

extreme conditions necessary for the reactions to take place. 

Moderator:  

A neutron moderator is a medium which reduces the velocity of fast neutrons, thereby turning them 

into thermal neutrons capable of sustaining a nuclear chain reaction involving uranium-235. 

A good neutron moderator is a material full of atoms with light nuclei which do not easily absorb 

neutrons. 

The light-water reactor uses ordinary water, also called light water, as its neutron moderator. The 

light water absorbs too many neutrons to be used with un-enriched natural uranium, and 

therefore uranium enrichment or nuclear reprocessing becomes necessary to operate such reactors, 

increasing overall costs. This differentiates it from a heavy water reactor, which uses heavy water as 

a neutron moderator. 

The use of water as a moderator is an important safety feature of PWRs, as any increase in 

temperature causes the water to expand and become less dense; thereby reducing the extent to 

which neutrons are slowed down and hence reducing the reactivity in the reactor. 

Therefore, if the reactivity increases beyond normal range, then the reduced moderation of 

neutrons will cause the chain reaction to slow down, producing less heat.  

Reactors: 

With different fuels, moderators, control systems, cooling arrangements, spatial configurations and 

so on, possible designs of nuclear reactor number in the hundreds. To generate a given output of 

energy a reactor may have a very large volume of core, with a comparatively low heat output per 

unit volume power density; alternatively it may have a much more compact core with a higher 

power density. Natural uranium reactor fuel has a low concentration of fissile nuclei; a reactor using 
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such fuel must have a larger volume of core than one using enriched uranium - or plutonium - fuel. A 

large reactor costs more to build than a smaller one of the same output. On the other hand, natural 

uranium fuel is much cheaper than enriched uranium fuel. 

The energy output from a reactor can be measured directly as heat. this heat is used in a 'power 

reactor' to generate electricity, only a fraction of the total heat energy ultimately reappears as 

electrical energy; the rest is discharged to the surroundings as low-temperature at. In general, the 

higher the temperature the reactor can achieve, the larger the fraction of energy that can be 

converted to electricity. As a rule only some 25 to 32 per cent of the total heat output is converted 

to electricity in systems now operating. A system which converts 30 per cent of the heat to 

electricity is said to be 30 per cent efficient - mainly because the remaining 70 per cent of the heat is 

not used. (This is not to say that it cannot be used, merely that it is not.) Reactor energy outputs are 

accordingly described either as heat - for instance, 'megawatts thermal', MW - or as electricity - for 

instance, 'megawatts electric', MWe. (A megawatt is one million watts.) A satisfactory rule of thumb 

is to assume that, for a given power reactor, the output in MWe is between one quarter and one 

third of the output in MW. Unless use is made of the low-temperature heat, the fraction MWe/MWt 

is a measure of the system's efficiency. 

If a reactor core operates at a higher temperature, it produces steam of higher quality, and 

generates electricity more efficiently. On the other hand, core materials which withstand these 

higher temperatures are likely to be more expensive. Similarly, reactor fuel which 27 can be left in 

the core for a longer period at a higher temperature reduces the amount of fuel needed for 

refuelling; but such fuel also costs more. A reactor which can be refuelled 'on load' -without having 

to shut down - is less inconvenient for an electricity system, but such refuelling arrangements are in 

general more expensive to build than those for 'off-load' refuelling. 

Light Water Reactors: 

Pressurized Water Reactors (PWRs): 
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The basic structure of a PWR is a large pressure vessel of welded steel with a lid held onto the upper 

end by a ring of heavy bolts. The pressure vessel contains the reactor core, and other so-called 

'reactor internals' like control rods; the remaining volume is completely occupied by ordinary 'light' 

water under a pressure of about 150 atmospheres. The core is made up of fuel elements, each a 

faggot of 4m-long fuel pins. A PWR fuel pin is a tube of zircaloy, about 1 centimetre in diameter, 

filled with stubby cylindrical pellets of uranium dioxide. So far as neutrons are concerned the zircaloy 

cladding is comparatively well-behaved - much more so than stainless steel - albeit more expensive. 

But the water in which the whole concatenation is immersed is an enthusiastic gobbler of neutrons, 

and to offset its distracting influence the uranium in PWR fuel pellets is enriched to upwards of 3 per 

cent uranium-235. The water inside the pressure vessel serves simultaneously as moderator, 

reflector and coolant. At the top of the core it leaves through heavy pipes welded to the pressure 

vessel. PWRs can have two or more 'loops' of cooling circuit. In each loop, the pipe through which 

the water enters the pressure vessel is called the 'cold leg', and that through which it leaves is called 

the 'hot leg'. 

The hot leg of a PWR cooling loop carries the hot coolant water into a steam generator or boiler. The 

hot high-pressure water from the reactor passes through thousands of tubes immersed in more 

water, under considerably lower pressure. Although the pressurized water inside the tubes cannot 

boil, the lower-pressure water outside them does. The resulting steam is processed and piped to a 

turbo-generator set. The primary coolant water returns through the cold leg to the reactor vessel, 

encouraged by a primary coolant pump. One coolant loop also includes a 'pressurizer', in which an 

appropriate quantity of the coolant water is evaporated or condensed; to maintain coolant pressure 

and to compensate for the effects of thermal expansion and contraction as plant output varies. The 

pressurizer can also help to offset unintended increases in system pressure resulting from 

malfunctions. The electric immersion heaters in a pressurizer can generate 2000 kW - a bit 

overwhelming for a household hot-water system. 

PWR control and instrumentation systems vary widely in design. But control rod 42 assemblies are 

commonly suspended above the core, inside the pressure vessel lid, with drive mechanisms 

functioning through the lid from above. A PWR is refuelled off load - that is, with the reactor shut 

down. The reactor is allowed to cool. Then a pool-shaped chamber above the reactor - the 'reactor 

well' - is flooded with water, to provide shielding and cooling; the lid is unbolted and moved to one 

side, exposing the interior of the reactor. Since the whole procedure is time-consuming, a 

substantial proportion of the fuel charge is changed at each refuelling - typically about one third of 

the core. PWR designers usually provide for one refuelling operation annually. 

Needless to say a PWR is, like any power reactor, enclosed in heavy shielding. The reactor vessel 

itself is surrounded by two or more metres of concrete, extending upwards to form the side walls of 

the reactor well. The concrete also encloses the entire primary circuit - steam generators, primary 

pumps, pressurizer and piping - because the primary coolant is commonly slightly radioactive. The 

reactor building itself is usually designed to serve as a secondary containment. Some PWRs deliver 

close to 4000 MW of heat at a power density over 100 KW per litre. But the low coolant temperature 

attainable using water under manageable pressure - some 150 atmospheres, as noted - makes the 

PWR a comparatively inefficient source of heat for electricity generation. Nonetheless PWRs greatly 

outnumber all other types of power reactor. 
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Boiling Water Reactors (BWRs): 

 

BWRs and PWRs are often mentioned in the same breath, as 'light water reactors' or LWRs. In a BWR 

the water serves as moderator, reflector and coolant - and in addition, when boiled, produces steam 

which is ducted directly to drive a turbo-generator. Once through the turbines, the coolant water is 

condensed and pumped again into the 'boiler' - that is, the reactor pressure vessel.  

The pressure which the vessel must contain need not be much more than the pressure of the steam 

being produced - usually less than half that in a PWR. Accordingly, the pressure vessel need not be 

so thick. A BWR pressure vessel also includes the whole steam collection and processing array, 

above the core. The control rods therefore enter a BWR core from below. The cooling circuits of a 

BWR bear little resemblance to those of a PWR. In a BWR water boils inside the fuel assemblies, and 

there are no external steam generators. The consequent saving in capital cost has long been billed as 

a major advantage of the BWR over the PWR. 

Since a BWR is coupled directly to the turbine of a generating set, special provision must be made to 

dispose of steam if the turbo-generator cannot for any reason accept it, or if any malfunction should 

occur. A BWR is therefore enclosed - pressure vessel, attached piping and all - inside a primary 

containment, which consists of a huge flask-shaped concrete housing called, confusingly, a 'drywell'. 

Cavernous pipes lead from the bottom of the drywell down into a ring~ shaped tunnel, amply large 

enough to walk through, half-filled with water. This tunnel is called a 'pressure-suppression pool'. If 

for any reason steam or water escapes from the reactor vessel or the pipe -work, it is confined in the 

drywell and channelled down through the pipes leading into the water in the pressure suppression 

pool. Any steam which gets this far is thereupon condensed, and any excess pressure it would 

otherwise exert on the containment is - as the name suggests - 'suppressed'.  
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The function of the BWR containment is closely associated with that of the emergency core-cooling 

systems, provided, like those in a PWR, to prevent overheating of the reactor core in the event of an 

accident 

Like a PWR, a BWR is refuelled off load, with the reactor shut down and cooled. Refuelling of a BWR 

is somewhat more of a chore; as well as flooding the reactor well, and unbolting and removing the 

lid, it is also-necessary to lift out and set aside a motley assortment of steam-processing fittings. 

Like the coolant in a PWR, the coolant in a BWR may become slightly radioactive. Since the primary 

coolant in a BWR supplies steam directly to a turbine, some of the radioactivity in the coolant may 

reach the turbines. However, in practice most of the radioactivity in BWR coolant stays in the liquid 

water, and does not travel with the steam to the turbine. 

Carbon Dating:  

Carbon dating is a technique used to determine the approximate age of once-living materials. It is 

based on the decay rate of the radioactive carbon isotope 14C, a form of carbon taken in by all living 

organisms while they are alive. 

Carbon–14 is a radioactive isotope of carbon. Carbon has isotopes with atomic weights between 9 

and 15. The most abundant isotope in nature is carbon–12, followed in abundance by carbon–13. 

Together carbon–12 and carbon–13 make up 99% of all naturally occurring carbon. Among the less 

abundant isotopes is carbon–14, which is produced in small quantities in the earth's atmosphere 

through interactions involving cosmic rays. In any living organism, the relative concentration of 

carbon–14 is the same as it is in the atmosphere because of the interchange of this isotope between 

the organism and the air. This carbon–14 cycles through an organism while it is alive, but once it 

dies, the organism accumulates no additional carbon–14. Whatever carbon–14 was present at the 

time of the organism's death begins to decay to nitrogen–14 by emitting radiation in a process 

known as beta decay. The difference between the concentration of carbon–14 in the material to be 

dated and the concentration in the atmosphere provides a basis for estimating the age of a 

specimen, given that the rate of decay of carbon–14 is well known. The length of time required for 

one-half of the unstable carbon–14 nuclei to decay (i.e., the half-life) is 5,730 years. 

ITER: 

The International Thermonuclear Experimental Reactor (ITER) is an international nuclear 

fusion research and engineering megaproject, which will be the world's largest magnetic 

confinement plasma physics experiment. It is an experimental tokamak nuclear fusion reactorthat is 

being built next to the Cadarache facility in Saint-Paul-lès-Durance, in Provence, southern France 

The ITER thermonuclear fusion reactor has been designed to produce a fusion plasma equivalent to 

500 megawatts of thermal output power for around twenty minutes while 50 megawatts of thermal 

power are injected into the tokamak, resulting in a ten-fold gain of plasma heating power. Thereby 

the machine aims to demonstrate the principle of producing more thermal power from the fusion 

process than is used to heat the plasma, something that has not yet been achieved in any fusion 

reactor. The total electricity consumed by the reactor and facilities will range from 110MW up to 

620 MW peak for 30-second periods during plasma operation. The reactor is only designed to 
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produce a fusion plasma, and the emitted heat from the fusion reaction will be vented to the 

atmosphere without generating electricity. ITER's planned successor, DEMO, is expected to be the 

first fusion reactor to produce electricity in an experimental environment. DEMO's anticipated 

success is expected to lead to full-scale electricity-producing fusion power stations and future 

commercial reactors. The project is funded and run by seven member entities—the European 

Union, India, Japan, China, Russia, South Korea, and the United States.  

Construction of the ITER Tokamak complex started in 2013 and the building costs are now over 

US$14 billion as of June 2015. The facility is expected to finish its construction phase in 2025 and will 

start commissioning the reactor that same year. Initial plasma experiments are scheduled to begin in 

2025, with full deuterium–tritium fusion experiments starting in 2035. 

LHC: 

The Large Hadron Collider (LHC) is the world's largest and most powerful particle collider, the most 

complex experimental facility ever built and the largest single machine in the world. It was built by 

the European Organization for Nuclear Research (CERN) between 1998 to 2008 in collaboration with 

over 10,000 scientists and hundreds of universities and laboratories, as well as more than 100 

countries It lies in a tunnel 27 kilometres in circumference and as deep as 175 metres beneath 

the France–Switzerland border near Geneva. 

The aim of the LHC is to allow physicists to test the predictions of different theories of particle 

physics, including measuring the properties of the Higgs boson and searching for the large family of 

new particles predicted by super-symmetric theories, as well as other unsolved questions of physics. 

The collider has four crossing points, around which are positioned seven detectors, each designed 

for certain kinds of research. The LHC primarily collides proton beams, but it can also use beams of 

heavy ions. 

Biological effects of radiation: 

The harmful effects caused to humans and other living-beings due to their exposure to radiation are 

known as biological effects of radiation. 

Biological effects of radiation on living cells may result in three outcomes:  

1. Injured or damaged cells repair themselves, resulting in no residual damage  

2. Cells die, much like millions of body cells do every day, being replaced through normal 

biological processes 

3. Cells incorrectly repair themselves resulting in a biophysical change. 

High radiation doses tend to kill cells, while low doses tend to damage or alter the genetic code 

(DNA) of irradiated cells. High doses can kill so many cells that tissues and organs are damaged 

immediately. This in turn may cause a rapid body response often called Acute Radiation Syndrome, 

whereas low doses spread out over long periods of time (years) don't cause an immediate problem 

to any body organ. The effects of low doses of radiation occur after many years. 
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Effects of radiation on cells: 

Energy emitted from a source is generally referred to as radiation. Examples include heat or light 

from the sun, microwaves from an oven, x-rays from an x-ray tube, and gamma rays from radioactive 

elements. 

Biological effect begins with the ionization of atoms. The mechanism by which radiation causes 

damage to human tissue, or any other material, is by ionization of atoms in the material. Ionizing 

radiation absorbed by human tissue has enough energy to remove electrons from the atoms that 

make up molecules of the tissue 

The following are possible effects of radiation on cells: 

 Ionization may form chemically active substances which in some cases alter the structure of 

the cells. These alterations may be the same as those changes that occur naturally in the cell 

and may have no negative effect.  

 Some ionizing events produce substances not normally found in the cell. These can lead to a 

breakdown of the cell structure and its components. Cells can repair the damage if it is 

limited. Even damage to the chromosomes is usually repaired. 

 If a damaged cell needs to perform a function before it has had time to repair itself, it will 

either be unable to perform the repair function or perform the function incorrectly or 

incompletely. The result may be cells that cannot perform their normal functions or that 

now are damaging to other cells. These altered cells may be unable to reproduce themselves 

or may reproduce at an uncontrolled rate. Such cells can be the underlying causes of 

cancers.  

If a cell is extensively damaged by radiation, or damaged in such a way that reproduction is affected, 

the cell may die. Radiation damage to cells may depend on how sensitive the cells are to radiation. 
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