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This unit deals with applied aspects of nuclear physics. In particular, we will focus on nuclear fission 
and fusion. Here you will learn how energy released in a nuclear reactor based on nuclear fission is 
harnessed safely. You will learn about the general features of a nuclear reactor and how safe energy is 

produced. Experience shows that nuclear fuel such as  U233
92 , U238  and Th232

90
 used in a nuclear 

fission reactor form Pu239  and  U233
92  

 by absorbing fast neutrons produced in the fission chain 

reaction. These are more efficient fuels and if the reactor is operated in high energy region, these even 
breed fuel leading to the possibility of generating unlimited energy. In Unit 14, you have learnt that 
fusion of two light nuclei also leads to release of large amount of energy. This is the guiding principle 
governing energy generation in a nuclear fusion reactor. You will learn about these in this unit. The 
concepts discussed in this unit are simple and It will be a good idea to master these topics one at a 
time. You should work out numerical problems and answer SAQs and TQs yourself to develop 
conceptual clarity. 

“Success can come to you by courageous devotion to the 
task lying in front of you.” 

 

C.V. Raman  

A nuclear power plant for generating 
electricity.  
(Source: https://pixabay.com/photos/power-

plant-industry-chimney-2411932/  
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15.1 INTRODUCTION 

Energy is fundamental for our existence. We need energy to meet all our 
requirements: to cook food, run machines, travel from one place to another. 
We also need energy for agriculture, industry, communication, safer living 
conditions and economic growth. With continuous growth of population and 
our unending quest for comfort and security, the demand for energy has been 
growing continuously.  

Today most of the energy we use is supplied by fossil fuels (coal, oil, gas etc.) 
which are limited resources whose supply is limited. At the projected levels of 
consumption, the known reserves of fossil fuels are bound to dwindle in about 
50 years from now. Moreover, increased reliance on fossil fuel may further 
disturb the ecological balance. It can threaten all life forms and lead to 
catastrophic changes in climate air and water pollution, ozone depletion, acid 
rain, melting of glaciers, and rising sea level. Thus, we need to move away 
from fossil fuels by harnessing renewable sources of energy.  

Another viable alternate is nuclear energy. Presently most of the nuclear 
energy comes from fission reactors in which fissile isotopes such as

U U, 233235  and Pu239 are used. But public acceptability of these reactors has 

been rather low. It has now been realised that the growing electrical power 
requirements of the world in the 21st century can be met either by fusion 
energy or renewable sources.  Experience shows that nuclear fuel such as   

U-233, U.238 and Th-232 can be used to form Pu239 and U-233 by absorbing 
fast neutrons produced in the chain reaction in a fission reactor. These are 
more efficient fuels and if the reactor is operated in high energy region, it is 
possible to breed greater amounts of fuel. Such reactors lead to the possibility 
of generating unlimited energy.  When two light nuclei colliding in plasma 
coalesce forming a heavier nucleus, a large amount of energy is released. 
This process is referred to as nuclear fusion. The device in which such 
thermonuclear reactions occur in a controlled manner is called the controlled 
thermonuclear reactor (CTR) or a fusion reactor. While nuclear fuel used in a 
fission reactor is limited, the likely ingredients of a fusion reactor – deuterium, 

lithium, He3  etc. – occur in nature in enormous amounts. Though generation 
of commercial energy from a fusion reactor continues to be in the realm of 
possibilities, the world would acquire a practically inexhaustible source of 
energy with successful operation of a CTR. Further nuclear fusion seems 
attractive as it by-passes many of the safety problems associated with nuclear 
fission. Also, it is ‘clean’ in the sense that it does not leave behind harmful 
radioactive waste. Moreover, the energy released per unit mass of the 
reacting material is much greater than the corresponding quantity in nuclear 
fission involving heavy nuclei. For instance, energy released per nucleon in  
D-T fusion is nearly five times larger than the energy released per nucleon in a 
fission event (though the energy released per fusion 17.6 MeV is much less 
than the available energy of about 200 MeV in a fission reaction). However, 
the choice between nuclear fusion and fission as the likely energy source will 
probably hinge upon the public perception about the safety and eco-
friendliness. 

In Sec. 15.2 to 15.4 we have discussed the fission process in some detail. 
You will note that since the number of neutrons emitted in each fission event 

There are reports that 
France and China are 
working to produce 
Artificial Sun on the 
Earth. 



   

59  

 Unit 15                                                                                Applied Nuclear Science 

is between 2 and 3, there exists an exciting possibility of maintaining a self-
sustained controlled chain reaction. Such a reaction is in fact used in a 
modern nuclear power reactor to generate electricity. We have discussed the 
functioning of nuclear fission reactors, after presenting its general features. In 
Sec. 15.5 we have briefly discussed how a breeder reactor can solve all 
energy related issues. This is followed by discussion of nuclear fusion, energy 
generation in stars and how a Fusion Reactor is being conceived and the 
progress made so far in Sec. 15.6. 

Expected Learning Outcomes 

After studying this unit, you should be able to: 

 explain how energy is released in a fission and a fusion reaction; 

 explain how a self-sustained fission chain reaction is achieved in a 

nuclear reactor; 

 describe the functions of various components of a nuclear fission 

reactor; and 

 discuss the working of fast breeder reactors and fusion reactors as 

sources of unlimited energy. 

15.2 NUCLEAR FISSION  

Recall from Fig. 14.2 which shows Binding Energy curve per nucleon, that 
intermediate mass nuclei such as barium, krypton and iron have somewhat 
higher binding energy per nucleon as compared to heavy nuclei such as 
uranium, plutonium and thorium. This is mainly because of electrostatic 
repulsion among protons in heavier nuclei. Thus, when a heavy nucleus splits 
into more tightly bound intermediate mass nuclei, a large amount of energy is 
released (Fig. 15.1). This process was termed nuclear fission by Lise 
Meitner and Otto Frisch following an analogy from biological cell division. 
Initially, Lise Meitner and Otto Frisch provided qualitative analysis of the 
results of Otto Hahn and Fritz Strassmann on the basis of liquid drop model of 

 

  

 

 

 

 

 

 

 

 

 

Fig. 15.1: Schematic representation of nuclear fission of U235
. 
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atomic nucleus. They showed that when the uranium isotope U235
92  absorbed 

a neutron and split into two lighter nuclei with the emission of two or three 
neutrons, nearly 200 MeV energy was released. 

Otto Hahn and Fritz Strassmann established that barium and krypton or xenon 

and strontium were produced when U235 was made to fission: 

 MeV 200n3KrBaUn 1
0

92
36

141
56

235
92

1
0   

or 

 MeV 200n2SrXeUUn 1
0

94
35

170
69

236
92

235
92

1
0   

The detailed theory of fission was developed by Bohr and Wheeler using the 
analogy between nuclear forces and the forces which bind molecules together 
in a liquid. Using liquid drop model, they explained the existence of 

spontaneous fission and predicted the ability of U235  to undergo fission more 

readily than U.238 They also showed that when the energy of neutrons 

produced in fission was reduced to about 0.025 eV, their effectiveness in 

causing fission of U,235
92  increased almost hundred-fold. Note that the fission 

fragments are usually of unequal mass; one being much heavier than the 
other. Such fission is said to be asymmetric.  

We now know that U235  can fission in more than 40 different ways. This 

means that about 80 different nuclei are directly produced in fission. The 
heavier fragments normally lie in the mass range 125-150 with a well-defined 
maximum around 140, whereas the lighter fragments lie in the mass range  
80-110 with a maximum around 95 as shown in Fig. 15.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 15.2: The distribution of mass number in the fragments from the fission of 

U235
. 
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Nuclear Chain Reaction 

Soon after the discovery of nuclear fission, it was realised that, since each 
fission reaction is accompanied by emission of two or three neutrons (the 
average being 2.53), it should be possible to induce a sequence of 
subsequent fissions through absorption of the emitted neutrons by the 
fissionable nuclei. This may lead to a chain-reaction (Fig. 15.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15.3: A nuclear chain reaction. 

Let us consider an example to calculate energy released in nuclear fission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Calculate the energy of the neutron required to fission the isotopes of 235U 
and 238U. Given:    u, 043933.235U ,u 008665.1 235  mmn

      u. 05429.239U u, 05078.238Uu, 04556.236U 239238236  mmm  

SOLUTION   U235  and  U238  absorb one neutron each to form U236  

and U239  isotopes through the reactions 

  UU 236235  n  (i)                  

and UU 239238  n  (ii) 

The energy difference in reaction (i) is 

      U)(U 236235 mnmm   

   MeV 6.54u 00702.   

The corresponding energy difference in reaction (ii) is 

      U)(U 239238 mnmm   

   MeV 4.8u 00515.   

Thus  U235   after absorbing one neutron produces U236  with an excess 

energy of 6.54 MeV which can be considered as excitation energy of U236

. It is more than the excitation energy of U238 .Thus, U235 can fission with 

low energy neutrons while U239 will require relatively faster neutrons to 

fission.

 

XAMPLE 15.1: NUCLEAR ENERGY  

2

MeV
931.5u 1

C




  

62  

Block 4                                                                                      Nuclear Physics 

15.3 SELF-SUSTAINED CHAIN REACTION 
When the question of establishing a fission chain reaction was examined for 
the first time by Fermi, he took natural uranium as fuel. We know that natural 

uranium has 99.7% U238 and 0.3% U235 . He immediately ran into difficulties 

because U238 absorbed neutrons and did not necessarily undergo fission         

( U238 fissions by absorbing high energy neutrons). It was found that, on an 

average, more neutrons were removed from the system than were created in 
fission. Hence, even if a fission reaction was started using an external neutron 
source, no sooner was the source removed than the number of neutrons in 
the system began to decrease rapidly and the reaction stopped. On the other 

hand, the probability of U235 to undergo fission was large for low energy 

neutrons. This led Fermi to suggest that effective use of this isotope to 
produce further fissions could be made if the energy of fission neutrons was 
reduced through collisions in a moderating medium before they had a chance 
to interact with other uranium nuclei. Fermi and his co-workers suggested that 

 graphite should be used as a moderator to slow down neutrons produced 
in fission; and 

 uranium rods should be distributed uniformly in the moderator. 

When these two suggestions were incorporated, Fermi succeeded in 
achieving the first self-sustained chain reaction on December 2, 1942 at the 
University of Chicago, USA. 

For a fission chain reaction to be self-sustained, the rate of production of 
neutrons must be equal to the rate of loss of neutrons. Can you name the   
processes responsible for loss of neutrons from a fission chain? This happens 
by basically two processes: Either absorption by nuclei of the medium or 
leakage from the system. The rate of loss by leakage depends on the shape 
and size of the assembly. The most efficient shape is a sphere. For a 
spherical assembly, the leakage rate is proportional to the surface area and 
the rate of production is proportional to the volume (if uranium is distributed 
uniformly thoroughly the assembly). Therefore, the proportion of neutrons that 
leak out will decrease as the size of the sphere increases.  

Thus, if we start with a small assembly, the rate of loss will exceed the rate of 
production and a self-sustained chain reaction will not be possible. As the size 
is gradually increased, we will reach a size when a self-sustained chain 
reaction just becomes possible. This size of the sphere of fissile material is 
said to be the critical size. The corresponding mass of the fuel is termed as 

the critical mass. Do you know that for U235 the critical sphere has a 

diameter of 18 cm and the corresponding critical mass is 53 kg? However, for 

Pu,239 the critical mass is about one-third of this. Do you know the reason? It 

is because of the larger cross section of Pu,239 .  

The behaviour of a neutron chain reaction is described quantitatively in terms 
of a constant called the multiplication factor. It is denoted by k and is 
defined as the ratio of the number of neutrons in any one generation to the 
corresponding number in the immediately preceding generation, i.e. 

generation th in neutrons of Number

generation 1)th( in neutrons of Number
 factor, tionMultiplica

n

n
k


  

According to Laura 
Fermi, the news of 
having attained a self- 
sustained nuclear chain 
reaction to the world 
outside was conveyed 
by Prof. A. Compton 
through Mr. Conant of 
the Office of Scientific 
Research and 
Development at Harvard. 
To quote her: “The 
Italian Navigator has 
reached the New World”, 
said Compton as soon 
as he got Conant on the 
line. “And how did he 
find the natives?” “Very 
friendly.” 

A chain reaction will not 
be self-sustaining if 
neutrons are lost at a 
faster rate than they are 
produced by fission. A 
self-sustaining chain 
reaction requires a 
critical mass. Critical 
mass is determined by a 
combination of factors 
depending on the 
production of neutrons in 
the interior of the 
material and the leakage 
of neutrons from the 
surface. Critical mass is 
roughly given by  

3

2

1











sm

Mc  

where  is the density 
and m is the nuclear 
mass of the fissionable 
material, s is the number 
of scattering events per 
fission event and  is the 
interaction cross-
section.) 
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If k > 1, the number of neutrons will increase indefinitely with time and the 
chain reaction will get out of control. If k < 1, the number of neutrons will 
decrease with time and the chain reaction will stop. In the special case when  
k = 1, the number of neutrons in any two successive generations remains the 
same and the chain reaction proceeds at a constant rate, independent of time. 
Depending on whether k > 1, k = 1 or k < 1, the reactor is said to be super-
critical, critical or sub-critical, respectively. For this reason, k is also very 
frequently referred to as the criticality factor. Note that a precise knowledge 
of the multiplication factor for a given reactor is essential for reactor control. 

An approximate expression for the behaviour of a neutron chain reaction with 
time can be derived as follows:  

Let us suppose that at any instant of time, there are 1N neutrons in the first 

generation. Then, in the nth generation, the number of neutrons will be 

 1n
1n

 kNN  (15.1) 

Let t  be the average time between the creation of a neutron and its final 

removal either by leakage or absorption. Then, the time elapsed between the 
start of the first generation (which is taken to be at zero time) and the birth of 
nth generation neutrons will be .)1( tnt   On substituting for (n – 1) from 

this expression in Eq. (15.1), we get 

 





 k

t

t
NkNtN tt lnexp)0()0()( /  (15.2) 

where we have replaced nN by N(t) and 1N  by N(0). Assuming k to be close 
to unity, lnk can be approximated by noting that ln (1+(k-1))  k – 1 (see 
margin remark). Hence, we can write 

 



 

t

t
kNtN )1(exp)0()(  (15.3) 

This tells us that neutron number increases exponentially with time for k > 1 
and decreases exponentially with time for k < 1. For k = 1 we have a steady 
state. 

In any fission chain, two types of neutrons are emitted: prompt and delayed. 

For prompt neutrons, the mean life time is nearly s.10 3  For k = 1.01, the 

increase in the number of neutrons per second is N(t)/N(0) = exp(0.01/0.001) 

= .22000e10   Such a reactor would be impossible to control by any 

mechanical means. Thus, if the above considerations were the only ones 
operative, even an excess of 0.01 (1%) over unity in the value of k would 
make a fission chain reaction uncontrolled and the reactor would explode. 
Fortunately the presence of delayed neutrons appreciably increases the 
neutron life time (to about 0.1s) and it becomes possible to control a nuclear 
reactor. 

15.4 NUCLEAR FISSION REACTORS 

Ever since the world’s first nuclear reactor was constructed by Fermi and his 
co-workers at the University of Chicago in 1942, a variety of nuclear reactors 
have been built, primarily to meet our increasing demand of energy. Nuclear 
reactors are highly complex installations and great care has to be exercised in 
designing them, in spite of the fact that they work on a very simple principle. 

Maclaurin expansion 
of ln (1 + x) = x + …. 
For  1 < x < 1. 

Neutrons emitted 

within s10 14 of the 
fission event are said 
to be prompt. 
However, neutrons 
emitted by fission 
product nuclei 
considerably after the 
fission event are 
known as delayed 
neutrons.  
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The heat generated in fission is removed by circulating a fluid, called coolant, 
around the fuel and this heat is subsequently used to generate high pressure 
and high temperature steam. This is fed to a turbine-generator system to 
produce electricity. Some part of the heat produced in a power reactor is 
discharged into a lake, river, sea or the environment using cooling towers. For 
experimental nuclear reactors, the heat is invariably discharged into the sea. 

Nuclear reactors are classified variously but it is customary to classify them 
depending on the mean energy of neutrons causing most of the fissions and 
the purpose for which a reactor is meant. Before proceeding further, we 
present the general features of a fission reactor. 

15.4.1 General Features of a Fission Reactor 

All nuclear reactors consist of the following basic components: reactor core, 
reflector, reactor vessel, radiation shield, structural materials, coolant loops 
and heat exchangers, etc. These are schematically illustrated in Fig. 15.4. In a 
fast reactor, a blanket is placed between the core and the reflector. We 
discuss these features in some detail now. 

Core 

The central region of a reactor where fission takes place, resulting in release 
of energy, is known as the core. In fast reactors, it contains a nuclear fuel, a 
coolant, control rods and structural materials. In thermal reactors, a moderator 
is also present. An ideal fuel should have high thermal conductivity and high 
melting point, high resistance to radiation damage, and be chemically inert. 
Moreover, it should be easy to fabricate and be corrosion resistant. Usually 
the fuel is in the form of a ceramic, i.e., either an oxide or carbide or a nitride. 
(oxy-carbides and nitrides of uranium have also been proposed as nuclear 
fuels.) 

 

Fig. 15.4: Schematic diagram of a nuclear reactor depicting its general features. 

To prevent escape of fission fragments into the coolant or the moderator (if 
present), apart from providing protection to the fissionable material from 
corrosion, the fuel rods are cladded or canned. An ideal fuel clad material is 
highly resistant to corrosion. It is a poor neutron absorber, cheap and readily 
available. It should also have good mechanical strength and high melting 
point. Zirconium, steel, aluminium, magnesium, nickel and such other 
materials are used for this purpose. Of these, zirconium is the best and 
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generally a zirconium alloy, known as Zircalloy-2 (Zr-2), is used in thermal 
power reactors. In fast reactors, stainless steel is used. Aluminium is used 
mainly in research reactors.  

A single cladded unit of fuel is known as the fuel element. (In a fast reactor, 
the fuel element is thinner than that used in a thermal reactor and is called a 
fuel pin.) Several such fuel elements when put together constitute a fuel 
assembly. (It is this single unit which is inserted or taken out of the reactor as 
a whole to control chain reaction.) A reactor core contains a large number of 
fuel assemblies arranged in the form of a regular square or hexagonal lattice. 
To remove heat from the core (as also from any other part of the reactor), it is 
necessary to circulate a fluid – a liquid or a gas – through the reactor. This 
fluid is referred to as the coolant. A reactor coolant should have high thermal 
capacity, low cost, low neutron absorption cross section, good radiation and 
thermal stability, and compatibility with fuel and clad. In fast reactors, the 
coolant should further be a poor moderator. In these reactors, liquid sodium or 
helium are used as coolant. In thermal reactors, ordinary water, steam, heavy 
water, carbon dioxide, helium and some organic gases are used as coolants. 

To slow down neutrons born in fission, a moderator is also present in the core 
of a thermal reactor. It is a material of low mass number, large scattering 
cross section and small absorption cross section. (Other requirements for a 
moderator are almost the same as those for a coolant.) The best moderators 
are heavy water, light water and graphite. Of these, heavy water and graphite 
are so good that in their presence even natural uranium can sustain a chain 
reaction. (Beryllium can also be used as a moderator. But it is costly.)  

To ensure safe operation of a reactor at a desired power level, to start up and 
to shut down a reactor (during routine operation or in an emergency), 
provision has to be made in the reactor core to control the multiplication factor.  
The reactor engineers also have to compensate for the gradual production of 
poisons and fuel burn up, etc. This is achieved by having some control rods 
in the core. The control rods are made of a highly neutron absorbing material 
such as boron, cadmium, hafnium, gadolinium or their alloys. For example, 
boron is used in the form of boron carbide C)B( 4 powder stuffed in stainless 

steel rods. These move up and down between four fuel assemblies. 
Sometimes, empty tubes are built-in inside the core and the absorber in the 
form of a liquid, say gadolinium nitrate. These can be pumped in and out. 
Similarly, in O2H or O2D  moderated reactors, boric acid )BOH( 33  is 

frequently added to the moderator. This is known as chemical shim. Many a 

times, a small amount of B10 or Gd155  is added to the fuel. A significant 

feature of these isotopes is that on neutron capture, they change into isotopes 

( B11 or Gd156 ), which have negligible affinity for absorption of neutrons. Thus, 

as the fuel depletes, the poison also burns out itself resulting in compensation 
for the loss of multiplication factor due to fuel burn up. Such a poison is 
termed as burnable poison. Use of gadolinium oxide )OGd( 32 powder with 

2UO  powder is a common example of burnable poison. 

In fast reactors, boron with increased fraction of B10 is used. In experimental 
fast reactors, periodic removal and installation of the reflector as well as the 
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fuel (or core) have also been used to control the multiplication factor or to shut 
down the reactor.  

Control rods may be sub-grouped as shim rods, regulating rods or safety 
rods, depending on their function. Shim control rods are used to bring the 
reactor to the desired power level when the system is started and to make 
occasional coarse adjustments in the power level. Before the reactor is 
started, these rods are completely inserted inside the reactor core. They are 
then gradually raised until the reactor attains criticality; they are normally fully 
out of the core when the reactor is operating at its peak power. Regulating 
rods are used to make fine adjustments in the power level and to compensate 
for the effects of changes in temperature and pressure, fuel depletion and 
build up of poisons. Safety rods are provided to stop the chain reactor rapidly 
and are used for an emergency shut down of a reactor in case of failure of the 
system. When the reactor is critical, these rods are kept in a cocked position 
outside the core and to shut down the reactor they are moved rapidly into the 
core. They are distributed uniformly inside the core. 

To support fuel elements, for making coolant channels and for various other 
purposes, it is necessary to use some structural materials inside the core. The 
desirable properties for such materials are the same as those of the clad and 
generally the same material is used for both purposes. For example, stainless 
steel is used for spacer grids -– the structure which maintains spacing 
between fuel rods in a fuel assembly when the reactor is operating in normal 
conditions. Similarly, for coolant tubes and fuel channels, Zr-2 is used. 

Blanket 

In fast reactors, which are generally compact, a significant fraction of neutrons 
in the core leaks out of the system. To reduce this leakage and also to make 
proper use of the leaking neutrons, core in these reactors is surrounded by a 

region of fertile material U). or Th( 238232  This region is referred to as the 

blanket. (This also serves as an additional neutron reflector as well as a 
shield.) Neutrons absorbed in the blanket eventually lead to the production of 

fissile nuclei, Pu. or U 239233  

Reflector 

A region of non-moderating, non-absorbing material put next to the core (or 
the blanket, if it is present) to inhibit neutron leakage from the core (or blanket) 
is known as the reflector. In fast reactors, high mass number material is used 
so that the mean energy of neutrons returned back from this region is not 
much different from that of neutrons entering it. Ni, Cu and Mo (Molybdenum) 
are frequently used as reflectors. In thermal reactors, any good moderating 
material can be used as a reflector. 

Reactor Vessel 

The reactor core, blanket and reflector, etc are placed inside a vessel, called 
the ‘pressure vessel’. Usually a few inches thick stainless steel is used to 
make the reactor vessel.  

Shielding 

To protect the scientists and other personnel working around the reactor as 
well as the equipment placed around it from radiations emanating from the 
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reactor core, the reactor vessel is encased inside thick concrete walls. In 
some cases, alternate layers of heavy and light elements such as concrete 
and polyethylene or concrete and water are also used. This is referred to as 
the biological shield or the radiation shield. 

The continuous absorption of leaking radiations by the walls of the reactor 
vessel as well as the biological shield results in generation of heat there, 
causing thermal stresses in them. To reduce this heating effect of nuclear 
radiation and hence prevent radiation damage of the pressure vessel, a 
thermal shield usually made of stainless steel, is placed next to the reflector. 

Reactor Building 

The entire structure discussed above is placed inside a reactor building. It is 
air tight and is maintained at a pressure slightly lower than the atmospheric 
pressure so that no air leaks out of the building, except through the ventilation 
channels. In the event of an accident, the building may implode and help to 
contain the radioactive materials and prevent their dispersal into the 
surroundings. 

Coolant Loops, Heat Exchangers and Electric Generators 

The heat generated due to fission inside the reactor core is removed by 
circulating a coolant through it. Usually, the coolant circulates in a closed loop, 
called the primary (or reactor core) loop. The heated coolant carrying fission 
heat can become intensely radioactive when it comes out of the core. To 
prevent this radioactivity from spreading, it becomes necessary to introduce a 
secondary (or steam generating) loop, which may be closed or open. The 
primary fluid is made to give up its heat to the secondary fluid, usually water, 
in a heat exchanger. This results in production of steam and for this reason, it 
is also called a steam generator. These are shown in Fig. 15.5. 

             

Fig. 15.5: Coolant loop and heat exchanger.   

In research reactors, secondary loop is usually open so that the heat 
produced inside the core is just discharged into a river or the sea. In power 
reactors, the secondary loop provides energy to an electric generator. 
However, in some reactors, high pressure steam is produced in the core itself 
and is directly fed to the generator so that no heat exchangers are needed. 
Such reactors are called boiling water reactors (BWRs). A schematic diagram 

Fig. 15.6: A schematic diagram of 
a boiling water reactor. 

India produces roughly 
3.2% of its electricity at 
an installed capacity of 
6780 MW in 7 nuclear 
power plants. The rest 
of the energy is 
produced in coal, gas, 
hydro-electric, solar 
and wind power plants. 
There were a total of 
440 nuclear power 
plants in the world as of 
2017 with a combined 
electric capacity of 390 
GW. Nuclear power 
provided 10% of the 
world’s electricity. 
United States of 
America had maximum 
no. of plants and about 
20% of countries 
electric needs were 
being met from nuclear 
power. Tokyo has the 
world’s largest nuclear 
power plant with a 
capacity of 7965 MW. 
Some countries 
notably, Denmark, 
Norway, Australia and 
New Zealand among 
others have no nuclear 
power plants. 

Nuclear energy is a 
low- carbon dioxide 
emitting source. 
Nuclear power plants 
however, are a source 
of radio-active waste 
which remains 
dangerous to human 
health for thousands of 
years. In addition 
nuclear power plants 
even though less 
hazardous in 
comparison to the 
traditional coal or gas 
based plants present 
catastrophic 
consequences at the 
time of natural disaster 
or accidental      
malfunction. 
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of a boiling water reactor is shown in Fig. 15.6. On the other hand, in fast 
reactors, cooled by liquid sodium, an intermediate cooling loop (and hence 
heat exchanger) is also required. This is used to transfer heat from the 
primary sodium loop to the secondary loop. 

The high temperature and pressure steam from the steam generator (or the 
core) expands in a turbine coupled to a large electric generator. The low 
pressure steam leaving the turbine is recondensed into liquid water in a steam 
condenser. The condensed water is then compressed and pumped back into 
the steam generator. 

The efficiency of nuclear plants (33%) is lower than the efficiency of fossil fuel 
plants (40%). This is because the temperature of the nuclear fuel (and hence 
steam) is kept lower than that of the fossil fuel to avoid melt down. However, it 
is hoped that soon it will also be raised to about 40%.  

Refer to Fig. 15.7, which shows nuclear power generated by different 
countries till 2018. Note that U.S. and France were leaders and India lagged 
behind China and Russia by a distance. We need to increase nuclear power 
production significantly to be self-sufficient in energy.  

  
Fig. 15.7: Nuclear Power Generation Country-wise. 

15.5 A FAST BREEDER REACTOR 
We now know that natural uranium consists of 99.3% U238  which is non-

fissionable and only a tiny fraction 0.7% consists of fissionable U.235 The 

separation of U235 from the naturally occurring uranium ore is an expensive 

and time-consuming process. However, some non-fissionable nuclide change 
into fissionable nuclide by absorption of a neutron. This happens through a 
series of reactions. Typical examples are: 

1. U238  captures a fast neutron and transforms into U239  which through  

2 step -decay transforms into another isotope of plutonium: 
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decays-decays-

239
94days 23

239
93min 24

239
92

238
92 PuNpUUn




    

 The plutonium isotope -decays with a half-life of 24,000 years. 

2. Similarly, naturally occurring Th232
90 absorbs a fast neutron and through a 

2-step -decay gets converted to an isotope of uranium: 

        

decays-decays-
233
92days 27

233
91min 22

233
90

232
90 UPaThThn




    

 Both isotopes plutonium  Pu239
94  and uranium  U233

92  thus produced from 

the naturally occurring non-fissionable abundant uranium and thorium ores 
are rendered fissile through capture of a fast neutron. The end point 

products  Pu239
94  

or  U233
92 are fissile and can be used in a breeder reactor 

as fuel. Note that plutonium is chemically different from the original 
element uranium and so is uranium different from thorium. These fissile 
elements can be relatively easily separated from their parent elements. 

A breeder reactor is so designed as to produce more fissionable plutonium 

than the fissile uranium isotope U235  and this is achieved by converting 

the unproductive non-fissionable U238  into  fissile plutonium isotope. 

Currently two fast breeder reactors are operating in Russia. In India, a 
prototype 500 MW fast breeder reactor (FBR) is under construction at the 
Madras Atomic Power Station in Kalpakkam. The Indira Gandhi Centre for 
Atomic Research is responsible for the design of this reactor. The 

Kalpakkam FBR uses U238  and not thorium to breed fissile plutonium and 

is yet to become operational. China and Japan are also reportedly 
operating FBRs. These reactors are expected to be safe, more efficient 
and pose lesser environmental hazards. 

15.6 NUCLEAR FUSION 
Refer again to Fig. 14.2 for binding energy per nucleon. As discussed earlier, 
when lighter nuclei are made to fuse in a nuclear reaction to form heavier 
nuclei, large amount of energy per nucleon is released.  Can you estimate 
how much energy is released in such a reaction? 

Let us consider a low energy nuclear reaction: 

  YyXx   (15.1) 

where x, y, X and Y are atomic nuclei. Let us assume that the target nucleus X 
is at rest. From the principle of conservation of energy, we can write 

 Yyx KEKEcYmcymcXmKEcxm  2222 )()()()(  (15.2) 

where m’s represent the rest masses of the respective nuclei. 

The difference in the rest mass energies of the initial and final nuclei is defined 
as energy of reaction. In the instant case, Q value of the reaction is given by 

  2)]()()()([ cYmymXmxmQ   (15.3) 

 Note that Q is equal to the difference in kinetic energy between the final and 
initial particles and is the energy released in the nuclear reaction. 

  )()()()( xKExKEYKEyKEQ   (15.4) 
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Before proceeding further, we would advise you to answer an SAQs.  

 

 

 

 

 

 

 

 

 

 

 

15.6.1 Source of Energy in the Sun and Stars 

Hans A. Bethe in 1938 gave an account of the source of energy production in 
stars. Since the Sun is known to be composed mostly of hydrogen nuclei, he 
suggested that nuclear fusion processes power it. (This is also true of other 
similar stars.) In a fusion reaction, four hydrogen nuclei fuse into a helium 
nucleus through a sequence of processes now known as proton-proton cycle. 
Two hydrogen nuclei (proton) first fuse to form deuterium, which is 
accompanied by a positron and a neutrino: 

   eH2
1pp  

Next, deuterium absorbs a proton (hydrogen nucleus) to form an isotope of 

helium namely, He3
2 : 

   HeH 3
2

2
1p  

Then two He3
2  isotopes fuse for form helium-4. This is accompanied with the 

emission of two protons:  

  p2HeHeHe 4
2

3
2

3
2   

Thus, the net reaction is 

    222He4 4
2 ep  

with a Q value 

  2)( cmmQ fi   

      MeV 7.26  

 A more efficient sequence of processes in heavier stars is known as  
carbon-nitrogen cycle. In this, the chain of processes proceeds as follows: 

   erp CNC 131312  

  rp  NC 1413  

   erp NON 151514  

  HeCN 41215 p  

SAQ  1 – Q-value  

a) Calculate the Q value in the fusion reaction involving two deuterons to 
form a tritium and a proton 

  HHHH 1
1

3
1

2
1

2
1   

Take  3.016049u;H)m(u; 2.0141029H)( 3
1

2
1 m  and

u008665.1H)(1
1 m  

b) Calculate the Q value in the fusion reaction:  

  HHHH 1
1

4
2

2
1

3
1   

 Take  u, 002603.4He)(4
2 m  masses of other nuclei are given in part (a). 
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The net process is still 

  He4 4p  

with the same Q value as in the proton-proton cycle. 

 

 

 

 

 
15.6.2 Fusion Reactors 

We now know that huge amount of energy is released when hydrogen nuclei 
fuse to form helium (heavier ones). You will agree that it could be a source of 
energy production on the Earth, provided we can reproduce the conditions 
existing in the Sun and other stars. Just as fission of heavier elements into 
lighter nuclei has been harnessed in nuclear reactors to produce energy, it is 
tempting to explore the possibility of doing the same in a controlled thermo-
nuclear fusion reactor. Some possible reactions that can be utilised in a 
possible fusion reactor are: 

i) Deuterium fusion into tritium with a Q value of 4.0 MeV: 

  pHHH 322    

ii) Deuterium fusion into helium 3 isotope with a Q value of 3.3 MeV: 

  nHeHH 322    

iii) Deuterium-Tritium fusion into helium 4 with a Q value of 17.6 MeV: 

  nHeHH 432    

Note that the deuterium-tritium (D-T) reaction has the largest energy output. 
Deuterium is present in sea water with a concentration of 33 g/m3 and is not 
expensive to extract. Tritium is not present in sufficient concentration to 
enable us to extract it economically. However, it can be produced in a nuclear 
reactor via neutron absorption by naturally occurring lithium isotopes.  

For D-T reaction to take place, the fuel is taken in the form of a plasma 
(ionised gas). The temperature for the fusion to take place should be 
extremely high ~ 100 million K with a high density to ensure collisions 
between D-T nuclei to ignite fusion. The production and confinement of such 

high-density plasma at a temperature  K108 and for a reasonable period of 

time is a challenge. This requires huge financial and human involvement. 

 An International Thermonuclear Experimental Reactor (ITER) is currently 
being constructed in France which is sponsored by European countries, 
Japan, China, India and South Korea. It is expected to take 10 to 15 years to 
build. The confinement of plasma in ITER is expected to be achieved through 
a combination of Poloidal and Toroidal magnetic fields in a doughnut shaped 
magnetic bottle in a Tokamak First Plasma in ITER (Fig. 15.8). The start of D-
T operation does not seem possible before 2035 at an estimated expenditure 
of over Euro 13 billion, though China claims to have produced artificial sun. 

SAQ  2 – Q-value  

Calculate the Q value for the reaction:  

  ZnHCuH 64
30

1
1

63
29

2
1   

Take : u 008665.1H)(u; 014102.2H)( 1
1

2
1  mm   

 u 929146.63Zn)(u; 929599.62Cu)( 69
30

63
29  mm  
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Fig. 15.8: An ITER Tokamak. 

Let us now sum up what you have learnt in this unit. 

15.7 SUMMARY 

Concept Description 

Fission  

 

 

 A large amount of energy is released when a heavy nucleus is made to break 
up into more tightly bound lighter nuclei. This process is termed nuclear 
fission. A typical example of such a reaction is  

 
MeV 200n3KrBaUn 1

0
92
36

141
56

235
92

1
0   

Self- sustained 
chain reaction                    

 A fission chain reaction is said to be self-sustained when the rate of 
production of neutrons equals the rate of loss of neutrons. Multiplication 
factor (k) is defined as the ratio of the number of neutrons in any one 
generation to the corresponding number in the immediately preceding 
generation. 

 For a fission chain reaction, the time behaviour of neutrons in a chain reaction 
can be approximately known through the relation 

 
]/)1exp[()0()( ttkNtN 
 

Where k is a multiplication factor. 

Nuclear reactors   Nuclear reactors are highly complex installations and the heat generated in 
fission is used to generate high pressure and high temperature steam which is 
fed into a turbine-generator system to produce electricity. Most of the nuclear 
energy generated so far has come from thermal reactors where fission is 
caused by 0.0253eV neutrons.

 
 

Fast breeder 
reactors 

 A fast breeder reactor is designed to produce more fissile plutonium than the 

uranium isotope U235 which it uses. This is achieved by converting U238  into 

the fissile isotope of plutonium.  Plutonium fuelled fast breeder reactors can 

produce power and breed U233 from Th.232   

Nuclear fusion   In nuclear fusion, a large amount of energy is released when lighter nuclei are 
made to fuse and heavier nuclei are formed.   
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15.8 TERMINAL QUESTIONS 

1. Calculate the number of fissions of U235  required per second to produce  

1 kilowatt power. Given that a single fission produces 200 MeV of energy. 

2. Calculate the amount of energy produced in the fission of 1 kg of  U235 . 

Given that energy produces in each fission is 215 MeV. 

3. Two deuterium nuclei fuse to release 3.27 MeV energy, 

   MeV 27.3HeHH 3
2

2
1

2
1  n  

 Calculate the total energy released in the fusion of 1 kg of deuterium. 

15.9 SOLUTIONS AND ANSWERS 

Self-Assessment Questions 

1. a) Using the Eq. (15.3), 2)]()()()([ cYmymXmxmQ   

  On substituting the values, we can write 

     2)008665.1016049.3()0141024.2(2 cQ   

  On solving, we get 

      MeV 25.3  

 b) Using Eq.(15.3) as given below, we can find the value of Q , 

    2)]()()()([ cYmymXmxmQ    

  
2)008665.1002603.40141029.2016049.3( cQ   

           MeV 6.17  

2. Using the equation 2)( cmmQ fi  and the given reaction is 

      ZnHCuH 64
30

1
1

63
29

2
1   

 On substituting the values in the above equation 

        u 008665.1H)(u; 014102.2H)( 1
1

2
1  mm  

   u 929146.63Zn)(u; 929599.62Cu)( 69
30

63
29  mm  

 On substituting the values, we get 

       2)9291464.63008665.1929599.62014102.2( cuuuu   

   MeV 49.5Q  

Terminal Questions 

1. Energy released in one fission 196 106.110200   

 Power 
t

nE
  where n is the number of fissions in time t. 

  No. of fissions required per second is 

    13
11

3
10125.3

Joule 102.3

watts10

E

power





t

n
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2. Number of U235  nuclei in 1 kg of U235   

   2310023.6
235

1000
n  

 Total energy produced by the fission of 1 kg of  U235  is thus 

   19623 10602.11021510023.6
235

1000
E   

             13108.8   

3. Number of deuterium nuclei in 1 kg of deuterium is 

   
2

101002.6 323 
n  

 2 nuclei are needed in each fusion process and number of reactions 

available .
2

n
  

  Total energy released 

   J 106.11027.3
2

1

2

1010012.6
E 196

323



   

              = J1087.7 13  
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TABLE OF PHYSICAL CONSTANTS 

 

 

 

 

 

 

 

 

 

 

 

Symbol Quantity Value 

c Speed of light in vacuum 18 ms10998.2   

0 Permeability of free space 26 AN10257.1   

0 Permittivity of free space 21212 mNC10854.8   

1/40  229 CNm10988.8    

e  Charge of the proton C10602.1 19  

 e Charge of the electron C10602.1 19  

h Planck’s constant Js10626.6 34  

  h / 2 Js10054.1 34  

me Electron rest mass kg10109.9 31  

 e/me Electron charge to mass ratio 119 kgC10759.1   

mp Proton rest mass kg10673.1 27   

mn Neutron rest  mass kg10675.1 27  

a0 Bohr radius m10292.5 11  

NA Avogadro constant 123 mol10022.6   

R Universal gas constant 11KmolJ315.8   

kB Boltzmann constant 123 KJ10381.1   

G Universal gravitational constant 2211 kgmN10673.6   
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SYLLABUS: ELEMENTS OF MODERN PHYSICS (BPHCT-141)      4 Credits 

Special Theory of Relativity: Constancy of Speed of Light, Postulates of Special 
Theory of Relativity, Lorentz Transformation, Length Contraction, Time Dilation, 
Examples, Velocity Addition Theorem, Doppler Effect, Variation of Mass with Velocity, 
Energy-Mass Equivalence, Relativistic Energy and Momentum. 

An Introduction to Quantum Mechanics: Birth of Quantum Physics, Blackbody 
Radiation, Planck’s Quantum Hypothesis, Planck’s constant and light as a collection of 
photons; Photo-electric effect and Compton scattering. Problems with Rutherford 
model instability of atoms and observation of discrete atomic spectra; Bohr Model, 
Bohr's quantization rule and atomic stability; calculation of energy levels for hydrogen 
like atoms and their spectra.  

de-Broglie hypothesis and matter waves; Davisson-Germer experiment, Wave-Particle 
Duality, Matter waves and wave amplitude, Wave Packet, Group Velocity. 

The Uncertainty Principle and its Consequences, Thought Experiments: Position 
measurement  gamma ray microscope thought experiment; Two slit interference 
experiment with photons, atoms and particles; Complementarity; Estimating minimum 
energy of a confined particle using uncertainty principle; Energy-time uncertainty 
principle. 

Postulates of Quantum Mechanics, Time Dependent and Time Independent 
Schrödinger Equation in One Dimension, Statistical Interpretation of Wave Function, 
Probability Current Density and Continuity Equation, Normalization of Wave Functions, 
Wave Function in Momentum Space; Observables and Operators, Linear Momentum 
and Energy Operators; Parity Operator and its Eigenvalues; Commutation Relations, 
Expectation Values. 

Applications of Quantum Mechanics:  One Dimensional Infinitely Rigid Box  energy 
eigenvalues and eigenfunctions, normalization, quantum dot as an example, Particle in 
a Box, Free Particle, Step Potential and Rectangular Potential Barrier, Quantum 
mechanical scattering and Tunneling; One Dimensional Potential Well and barrier. 

Nuclear Physics: Radioactivity: Stability of nucleus; Law of Radioactive Decay, Mean 
life and half-life; Radioactive Equilibria, Natural Radioactive Series, Law of  decay,  
decay  energy released, spectrum and Pauli's prediction of neutrino; -ray emission. 
General Properties of Nuclei: Size and structure of atomic nucleus and its relation with 
atomic weight; Impossibility of an electron being in the nucleus as a consequence of 
the uncertainty principle. Nature of nuclear force, NZ graph, semi-empirical mass 
formula and binding energy; Stability of Nuclei: Binding Energy Curve. Fission and 
fusion  mass defect, generation of energy; Fission  nature of fragments and emission 
of neutrons. Nuclear reactor: slow neutrons and their interactions with Uranium 235; 
Fusion and thermonuclear reactions. 




