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Inorganic Chemistry-2 

Radioactivity 

The Discovery of Radioactivity  

Radioactivity was discovered just over a century ago, in 1896, by the French physicist Henri Becquerel. 

He was attempting to find out whether the rays emitted by fluorescent uranium salts were the same as 

the X-rays discovered in 1895 by the German physicist Wilhelm Roentgen. He thought that the uranium 

salts, after being excited by light, emitted these X-rays. Imagine his surprise when, in Paris in March 

1896, he discovered that photographic film had been exposed without exposure to sunlight! He 

concluded that uranium emitted invisible radiation, different from X-rays, spontaneously and 

inexhaustibly. The phenomenon he discovered was named radioactivity (from the Latin radius, meaning 

ray). Following Henri Becquerel’s work, in 1898 Pierre and Marie Curie isolated polonium and radium, 

unknown radioactive elements present in uranium ore. 

“RADIOACTIVITY IS THE TRANSFORMATION OF AN ATOM WITH THE EMISSION OF RAYS”. 

RADIOACTIVITY, A NATURAL PROPERTY OF CERTAIN ATOMS 

In nature, the nuclei of most atoms are stable. However, certain atoms have unstable nuclei due to an 

excess of either protons or neutrons, or an excess of both. They are described as radioactive, and are 

known as radioisotopes or radionuclides. The nuclei of radioactive atoms change spontaneously into 

other atomic nuclei, which may or may not be radioactive. For instance, uranium-238 changes into a 

succession of different radioactive nuclei until it reaches a stable form, lead-206. This irreversible 

transformation of a radioactive atom into a different type of atom is known as disintegration. It is 

accompanied by the emission of different types of radiation [alpha (α), beta (β), and gamma (γ)]. 

A chemical element can therefore have both radioactive isotopes and non-radioactive isotopes. For 

example, carbon-12 is not radioactive, but carbon-14 is. Because radio activity only affects the nucleus 

and not the electrons, the chemical properties of radioactive isotopes are the same as those of stable 

isotopes. 

UNITS OF MEASUREMENT OF RADIOACTIVITY 

What characterizes a radioactive sample is its activity, which is the number of disintegrations per second 

of the radioactive nuclei within it. The unit of activity is the becquerel (symbol Bq). 

1 Bq = 1 disintegration per second 

An older unit is the curie (Ci), named after Pierre and Marie Curie. One curie is approximately the 

activity of 1 gram of radium and equals (exactly) 3.7 x 1010 becquerel. The activity depends only on the 



number of decays per second, not on the type of decay, the energy of the decay products, or the 

biological effects of the radiation. 

1 Ci = 3.7 x 1010 disintegration per second                or,      1 Ci = 3.7 x 1010  Bq 

RADIOACTIVE DECAY 

The radioactive disintegration of a particular nucleus is a random phenomenon. For each radioactive 

isotope it is possible to give a half-life, which is the time needed for half of the radioactive atoms 

present at the outset to disappear by spontaneous  transformation. Depending on the radioactive nuclei 

concerned, this half-life varies greatly, from a few seconds or hours, or several days, to hundreds or  

billions of years. 

 

Law of Radioactive Decay 

When a radioactive material undergoes α, β or γ-decay, the number of nuclei undergoing the decay, per 
unit time, is proportional to the total number of nuclei in the sample material. So, If N = total number of 
nuclei in the sample and ΔN = number of nuclei that undergo decay in time Δt then, 

ΔN/ Δt ∝ N 

Or, ΔN/ Δt = λN … (1) 

where λ = radioactive decay constant or disintegration constant. Now, the change in the number of nuclei in 
the sample is, dN = – ΔN in time Δt. Hence, the rate of change of N (in the limit Δt → 0) is, 

dN/dt = – λN 

Or, dN/N = – λ dt 

Now, integrating both the sides of the above equation, we get, 

N
N0∫ dN/N = λ tt0∫ dt … (2) 

Or, ln N – ln N0 = – λ (t – t0) … (3) 

Where, N0 is the number of radioactive nuclei in the sample at some arbitrary time t0 and N is the number 
of radioactive nuclei at any subsequent time t. Next, we set t0 = 0 and rearrange the above equation (3) to 
get, 

ln (N/N0) = – λt 

Or, N(t) = N0e
– λt … (4) 

Equation (4) is the Law of Radioactive Decay. 

Calculating Half-Life 

Let’s find the relation between t1/2 and the disintegration constant λ. For this, let’s input the following values 
in equation (4), 

N(t) = ½ N0 and t = t1/2  
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So, we get t1/2 = (ln2)/ λ                 Or, t1/2 = 0.693/ λ … (7) 

Solved problem 
Question: The half-life of 238

92U undergoing α-decay is 4.5 × 109 years. What is the activity of 1g sample 
of 238

92U ? 
Answer:  t1/2 = 4.5 x 109 years = 4.5 x 109  years x 3.6 x 107 seconds/year = 1.42 x 1017 seconds 

We know that 1 k mol of any isotope contains Avogadro’s number of atoms. Hence, 1g of 238
92U contains, {1 

6.023 x 1023 / 238 = 25.3 x 1020 atoms. Therefore, the decay rate  is, 

Activity =  rate =  dN/dt =  λN = (0.693/ t1/2) N =  (0.693 x 25.3 x 1020) / (1.42 x 1017) 

Therefore, activity is 1.23 x 104 Bq 

DIFFERENT TYPES OF RADIATIONS 

Three types of  ‘Radioactive Rays’  were found  

•  α-rays, a soft radiation consisting of positively charged particles , easily absorbed by matter. 

• β-rays, a more penetrating radiation consisting of negatively charged particles.  

•  γ-rays, a highly penetrating and electrically neutral radiation.  

We now know that alpha rays  are helium nuclei, beta rays are electrons, and gamma rays are 

electromagnetic radiation. 

 

Any nucleus is made up of protons and neutrons. 

A proton is positive charge and  a neutron is electrically neutral. 

Neutrons and protons are collectively called nucleons. The different nuclei are referred to as nuclides. 

Number of protons: atomic number, Z  

Number of nucleons: atomic mass number, A  

Neutron number: N = A – Z. Therefore, A and Z are sufficient to specify a nuclide. 

Notation: a specific nucleus  or ‘nuclide’ can be  specified as :           
 
 
                               

X  is the chemical symbol for the element 

 Nuclei with the same Z – so they are the same  element – but different A (and N) are called  ‘isotopes’.  

For many elements, several different isotopes exist in nature.  

The symbols for elementary particles are as follows: 
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 proton                  neutron                 electron                            positron                                   α particle 



DIFFERENT MODES OF RADIOACTIVE DECAY 

α- decay: Alpha decay is the emission of helium nuclei ( 
 
 
  2+) that have two protons and two neutrons. 

The nuclei have two positive charges, i.e, 

 
 
                          

   
   

    +    α 

β- - decay:  Beta minus consists of negatively charged electrons (
    
  
 ). β-decay occurs when a nucleus 

emits an electron (β-), i.e,  

 
 
                          

      
   

    +    β-   +    ѵ 

Actually, one neutron gets converted into electron along with an antineutrino ( ѵ ). 
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   ( i.e. β-)  +    

 
 
    

Antineutrino: mass zero, charge zero. 

β+  (i.e. Positron ) decay: Beta plus radiation consists of positrons (
    
  
 ) (particles with the same mass as 

electrons but positively charged). β+ decay can also occur where the nucleus emits a positron rather 

than an electron, i.e. 

 
 
                          

      
   

    +    β+  +    ѵ 

Actually, one proton gets converted into a neutron along with the neutrino particle (ѵ). 
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   ( i.e. β+ )   +    

 
 
    

γ-decay: Gamma ray is an electromagnetic wave, just like visible light or x-rays but with more energy. 

Gamma rays  are very highenergy photons. They are emitted when a nucleus decays from an excited  

state to a lower state, just as photons are emitted by  electrons returning to a lower state. 

 
 
 *                      

 
 
    +   γ 

* Indicates the excited state of a nucleus 

   Soddy Fajan’s group displacement law 

 If an α-particle is emitted by a radio active element from its nucleus, the atomic no. of new 
element or daughter element formed is decreased by 2 units & atomic weight is decreased by 4 
units. Therefore  the position of new element formed is displaced by two groups towards the 
left in the periodic table. 

ZA
M——>

Z-2C
M-4 +2He4 (α-particle) 



 If a β–particle is emitted by a radioactive element, the atomic number of daughter element or 
new element is increased by one unit. Therefore the position of new element is displaced by 
one group towards the right in periodic table. 

ZA
M——> Z+1C

M + -1β
0 (β-particle) 

Nuclear Stability 

From Coulomb’s law we know that like charges repel and unlike charges attract one another. We would 

thus expect the protons to repel one another strongly, particularly when we consider how close they 

must be to each other. This indeed is so. However, in addition to the repulsion, there are also short-

range attractions between proton and proton, proton and neutron, and neutron and neutron. The 

stability of any nucleus is determined by the difference between coulombic repulsion and the short-

range attraction. If repulsion outweighs attraction, the nucleus disintegrates, emitting particles and/or 

radiation. If attractive forces prevail, the nucleus is stable. 

The principal factor that determines whether a nucleus is stable is the neutronto-proton ratio (n/p). For 

stable atoms of elements having low atomic number, the n/p value is close to 1. As the atomic number 

increases, the neutron-to-proton ratios of the stable nuclei become greater than 1. This deviation at 

higher atomic numbers arises because a larger number of neutrons is needed to counteract the strong 

repulsion among the protons and stabilize the nucleus. The following rules are useful in predicting 

nuclear stability: 

1. Nuclei that contain 2, 8, 20, 50, 82, or 126 protons or neutrons are generally more stable than 

nuclei that do not possess these numbers. For example, there are 10 stable isotopes of tin (Sn) with the 

atomic number 50 and only 2 stable isotopes of antimony (Sb) with the atomic number 51. The numbers 

2, 8, 20, 50, 82, and 126 are called magic numbers. The significance of these numbers for nuclear 

stability is similar to the numbers of electrons associated with the very stable noble gases (that is, 2, 10, 

18, 36, 54, and 86 electrons).  

2. Nuclei with even numbers of both protons and neutrons are generally more stable than those 

with odd numbers of these particles (Table 1).  

3. All isotopes of the elements with atomic numbers higher than 83 are radioactive. All isotopes 

of technetium (Tc, Z = 43) and promethium (Pm, Z = 61) are radioactive. 

Table 1: Number of Stable Isotopes with Even and Odd Numbers of Protons and Neutrons 

Protons Neutrons Number of Stable Isotopes 

Odd Odd 4 

Odd Even 50 

Even Odd 53 

Even Even 164 



 

 

Above figure shows a plot of the number of neutrons versus the number of protons in various isotopes. 

The stable nuclei are located in an area of the graph known as the belt of stability. Most radioactive 

nuclei lie outside this belt. Above the stability belt, the nuclei have higher neutron-to-proton ratios than 

those within the belt (for the same number of protons). To lower this ratio (and hence move down 

toward the belt of stability), these nuclei undergo the following process, called β-particle emission: 
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Beta-particle emission leads to an increase in the number of protons in the nucleus and a simultaneous 

decrease in the number of neutrons.  

Below the stability belt the nuclei have lower neutron-to-proton ratios than those in the belt (for the 

same number of protons). To increase this ratio (and hence move up toward the belt of stability), these 

nuclei either emit a positron 
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or undergo electron capture. An example of positron emission is 
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Electron capture (k-electron capture) is the capture of an electron—usually a 1s electron—by the 

nucleus. The captured electron combines with a proton to form a neutron so that the atomic number 

decreases by one while the mass number remains the same. This process has the same net effect as 

positron emission: 
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 Nuclear Binding Energy 

A quantitative measure of nuclear stability is the nuclear binding energy, which is the energy required to 

break up a nucleus into its component protons and neutrons. This quantity represents the conversion of 

mass to energy that occurs during an exothermic nuclear reaction.  

The concept of nuclear binding energy evolved from studies of nuclear properties showing that the 

masses of nuclei are always less than the sum of the masses of the nucleons, which is a general term for 

the protons and neutrons in a nucleus. 

 For example, the 
  
 
  isotope has an atomic mass of 18.9984 amu. The nucleus has 9 protons and 10 

neutrons and therefore a total of 19 nucleons. Using the known masses of the 
 
 
   atom (1.007825 amu) 

and the neutron (1.008665 amu), we can carry out the following analysis. The mass of 9   
 
 
   atoms 

(that is, the mass of 9 protons and 9 electrons) is 

9 X 1.007825 amu = 9.070425 amu 

and the mass of 10 neutrons is 

10 X 1.008665 amu = 10.08665 amu 

Therefore, the atomic mass of a 
  
 
  atom calculated from the known numbers of electrons, protons, 

and neutrons is 
9.070425 amu + 10.08665 amu + 19.15708 amu 

which is larger than 18.9984 amu (the measured mass of 
  
 
 ) by 0.1587 amu. 

The difference between the mass of an atom and the sum of the masses of its protons, neutrons, and 

electrons is called the mass defect. Relativity theory tells us that the loss in mass shows up as energy 

(heat) given off to the surroundings. Thus, the formation of 
  
 
   is exothermic. Einstein’s mass-energy 

equivalence relationship states that 

E = mc2                                                 

where E is energy, m is mass, and c is the speed of light. We can calculate the amount of energy released 

by writing 



∆E = (∆m)c2 

where ∆E  and ∆m are defined as follows: 

 ∆E = energy of product - energy of reactants    and       ∆m = mass of product - mass of reactants 

Thus, the change in mass is given by 

∆m = 18.9984 amu - 19.15708 amu = -0.1587 amu 

Because 
  
 
  has a mass that is less than the mass calculated from the number of electrons and 

nucleons present, ∆m is a negative quantity. Consequently, ∆E is also a negative quantity; that is, energy 

is released to the surroundings as a result of the formation of the fluorine-19 nucleus. So we calculate 

∆E as follows: 

∆E = (-0.1587 amu)(3.00 X 108 m/s)2 =-1.43 X 1016 amu m2/s2 

With the conversion factors 

1  kg = 6.022 X 1026 amu  

1  J = 1 kg m2/s2 

we obtain  

∆E = (-1.43 X 1016 amu m2/s2)X( 1 kg/6.022 X 1026 amu)x( 1 J/ 1 kg. m2/s2) 

= -2.37 x 10-11 J 

= -148.125 MeV       (1 MeV = 106 eV = 1.6X10-13 J) 

This is the amount of energy released when one fluorine-19 nucleus is formed from 9 protons and 10 

neutrons. The nuclear binding energy of the nucleus is 2.37 x 10-11 J, which is the amount of energy 

needed to decompose the nucleus into separate protons and neutrons. In the formation of 1 mole of 

fluorine nuclei, for instance, the energy released is 

∆E = (-2.37 x 10-11 J)(6.022 x 1023/mol) 

= -1.43 x 1013 J/mol 

= -1.43 x 1010 kJ/mol 

 The nuclear binding energy, therefore, is 1.43 x 1010 kJ for 1 mole of fluorine-19 nuclei, which is a 

tremendously large quantity when we consider that the enthalpies of ordinary chemical reactions are of 

the order of only 200 kJ. The procedure we have followed can be used to calculate the nuclear binding 

energy of any nucleus. As we have noted, nuclear binding energy is an indication of the stability of a 

nucleus. However, in comparing the stability of any two nuclei we must account for the fact that they 

have different numbers of nucleons. For this reason it is more meaningful to use the nuclear binding 

energy per nucleon, defined as 

Nuclear binding energy per nucleon =  nuclear binding energy / number of nucleons 

For the fluorine-19 nucleus, 

nuclear binding energy per nucleon =  148.125 MeV / 19 nucleons = 7.796 MeV/nucleon 



 
Or,                                                         mass defect (∆m) = -0.1587 amu 

Nuclear binding energy =  -0.1587 x 931 MeV     (  1 amu =  931 MeV) 

= 147.7497 MeV 

Nuclear binding energy per nucleon = 147.7497 MeV / 19 = 7.776 MeV 

The nuclear binding energy per nucleon enables us to compare the stability of all nuclei on a common 

basis. Figure (below) shows the variation of nuclear binding energy per nucleon plotted against mass 

number. As you can see, the curve rises rather steeply. The highest binding energies per nucleon belong 

to elements with intermediate mass numbers—between 40 and 100—and are greatest for elements in 

the iron, cobalt, and nickel region (the Group 8B elements) of the periodic table. This means that the net 

attractive forces among the particles (protons and neutrons) are greatest for the nuclei of these 

elements. 

 



 



Atomic Masses are measured with reference to the carbon12 atom, which is assigned a mass of  

exactly 12u.   ‘u’  or ‘amu’ is an atomic mass unit. 

1 amu = (1.66x10-27 kg) x (3x 108 m/s)2 = 14.92x 10-11 J 

≈ 931 Mev   (  1 MeV = 106 eV = 1.6x10-13 J ) 

Object Mass 

Kg amu MeV/c2 

Electron 9.1094x10-31 0.00054858 0.51100 

Proton 1.67262x10-27 1.007276 938.27 
 
 
   atom 1.67353x10-27 1.007825 938.78 

Neutron 1.67493x10-27 1.008665 939.57 

NUCLEAR FORCE  

Meson Exchange Theory: 

In 1935 Japanese scientist H.Yukawa explained the mechanism of interaction of the elementary particles 

(Neutrons & Protons) in a nucleus. In order to explain his theory he considered a particle known as 

pions/mesons and that came to be known as Meson theory. 

Mesons may be charged ( +
 &  -

) or neutral  0
. They are having masses lying between those of electrons and 

protons. Each of the  +
 &  -

 mesons has the rest mass  ~273me and a  0
 meson is having the rest mass 

~264me. They have no spin. According to Yukawa, the following inter-conversions are always going on very fast 

within the nucleus. 

 

Due to this exchange of particles there is a strong interactive force existing inside the nucleus. 

Thus, the exchange of charged mesons explains the binding energy between the neighbouring neutrons and 

protons. Similarly the exchange of  0
 meson can explain the binding energy between the nucleons of each kind. 



The resultant attractive bindings are indicated by dotted lines as follows. All interactions are supposed to be the 

same strength after allowing for the Coulombic repulsive forces between the protons. 

 

 

 

FERMI-GAS MODEL  

The basic concept of the Fermi -gas model 

The theoretical concept of a Fermi-gas may be applied for systems of weakly interacting fermions, i.e. 

particles obeying Fermi-Dirac statistics leading to the Pauli exclusion principle.  

• Simple picture of the nucleus:  

 (i) Protons and neutrons are considered as moving freely within the nuclear volume. The binding 

potential is generated by all nucleons  

(ii) In a first approximation, these nuclear potential wells are considered as rectangular: it is constant 

inside the nucleus and stops sharply at its end  

(iii) Neutrons and protons are distinguishable fermions and are therefore situated in two separate 

potential wells  

(iv) Each energy state can be ocupied by two nucleons with different spin projections  



(v)  All available energy states are filled by the pairs of nucleons - no free states , no transitions between 

the states  

(vi) The energy of the highest occupied state is the Fermi energy EF  

EF = PF
2/2M,  where, PF= Fermi momentum and M= mass of nucleon 

(vii) The difference B‘ between the top of the well and the Fermi level is constant for most nuclei and is 

just the average binding energy per nucleon B‘/A = 7–8 MeV. 

 

 

LIQUID DROP MODEL 

The liquid drop model is a model in nuclear physics which treats the nucleus as a drop of incompressible 

nuclear fluid. The fluid is made of nucleons (protons and neutrons), which are held together by the 

strong nuclear force. 

This is a crude model that does not explain all the properties of the nucleus, but (!)  

• does explain the spherical shape of most nuclei.  

• It also helps to predict the binding energy of the nucleus. 



The parametrisation of nuclear masses as a function of A and Z, which is known as the Weizsäcker 

formula or the semi-empirical mass formula, was first introduced in 1935 by German physicist Carl 

Friedrich von Weizsäcker: 

M (A, Z) = Z mp + N mn − EB 

EB is the binding energy of the nucleus : 

 

The different contributions to the binding energy per nucleon versus mass number A: 

 

The Weizsäcker formula (=> liquid drop model) is based on some properties known from liquid drops: 

constant density, short-range forces, saturation, deformability and surface tension. An essential 

difference, however, is found in the mean free path (λ) of the particles: for molecules in liquid drops, 



this is far smaller than the size of the drop; but for nucleons in the nucleus, it is λ ~ RA (where, RA - 

empirical nuclear radius). 

NUCLEAR SHELL MODEL 

It has been found that the nuclei with proton number or neutron number equal to certain numbers 2, 8, 

20, 28, 50, 82 and 126 behave in a different manner when compared to other nuclei having neighboring 

values of Z or N. Hence these numbers are known as magic numbers. This is found to be in accordance 

with the observed nature of elements with filled shells. Thus Physicists looked at such a possibility in 

case of filling of nucleons in the nucleus. Thus a new model of nucleus has emerged. This model is 

known as the Shell model. 

These magic numbers can be explained in terms of the Shell Model of the nucleus, which considers each 

nucleon to be moving in some potential and classifies the energy levels in terms of quantum numbers  

n Ɩ j, in the same way as the wavefunctions of individual electrons are classified in Atomic Physics. For a 

spherically symmetric potential the wavefunction (neglecting its spin for the moment) for any nucleon 

whose coordinates from the centre of the nucleus are given by polar coordinates (r, θ, φ) is of the form  

 Ψ nlm = Rnl (r)Y l
m (θ,φ)  

The energy eigen-values will depend on the principle quantum number, n, and the orbital angular 

momentum, Ɩ, but are degenerate in the magnetic quantum number m. These energy levels come in 

‘bunches’ called “shells” with a large energy gap just above each shell. In their ground state the nucleons 

fill up the available energy levels from the bottom upwards with two protons (neutrons) in each 

available proton (neutron) energy level. 

 



 


