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NUCLEAR FISSION 

A more important reaction from an economic and social viewpoint is that of neutron-

induced fission. In this process a neutron is captured by a heavy nuclide to form a 

compound nucleus. This nucleus then splits into two smaller fragments and emits two or 

three free neutrons, along with about 200 MeV of energy per nucleus fissioned. Fission 

may also be induced by charged particles like protons, deuterons or 32He, but it is 

neutron-induced fission that will be discussed here. The most common fission reaction is 

23592U + 10n  14156Ba + 9236Kr + 310n + Energy 

 The total mass of the fission products is some 0.22 u less than the mass of the 

uranium atom and the neutron. This corresponds to an energy release of over 200 MeV. 

This is more than twelve times the energy liberated in a normal nuclear reaction. The 

complete fission of 1lb (0.45 kg) of uranium releases as much energy as the explosion of 

8000 tonnes of TNT! 

Calculation of energy released: The calculation of energy released in fission may be 

done in two ways as discussed below: 

(i) Mass defect method: For this purpose, let us consider one of the most probable fission 

reactions i.e. 

23592U + 10n  9842Mo + 13654Xe + 210n + 401e 

Here mass loss m = [M235U + M1n]  [M98Mo + M136Xe + 2M1n] 

                                                                 = [235.044+1.0086]  [97.906+135.907+21.0086] u 

                                                                 = 0.224  931 MeV = 207 MeV 

In calculating m the mass of the emitted electrons has been neglected. 

(ii) Nuclear binding energy method: From the nuclear binding energy curve it is evident 

that for fissionable nuclides (A  235-240), 𝐵 lies in the range 7.5 MeV while the fission 

products stand on the curve where 𝐵  8.5 MeV. Thus in moving from the position of the 

fissionable nuclide to that of the fission products, 1 (8.57.5) MeV energy is released per 

nucleon. Thus in each fission 2351 = 235 MeV energy is released (neglecting the ejectile 

neutrons). 
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Figure 3: A representation of neutron-induced fission. 

The above figure shows a schematic illustration of how neutron-induced fission is 

thought to occur. In the target nucleus, there are two competing forces at work: a binding 

force that holds the nucleons together, and a Coulomb force that tends to push them apart. 

In a stable nucleus, the binding force is stronger. For low-mass nuclides, the binding force 

is much larger than the repulsive force, so they are not subject to fission. For heavier 

nuclides, the two forces are more equal in magnitude, and it is also possible to shift the 

balance in favor of the repulsive forces by addition of a neutron. The neutron provides 

some internal excitation energy that deforms the nucleus into a transition state. If the 

deformation is severe enough, the Coulomb forces take over and split the nucleus into 

two fragments. These fission fragments are repelled away from each other with 

considerable kinetic energy, due to the Coulomb repulsive forces. The fragments are 

neutron-rich, so they will decay by negatron emission, often followed by a γ-transition, 

until a favorable n/p ratio is attained and a stable product results. The time-scale for 

these events is shown in the above figure. 

In the case of 23592U, several different primary fission products are formed, 

depending on exactly how the nucleus splits up. Three of the more common fission 

reactions of 235U are: 

23592U + 10n  (236U*)  14456Ba + 9036Kr + 210n 

23592U + 10n  (236U*)  13853I + 9539Y + 310n 

23592U + 10n  (236U*)  14055Cs + 9237Rb + 410n 

The compound nucleus (236U*) very often undergoes an asymmetric fission in about 30 

routes. 

Note that the daughter nuclei formed fall into two classes. The mass numbers of 

the lighter fission products lie in the range 85-104, while the heavier fragments cover the 

range 130-149. The most probable fission path involves the fragments with mass 
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numbers around 95 and 139. The distribution of mass numbers can be represented in the 

fission yield curve (Figure 4) known as Bohr yield curve. 

 

Figure 4: Bohr yield curve for slow neutron fission of 23592U. 

Explanation of Bohr yield curve: The shape of the plot shows two large maxima with a 

valley between them. The valley occurs at A  117. This mass would result from a 

symmetric distribution of nucleons between the fission fragments. In fission induced by 

low-energy neutrons, then, an even split of nucleons between fragments is much less 

likely to occur than an uneven, or asymmetric distribution. The two maxima occur at 

masses near A = 95 and A = 138, so fragments of this size are likely to occur after fission. 

Superimposed on the maxima are two spikes, at A = 100 and A = 134. These spikes are 

due to shell effects, where a magic number of nucleons is reached. The appearance of the 

mass yield curve is altered as excitation energy increases. The likelihood of symmetric 

fission is greater for higher excitation energies, so the depth of the valley decreases. 

 The symmetric fission producing the fragments with A  117 is a rare possibility 

as is evident from the Bohr yield curve. However, it has been proved that with the 

increase of energy of the projectile neutron effecting the fission, the probability of 

symmetric fission increases. This is experimentally verified for 239Pu. 

Explanation of asymmetric fission: The theory developed by Bohr and Wheeler 

apparently indicates the symmetric fission leading to the products of A  117. But in 

practice this symmetric mode of fission is one of the rarest possibilities. To explain this 

observation, shell closure effects leading to the magic numbers to the two ends in the 

distorted compound nuclide (dumbbell shape) are to be considered (Figure 5). 
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Figure 5: Shell closure effects leading to asymmetric fission. 

 Due to excitation beyond the critical stage (which has critical deformation energy), 

the gradual deformation leads to the accumulation of the nucleons at the two ends of the 

dumbbell in such a way that one end collects the nucleons with double magic numbers 

with 50 protons and 82 neutrons, and the other end gains the magic number neutrons 

(50) with 32-34 protons. Thus, the two hard cores are formed before the fission by 

distributing the nucleons to impart the maximum possible stability. The preformed cores 

are almost spherical because of the closed shell structure and thus it requires minimum 

deformation of the compound nuclide for fission. The residual nucleons (i.e. 12 neutrons, 

8-10 protons) bridge the two hard cores. These bridging nucleons divide between the 

hard cores to yield the fission products. Some of the bridging neutrons may come out as 

ejectiles. However, considering the expulsion of 2-3 neutrons and equal division of the 

residual bridging nucleons between the preformed cores, the mass numbers of the fission 

fragments become 141 and 93. This prediction nicely conforms to the experimental 

observation. In fact, the bridging nucleons may be distributed in a number of ways 

leading to different fission pairs. 

 It is worth mentioning that the Coulombic potential energy (ECoul) for symmetric 

fission is also very high. For the symmetric fission of 23692U*, calculated value of ECoul is 

about 222 MeV while for the asymmetric fission the value has been found to be 211 MeV. 

Nuclear fission and the liquid-drop model: Nuclear fission can be understood on the 

basis of the liquid-drop model of the nucleus. When a liquid drop is suitably excited, it 

may oscillate in a variety of ways. A simple one is shown in Figure 6; the drop in turn 

becomes a prolate spheroid, a sphere, an oblate spheroid, a sphere, a prolate spheroid 

again, and so on. The restoring force of its surface tension always returns the drop to 

spherical shape, but the inertia of the moving liquid molecules causes the drop to 

overshoot sphericity and go to the opposite extreme of distortion. 

 



 

Dr. Jishnunil Chakraborty – Assistant Professor – St. Paul’s C. M. College, Kolkata- 700 009 
 

P
ag

e5
 

Figure 6: Oscillations of a liquid drop. 

 Nuclei exhibit surface tension, and so can vibrate like a liquid drop when in an 

excited state. They also are subject to disruptive forces due to the mutual repulsion of 

their protons. When a nucleus is distorted from a spherical shape, the short-range 

restoring force of surface tension must cope with the long-range repulsive force as well 

as with the inertia of the nuclear matter. If the degree of distortion is small, the surface 

tension can do this, and the nucleus vibrates back and forth until it eventually losses its 

excitation energy by γ-decay. If the degree of distortion is too great, however, the surface 

tension is unable to bring back together the now widely separated groups of protons, and 

the nucleus splits into two parts. This picture of fission is illustrated in Figure 7. 

 

Figure 7: Nuclear fission according to the liquid drop model. 

Decay chain: Because heavy nuclei have a greater n/p ratio than the lighter one, the 

fragments contain an excess of neutrons. To reduce the excess, two or three neutrons are 

emitted by the fragments as soon as they are formed, subsequent -decays bring their 

n/p ratios to stable values. Thus, each of the primary decay products is associated with a 

decay chain, for example: 

14156Ba    14157La    14158Ce    14159Pr (stable) (isoberic series) 

9236Kr    9237Rb    9238Sr   9239Y   9240Zr (stable) (isoberic series) 

Self-sustained process: The projectiles effecting the nuclear fission are again emitted (2 

to 3 per fission) in the process. Thus the ejectiles under a suitable condition can be 

reutilized as projectiles to make the process self-sustained. When neutron produced in 

fission reactions initiate new fissions, this is called a chain reaction. There are two major 

applications of chain reactions- the atomic bomb (A-bomb) and nuclear power electricity 

generating stations. 

 If more than one neutron per fission causes another fission, we have a branched 

chain reaction, and a rapidly increasing release of energy takes place. This is what 

happens in the A-bomb. In a nuclear reactor, control rods are used to absorb some of the 

neutrons, so that on average only one neutron per fission causes another fission. A chain 

reaction of this kind is self-perpetuating. The energy is released at a slow enough rate to 

be used. 
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Factors controlling a fission reaction: In a nuclear fission of 235U, the secondary 

neutrons (i.e. ejectiles) can again participate in the process. The most probable mode of 

fission produces 2.5 (average) neutrons per fission. If the process goes on, the number of 

neutrons increases very rapidly almost in a geometrical progression during the process 

till whole of the fissile material undergoes fission. Thus, once the process is initiated, it 

can go on automatically in a self-sustaining process as in a chain reaction.  

In practice, all the neutrons emitted are generally not available for carrying out 

the next fissions. This is why some measures are to be taken to make the process a self-

sustaining one. In this connection, the parameter multiplication factor or reproduction 

factor K is very much important. It is defined as: 

𝐾 =
Number of neutrons in one generation

Number of neutrons in just preceding generation
 

 Theoretically for 235U, without considering any loss of neutrons in any way, the 

value of K becomes 2.5. but in reality, there are a number of potential paths through which 

the neutrons can be lost. The ways of neutron loss must be minimized so that K becomes 

at least unity for the process to be self-sustained. Thus the condition for a chain reaction 

is K  1. 

 235U will explode in a chain reaction only when the amount of 235U exceeds some 

critical size where the neutron loss from the surface has been made optimum. Critical 

size of a fissionable material is defined as the minimum size of that material for which the 

number of neutrons produced in the fission balances the loss by the escape through the 

surface and non-fission capture in such a way that the fission becomes self-sustained. The 

corresponding mass is called critical mass. The conditions can be expressed in terms of 

K as K = 1: critical size; K > 1: supercritical size; K < 1: subcritical size.  

 Critical mass depends on several factors: i) the purity of the sample; ii) the density 

of the material; iii) its geometrical shape and its surroundings. These all affect the neutron 

propagation ratio. If the sample is impure, many neutrons will be lost through colliding 

with non-fissile atoms. The more dense the material the greater the chance that neutrons 

will collide with another nucleus. The shape of the sample is also important since 

neutrons are more likely to escape from a long thin strip of material than from a sphere. 

 The escape of neutrons occurs from the surface. Thus it is a surface effect. On the 

other hand, the production of neutrons through fission occurs by neutron capture 

throughout the entire volume of the target nucleus. Hence it is a volume effect. The non-
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fission capture (which cannot be controlled by imposing any external influence) of 

neutrons is also a volume effect. In order to have K  1, both the surface and volume 

effects must be optimized. 

Fissile and fertile nuclei as nuclear fuels: It has been found that the three nuclides 233U, 

235U and 239Pu are the most promising ones for nuclear fission. While 238U, for which K = 

0.5 fails to undergo the chain process of nuclear fission. 

 The fissile nuclides are very often artificially synthesized from the fertile nuclides 

(e.g. 232Th, 238U) which are not themselves fissionable but can produce the fissile nuclides: 

23290Th (fertile) + 10n  23390Th*    23391Pa    23392U (fissile) 

23892U (fertile) + 10n  23992U*    23993Np    23994Pu (fissile) 

 Though the naturally occurring 238U is not a nuclear fuel, it can be utilized as a 

potent source of the nuclear fuel, 239Pu. In India the first atom bomb experimented was 

made of 239Pu. 238U and 232Th are considered as the fertile nuclides. 

Prompt and delayed neutrons: It is worth mentioning that all the neutrons are not 

emitted at one instant. More than 99% are emitted almost instantaneously in a time of 

the order of 1014 s. These neutrons are called prompt neutrons. The neutrons (1%) 

which are emitted in late from the fission products are called delayed neutrons. Delayed 

neutrons are of lower energy than the prompt neutrons and they play an important role 

in controlling the nuclear fission in nuclear reactors. 

Moderators: Neutrons can only be obtained by nuclear reactions and they are divided 

into three groups depending on their kinetic energy: 

i) slow neutrons, with an energy < 0.1 eV 

ii) intermediate neutrons, with an energy 0.1 eV to 2 MeV 

iii) Fast neutrons, with an energy > 2 MeV. 

Neutrons ejected from a nucleus usually have a very high energy and are called fast 

neutrons. These travel so fast that they escape. Slow neutrons are needed to cause fission 

and maintain a chain reaction. 

 In a thermal reactor a moderator is used to slow down some of the fast neutrons. 

The neutrons collide with the nuclei of the moderator, and thus lose some of their kinetic 

energy. The best moderators are light atoms which do not capture neutrons, for example 

21H, 42He, 94Be and 126C. Graphite is the most widely used. Heavy water D2O which 

contains 21H is also used. Sometimes ordinary H2O is used. Be and He are not used because 
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Be is poisonous and expensive, and He, being gaseous, is not sufficiently dense. Fast 

breeder reactors do not use a moderator. 

 The type of interaction that a neutron will experience is very much dependent on 

its energy, as evidenced from the excitation function which is the plot of neutron-induced 

reaction cross-section against the energy of the neutron. Several features of this plot are 

worth consideration. The most important is the general trend toward lower cross-section 

with increasing neutron energy. This means that neutrons with very low energy have the 

greatest likelihood of inducing a nuclear reaction on a target nucleus. For the low-energy 

neutrons, the decrease in reaction cross-section with increasing energy is roughly 

proportional to 1/Vn where Vn is the velocity of the neutron. This is referred to as the one-

over-V law. The cross-sections for slow-neutron reactions are sometimes quite large, as 

much as 104 or even 105 barns.  

 The nuclear reaction cross-section   for the target nuclide depends not only on 

the type of the reaction but also on the energy of the projectile particle. In the compound 

nucleus theory, it is believed that above the ground state, there are several higher energy 

states in the compound nucleus. If the energy of an incident projectile can just excite the 

compound nucleus to one of its excited states, then the projectile of that energy is very 

much effective in carrying out the nuclear transformation. This phenomenon is referred 

to as the resonance capture. 

Cross-section for nuclear reactions: Reaction cross-section is the probability that a 

given nuclear reaction will occur. The symbol for cross-section is the Greek letter  . For 

a nuclear reaction to occur, the projectile and the target nucleus must come close enough 

together to interact. This distance will vary for different types of reactions. For scattering 

reactions there need not be any actual contact between the projectile and the nucleus. 

For other types of reactions, the projectile and the nucleus might have to come into direct 

contact. In the latter case, the probability of reaction with a given projectile could, as a 

first approximation, be related to the size of the target nucleus, that is, to the cross-

sectional area presented to the projectile. This area calculated for a spherical nucleus 

with radius R is called the geometrical cross-section of the target nucleus: 

geometric = (Rtarget)2 

The cross-section for most nuclei, calculated in this simple way, would be of the order of 

1024 cm2. More accurately, a collisional cross-section is based on an interaction zone with 

a radius that is equal to the sum of the radii of the projectile and the target nucleus, not 
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just on the radius of the target nucleus. A traditional and still commonly used unit of 

cross-section is the barn. 1 barn = 11024 cm2 = 100 fm2. 

 Cross-sections reactions with slow-neutrons as projectiles are often much larger 

than the geometric cross-section, while cross-sections for neutron reactions with magic 

number nuclei are a great deal smaller than expected on the basis of simple geometric 

cross-section. 

Nuclear fuel: Early reactors used uranium metal. Most thermal reactors now use UO2 as 

this has a higher M.P. and is less chemically reactive. Natural U may be used as fuel (99.3% 

238U and 0.7% 235U). However, it is usual to enrich the fuel to between 2-3% 235U to allow 

for some neutrons being absorbed by the metal case cladding the fuel rods, or by the 

moderator. Enriching U reduces the critical mass, and hence the size of the reactor. 

However, it is very expensive. Enrichment beyond 3% is only carried out to make bombs 

or for special small high temperature reactors for submarines. The latter use UC2 

enriched to over 90% as fuel.   

 Fast breeder reactors use PuO2 as fuel. They have no moderator, so the fast 

neutrons produced can convert non-fissile 238U into fissile 239Pu. Sometimes 232Th is 

incorporated into the fuel. When this is irradiated with fast neutrons, 233U is formed, and 

this is fissionable by slow neutrons. 

Nuclear reactors: A nuclear reactor is a very efficient source of energy; the fission of 1gm 

of 235U per day evolves energy at a rate of about 1MW whereas 2.6 tonnes of coal per day 

must be burnt in a conventional power plant to produce 1MW. The energy given off in a 

reactor becomes thermal energy, which is removed by a liquid or gas coolant. The hot 

coolant is then used to boil water, and the resulting steam is fed to a turbine that can 

power an electric generator, a ship, or a submarine. 

 Each fission in 235U releases an average of 2.5 neutrons, so no more than 1.5 

neutrons per fission can be lost for a self-sustaining chain reaction to occur. However, 

natural U contains only 0.7% of the fissionable isotope 235U. The more abundant 238U 

readily captures fast neutrons but usually does not undergo fission as a result. As it 

happens, 238U has only a small cross-section for the capture of slow neutrons, whereas 

the cross-section of 235U for slow neutron-induced fission is a whopping 582 barns.  

Slowing down the fast neutrons that are liberated in fission thus helps prevent their 

absorption by 238U and at the same time promotes further fissions in 235U. 

Types of reactors in use:  
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Gas Cooled Thermal Reactors (all use graphite as moderator): Magnox Reactors, Advance 

Gas Cooled Reactors (AGR), High Temperature Reactor (HTR) 

Water Cooled Thermal Reactors (all use H2O or D2O as moderator): Canadian Deuterium 

Uranium Reactor (CANDU), Pressurized Water Reactor (PWR), Boiling Water Reactor 

(BWR), Steam Generating Heavy Water Reactor (SGHWR) 

Breeder reactor: Both neptunium and plutonium are transuranic elements, none of 

which are found on the earth because their half-lives are too short for them to have 

survived even if they had been present when the earth came into being 4.5 billion years 

ago. 

 238U and 232Th are fertile nuclides. Each becomes a fissile nuclide after absorbing 

a neutron and undergoing two -decays. These transformations are the basis of the 

breeder reactor, which produces more fuel in the form of 239Pu or 233U than is used up in 

the form of 235U. 

 The plutonium isotope can be used as a reactor fuel and for weapons. Plutonium 

is chemically different from uranium, and its separation from the remaining 238U after 

neutron irradiation is more readily accomplished than the separation of 235U from the 

much more abundant 238U in natural uranium. This is why in a breeder reactor, 239Pu 

produced from 238U is utilized as a nuclear fuel. 239Pu is a fissile nuclide by both slow and 

fast neutrons. 

When a sufficient amount of 239Pu is produced, it is used in the form of a rod as a 

nuclear fuel in the reactor known as fast breeder reactor. The 239Pu rods are enclosed by 

the natural uranium. Enrichment is not necessary as all isotopes of 94Pu are fissile. No 

moderator is used and so the neutrons in the reactor are fast neutrons. The neutrons 

escaping from the core get absorbed by surrounding 238U to generate the fuel 239Pu. Thus, 

in one zone, the fuel is being consumed, while in the other zone, the same fuel is being 

generated. The name breeder reactor arises because there is more production of fuel in 

the form of 239Pu or 233U than is used up in the form of 235U. similarly the mixture of 233U 

and 232Th can also be used as a fuel in the breeder reactor. 233U is a fissionable nuclide. 

Thus, compared to the reactor run by 235U, the breeder reactor in which a mixture of 

natural uranium and 239Pu (or 233U + 232Th) is used gains some advantages. The main 

problem in the 235U-run reactor is to get the fuel, but in the breeder reactor, no such 

problem appears. Because of this fact, this miracle machine i.e. the breeder reactor, has 

appeared with an enormous promise.  
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 Uranium-plutonium mixed oxide (UO2 + 239PuO2) having about 25% PuO2 is 

generally used as a fuel in fast breeder reactor. 

NUCLEAR FUSION 

In this type of nuclear reaction certain light nuclei may fuse together with the liberation 

of tremendous amount of energy. To achieve this, the colliding nuclei must possess 

enough kinetic energy to overcome the initial repulsion between the positively charged 

cores. This energy may be made available by raising the temperature of the reacting 

system to several million degrees. Such reactions are therefore also known as 

thermonuclear reactions. A typical example is: 

21H + 31H  42He + 10n + 17.6 MeV 

The energy accompanying a fusion process is derived from the difference of 

binding energies between the product and the reactant nuclei. The high temperature 

required to initiate such reactions may be attained initially through a fission process. 

Once started, the energy released maintains the temperature and the reaction may 

continue in a self-sustaining process, much like the combustion of a fuel. Though the 

energy released in a fusion process is much less than that obtained from the fission of a 

single heavy nucleus, the energy released per kg of deuterium is higher than that from 

1kg of 235U. 

 The energy source of the stars including the sun, is believed to be continuous 

fusion process at the very high temperature present. Thus, the energy radiated by the sun 

(106 J s1) is believed to occur by the fusion of protons to helium at the core temperature 

of about 1.5107 K: 

411H  42He + 20+1e + 200 +E ( 26.7 MeV) 

The energy liberated in the process, 27 MeV per four protons, on conversion, leads to 

the high value of 6.5108 kg per gm of hydrogen. It is estimated that all the protons in the 

sun will be converted to He in about 31010 years. 

 Fusion is in principle a thermal reaction not inherently different in its kindling 

from an ordinary fire. Unlike fission, it does not have a critical mass. Once ignited its 

extent depends on the amount of fuel available. However, for fusion to occur, extreme 

physical conditions must be achieved: 

(a) a very high temperature must be attained; 

(b) sufficient plasma density is required; 

(c) the plasma must be confined for an adequate time to allow fusion to occur. 
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 Fusion reactions like the above that take place using accelerators are not self-

sustaining reactions; they require the continuous input of energy to continue. A self-

sustaining but uncontrolled fusion reaction takes place in a hydrogen or fusion bomb. A 

more desirable use of self-sustaining fusion, however, would be as a power source. Fusion 

has several advantages over fission as a source of energy. There is a practically unlimited 

supply of deuterium available from the oceans. The products of d-d and d-t fusion 

reactions that are of most interest for controlled fusion reactors are not radioactive, and 

do not pose the great problems of waste disposal that exist for fission reactors. 

 There are two major technological problems that need to be overcome to achieve 

controlled fusion. The first is the question of how to heat the gases to the temperature 

needed to sustain the reaction (about 108 K). At these temperatures the material is 

actually a plasma, a very hot completely ionized gas. The second problem lies in confining 

the plasma, because no known materials could withstand the tremendous temperatures. 

One possible way to do this would be with magnetic fields, utilizing what is known as 

the pinch effect. 

 The hot reactive plasma can be contained in a strong magnetic field (magnetic 

bottle) in the form of a torus (doughnut). Such arrangements are under trial in the set ups 

Tokamak (Russia) and Stellarator (USA). Scientists are also exploring the possibility of 

simultaneously heating and compressing tiny deuterium-tritium pellets in a series of 

hydrogen bomb-like explosions. Laser beams as well as electron and proton beams are 

being tried for this purpose.  

Fission and fusion as possible sources of energy: The fission of a single heavy nucleus 

releases about 200 MeV or 2001.61013 J of energy. Multiplying by the Avogadro 

number and etc. the energy released in the fission of all the nuclei in 1 kg of 235U would 

be 8.21013 J, which is roughly equal to the energy released in the explosion of 20,000 

tonnes of TNT. 

Fission: We may readily express this fission energy in conventional power units. Since 1 J 

= 1 watt-sec, the fission energy from 1 kg of 235U is equivalent to 2.3107 kilo-watt hour 

(kWh) or approximately 1000 megawatt-day. If this amount of heat energy can be 

converted to electrical energy with an efficiency of 30%, we would have an energy supply 

of about 300 megawatt-day; this is equivalent to the output of a large thermal power plant 

consuming 2500 tonnes of coal per day. 
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 Technology for controlled release of fission power and its conversion to electrical 

energy at low cost is now available. Side by side, rapid development of such technologies 

has its own associated problems like waste-handling, radiation hazards, misuse of 

nuclear power in war etc. 

Fusion: Nuclear fusion reactions which may occur at an appreciable rate on the earth are 

based on the fusion of deuterium nuclei. Calculations show that the energy output per 

deuteron burnt is approximately 7.2 MeV. Though this energy is much less than that 

obtained from the fission of a single heavy nucleus, the energy released per kg of 

deuterium is higher than that from 1kg of 235U. The large amount of deuterium present in 

the earth (0.15% in sea-water, a total of about 1015 tonnes) may be utilized as an 

alternative source of energy in the future. But suitable technologies are yet to be 

developed to carry out thermonuclear reactions in a controlled manner. At the high 

temperatures required for such processes (108 K), the reactants are fully ionized- in the 

plasma state; it is difficult to achieve a sufficiently high particle density n for a long 

enough time  which will give a net energy yield (n   1020 m3s). Such conditions are 

attained only in the interiors of stars and in hydrogen bombs. 

The hot reactive plasma can be contained in a strong magnetic field (magnetic 

bottle) in the form of a torus (doughnut). Such arrangements are under trial in the set ups 

Tokamak (Russia) and Stellarator (USA). Scientists are also exploring the possibility of 

simultaneously heating and compressing tiny deuterium-tritium pellets in a series of 

hydrogen bomb-like explosions. Laser beams as well as electron and proton beams are 

being tried for this purpose. Once the technology of fusion-reactors is developed, fusion 

will be a superior energy source than fission: the fuel is readily available, possibility of 

use in war is very little and the production of radioactive waste is negligible. 

SPALLATION 

It was observed by Seaborg and his coworkers (1947) that bombardment with high-

energy charged particles (projectiles such as 400 MeV protons or 200 MeV deuterons) 

can break up some target nuclei into several smaller nuclei with the emission of a large 

number of nucleons (10 to 20 or even more). Such reactions have been termed spallation 

(to spall = to break up by chipping off small fragments) reactions.  

 Spallation may occur with light as well as heavy nuclides. In heavy nuclides fission 

and spallation occur at the same time. The mass distribution between the fragments 

obtained is different for the two types of reactions. In fission, the masses are very much 
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less than that of the target. In spallation the product nuclide differs by about 10 or 20 

units from the target nuclide in both A and Z. Spallation also differs from fission in another 

point that the threshold energy value of the projectile required for spallation is 110-170 

MeV which is much higher than that required for a direct fission. Typical examples of 

spallation are: 

7533As + 21H  5625Mn + 911H + 1210n 

23892U + 42He  18774W + 2011H + 3510n 

The process is believed to proceed through direct knocking out of the nucleons by the 

striking projectile. Very often spallation and fission processes run parallel and complicate 

the procedure. For example: 

6329Cu +11H  3817Cl + 642He + 11H + 10n 

6329Cu +11H  2411Na + 942He + 11H + 310n 

6329Cu +11H  6430Zn*  3817Cl + 2513Al + 10n 

6329Cu +11H  6430Zn*  2411Na + 3919K + 10n 

spallation 

fission 


