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RADIOACTIVITY 

RADIOACTIVITY: The phenomenon of spontaneous decay of a nucleus accompanied by the 

emission of 𝛼 − particles, 𝛽 −particles or 𝛾 −rays is known as radioactivity. The radioactivity 

is a nuclear phenomenon. 

The decaying nucleus is called the parent radionuclide (or parent radioisotope), and the 

process produces at least one daughter nuclide. Except for gamma decay or internal conversion 

from a nuclear excited state, the decay is a nuclear transmutation resulting in a daughter 

containing a different number of protons or neutrons (or both). When the number of protons 

changes, an atom of a different chemical element is created. 

 

Fig. 1. Emission of  𝛼, 𝛽 and 𝛾-rays from radioactive sample (Radium) 

1. Alpha decay occurs when the nucleus ejects an alpha particle (helium nucleus). 

2. Beta decay occurs in three ways; 

(i) 𝛽− (beta-minus) decay, when the nucleus emits an electron and an antineutrino 

in a process that changes a neutron to a proton, or 

(ii) 𝛽+ (beta-plus) decay, when the nucleus emits a positron and a neutrino in a 

process that changes a proton to a neutron. 

(iii) In Electron capture, the nucleus may capture an orbiting electron, causing a 

proton to convert into a neutron in a process called electron capture. 
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3. In gamma decay a radioactive nucleus first decays by the emission of an α or β particle. 

The daughter nucleus that results is usually left in an excited state and it can decay to a 

lower energy state by emitting a gamma ray photon. 

THE RADIOACTIVE DISPLACEMENT LAW OF FAJANS AND SODDY 

Rutherford and his student Frederick Soddy were the first to realize that many decay processes 

resulted in the transmutation of one element to another. Subsequently, the radioactive 

displacement law of Fajans and Soddy was formulated to describe the products of alpha and 

beta decay. 

1. Alpha decay: Rutherford proved that the 𝛼 −rays were nothing but the nuclei of the Helium 

atom 2He4
 having mass number 𝐴 = 4 and the atomic number 𝑍 = 4. Hence the emission of 

an 𝛼 −particle from a nucleus 𝑋𝑍
𝐴  (parent nucleus) reduces the mass number by 4 units and the 

atomic number by 2 units, so that a new nucleus 𝑌𝑍−2
𝐴−4  (daughter nucleus) is formed as a result 

of the 𝛼 −disintegration process: 

𝑋𝑍
𝐴 → 𝑌𝑍−2

𝐴−4  +  𝛼  

In 𝛼-decay process, the daughter nucleus exists two group left to the parent nucleus, in periodic 

table. 

A typical example of this decay mode is 

𝑈92
238 → 𝑇ℎ90

234  +  𝐻𝑒2
4   

 

Fig. 2. Emission of  𝛼-particle from Uranium-238 

Uranium 238 spontaneously decays to Thorium 234 and an alpha particle.  

2. Beta decay: In this process, parent nucleus disintegrates to give a daughter nucleus and a β 

–particle. The β – decay is classified into three categories. 
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A. Electron emission or 𝜷− − 𝐝𝐞𝐜𝐚𝐲: In this process, parent nucleus ( 𝑋𝑍
𝐴 ) disintegrates to 

give a daughter nucleus ( 𝑌𝑍+1
𝐴 ), a 𝛽− −particle (or an electron) and a new particle called 

antineutrino (�̅�). The mass of the daughter nucleus remains the same and atomic number 

increases by one unit. In 𝛽−-decay process, the daughter nucleus exists one group right to the 

parent nucleus, in periodic table. 

𝑋𝑍
𝐴 → 𝑌𝑍+1

𝐴  +  𝛽− + �̅�  

A typical example of this decay mode is 

𝐶6
14 → 𝑁7

14  +  𝛽− + �̅�  

 

Fig. 3. Emission of 𝛽−- particle (electron) from Carbon-14 

Carbon-14 (with two “extra” neutrons”) is also unstable and will decay into Nitrogen and an 

electron. 

B. Positron emission or 𝜷+ − 𝐝𝐞𝐜𝐚𝐲: 

In this process, parent nucleus ( 𝑋𝑍
𝐴 ) disintegrates to give a daughter nucleus ( 𝑌𝑍−1

𝐴 ), a 𝛽+ − 

particle (or a positron) and a new particle called neutrino (𝜈). i.e. the Mass number of the 

daughter nucleus remains the same and atomic number decreases by one unit.  

𝑋𝑍
𝐴 → 𝑌𝑍−1

𝐴  +  𝛽+ + 𝜈  

In 𝛽+-decay process, the daughter nucleus exists one group left to the parent nucleus, in 

periodic table. A typical example of this decay mode is 

𝑁𝑎11
22 → 𝑁𝑒12

22  +  𝛽+ + 𝜈  
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C. Electron capture: In this process, parent nucleus ( 𝑋𝑍
𝐴 ) captures one of the orbital electrons 

with the emission of a neutrino (𝜈). i.e. the Mass number of the daughter nucleus remains the 

same and atomic number decreases by one unit.  

𝑋𝑍
𝐴 + 𝛽− → 𝑌𝑍−1

𝐴  + 𝜈  

In electron capture process, the daughter nucleus exists one group left to the parent nucleus, in 

periodic table. A typical example of this decay mode is 

𝑀𝑛25
54 + 𝛽− → 𝐶𝑟24

54 + 𝜈  

3. Gamma Decay: 

If the excitation energy available with a nucleus is not sufficient for particle emission, it loses 

its energy by following three processes. 

A. Gamma Ray: Alpha and beta decays of a radioactive nucleus usually leaves the daughter 

nucleus in an excited state. If the excitation energy available with the daughter nucleus is not 

sufficient for further particle emission, it loses its energy by emitting electromagnetic 

radiations, also known as 𝛾 −rays. Mass and charge of the daughter nucleus remains the same 

as before the emission of 𝛾 −rays. 

𝑋∗
𝑍
𝐴 → 𝑋𝑍

𝐴 + 𝛾  

One such an example is 

𝐵𝑎∗
56

137 → 𝐵𝑎56
137 + 𝛾  

The star (*) on 𝐵𝑎56
137  indicates that it is in excited state. 

B. Internal conversion: In internal conversion process, an excited nucleus instead of emitting 

𝛾 −rays directly transfers its excitation energy to one of the orbital electrons and the orbital 

electron is ejected as conversion electron. Mass and charge of the daughter nucleus remains 

the same as before the emission of the orbital electron. This is so because electron is ejected 

from the electronic orbits. 
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C. Internal Pair Conversion: If the excitation energy of the nucleus > 1.22 MeV, the nucleus 

can de-excite by emitting directly an electron and positron pair in its own coulomb field. This 

process is known as internal pair conversion.  

As early as 1913, two scientists F. Soddy and Fajans, observed the above changes in the values 

of 𝐴 and 𝑍 during 𝛼 −disintegration as also the change in 𝑍 −during 𝛽 −disintegration. They 

systematized their observations in the form of an empirical law, known as the displacement 

law. The law may be state thus: “𝛼 −disintegration results in the reduction of the mass number 

of the atom by 4 units and its displacement in the periodic table by two steps to the left; on the 

other hand, 𝛽 −disintegration leaves the mass number of the atom unchanged while its position 

in the periodic table is shifted by one step to the right (for electron emission) or left (for positron 

emission)”. 

RUTHERFORD – SODDY THEORY OF RADIOACTIVE DECAY (LAWS OF 

DISINTEGRATION): 

Experimental studies on radioactivity, as conducted by Rutherford and Soddy, show 

convincingly that 

1. There is an equal probability for all nuclei of a radioactive element to decay. 

2. On emission of 𝛼 or 𝛽-rays which is usually, but not invariably, accompanied by 𝛾-

emission, the emitting parent nuclide transforms into a new daughter element; the 

daughter element again may be radioactive so that the process of successive 

disintegration continues till the original active parent nuclide gets transformed inot a 

stable one, usually lead (Pb). 

3. The rate of spontaneous disintegration of a radioactive element is proportional to the 

number of nuclei present at that time. 

Mathematically, it can be written as 

 𝑑𝑁

𝑑𝑡
∝ 𝑁 

…(1) 

where, N is the number of atoms present at time 𝑡. Removing proportionality sign, we get 
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 𝑑𝑁

𝑑𝑡
= −𝜆𝑁 

…(2) 

where 𝜆 is a constant of proportionality and is known as decay constant of the element. 

Negative sign indicates that as t increases N decreases. Rewriting equation (2) as  

 𝑑𝑁

𝑁
= −𝜆𝑑𝑡 

…(3) 

Integrating both sides, we have  

 
∫

𝑑𝑁

𝑁
= −𝜆 ∫ 𝑑𝑡 

 

⇒ ln(𝑁) = −𝜆𝑡 + 𝐶 …(4) 

where, 𝐶 is constant of integration and is evaluated by the fact that at 𝑡 = 0, number of atoms 

of the radioactive element is 𝑁0. Using this condition, we get 

 𝐶 = ln(𝑁0) …(5) 

Substituting this value of 𝐶 in equation (4), we get 

 ln(𝑁) = −𝜆𝑡 + 𝐶  

⇒ 
ln (

𝑁

𝑁0
) = −𝜆𝑡 

 

⇒ 𝑁 = 𝑁0𝑒−𝜆𝑡 …(6) 

The exponential nature of this equation shows that it takes infinite time for whole of the 

radioactive material to disintegrate. N versus t has been plotted for 𝑁𝑎11
24 (𝑡1/2 = 15 ℎ) in the 

following figure. A plot of log N versus t would be a straight line. 
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Fig. 4. Number of nuclei versus time  

Half-life (𝒕𝟏/𝟐): 

Rutherford in 1904 introduced the term half-life (𝑡1/2) for a radioactive material. It is the 

characteristic property of a radioactive nuclide. 

Half-life is the time required for number of radioactive nuclides to reduce to half by 

disintegration. 

If 𝑁0 is the initial number of radioactive nuclei present, then in one half-life this number will 

reduce to 
𝑁0

2
. Therefore, after 1 half-life 

 
𝑁 =

𝑁0

2
 

 

Substituting 𝑁 in equation (6), we get  

 𝑁0

2
= 𝑁0𝑒−𝜆𝑡1/2 

 

⇒ 1

2
= 𝑒−𝜆𝑡1/2 

 

⇒ 𝑒𝜆𝑡1/2 = 2  

Taking natural log on both sides, we get 
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 𝜆𝑡1/2 = ln 2  

 
𝑡1/2 =

ln 2

𝜆
=

0.6931

𝜆
 

…(8) 

Therefore, half-life of a radioactive material depends upon the disintegration constant 𝜆. The 

larger the value of disintegration constant, small will be its half-life, i.e. nuclei of radioactive 

material will decay faster and vice-versa. Half-life of a radioactive material is its intrinsic 

property and it can not be altered by any physical or chemical means. 

 

Fig. 5. Half-life from the number of nuclei versus time curve  

After each half-life, the number of radioactive atoms will reduce to half. For example, 

if we take on 1st January 2018, 1000,000 atoms of a radioactive material whose life-time is 1 

year, then on 1st January 2019 (after one half-life 𝑡 = 𝑡1/2), the number of radioactive atoms 

left will be 500,000. On 1st January 2020 (after two half-life 𝑡 = 2𝑡1/2), the number will be 

250,000 and on 1st January 2021 (after two half-life 𝑡 = 3𝑡1/2), it will be 125,000 and so on. It 

is clear that after infinite half-lives (after infinite half-life 𝑡 = ∞𝑡1/2), the number of radioactive 

nuclei will reduce to zero.  

After completion of one half-life (𝑡 = 𝑡1/2), the number of remaining nuclei, 𝑁 =
𝑁0

2
=

(
1

2
)

1

𝑁0 

After two half-lives (𝑡 = 2𝑡1/2), the number of remaining nuclei, 𝑁 =
1

2
(

𝑁0

2
) =

𝑁0

4
= (

1

2
)

2

𝑁0 
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After three half-lives (𝑡 = 3𝑡1/2), the number of remaining nuclei, 𝑁 =
1

2
(

𝑁0

4
) =

𝑁0

8
= (

1

2
)

3

𝑁0 

………………………………………………………………………………………………….. 

After n half-lives (𝑡 = 𝑛𝑡1/2), the number of remaining nuclei,  

 𝑁 = (
1

2
)

𝑛

𝑁0, where, 𝑛 = 𝑡/𝑡1/2 
…(9) 

Average (Mean) Life (𝝉): 

As we have seen that infinite time is required for the complete disappearance of the 

radioactive material, one does not know which atom of the material is going to decay at a given 

instant of time, i.e. individual atoms have lifetime from zero to infinity. Because of this Soddy 

in 1904 introduced the concept of average or mean life (𝜏). 

The average or mean life is defined as the average life expectancy of the radioactive 

species. 

Therefore, the average life is calculated by summing the lives of all the nuclei and 

dividing by the total number of nuclei. Suppose 𝑑𝑁1 nuclei decay in time 𝑡1, 𝑑𝑁2 nuclei decay 

in time 𝑡2, 𝑑𝑁3 nuclei decay in time 𝑡3 and so on, then the average life or mean life will be 

 
𝜏 =

𝑡1𝑑𝑁1 + 𝑡2𝑑𝑁2 + 𝑡3𝑑𝑁3 + ⋯

𝑑𝑁1 + 𝑑𝑁2 + 𝑑𝑁3 + ⋯
 

 

This equation can be written in integral form as 

 
𝜏 =

∫ 𝑡𝑑𝑁
𝑁0

0

∫ 𝑑𝑁
𝑁0

0

 
 

Since,  
∫ 𝑑𝑁

𝑁0

0

= 𝑁0 
 

Therefore, 
𝜏 =

1

𝑁0
∫ 𝑡𝑑𝑁

𝑁0

0

 
 

where, 𝑁0 is the total number of radioactive atoms present initially. 

Differentiating equation (6) with respect to 𝑡, we have 
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 𝑑𝑁 = −𝜆𝑁0𝑒−𝜆𝑡𝑑𝑡  

Now for 𝑡 = ∞, 𝑁 = 0 and for 𝑡 = 0, 𝑁 = 𝑁0. 

Therefore, 
𝜏 = −

1

𝑁0
∫ 𝑡𝜆𝑁0𝑒−𝜆𝑡𝑑𝑡

0

∞

= 𝜆 ∫ 𝑡𝑒−𝜆𝑡𝑑𝑡
∞

0

 
 

⇒ 
𝜏 = 𝜆 ∫ 𝑡𝑒−𝜆𝑡𝑑𝑡

∞

0

 
…(10) 

The integral in equation (10) can be evaluated by parts 

 
∫ 𝑡𝑒−𝜆𝑡𝑑𝑡

∞

0

= [𝑡
𝑒−𝜆𝑡

−𝜆
]

0

∞

− ∫ 1
𝑒−𝜆𝑡

−𝜆
𝑑𝑡

∞

0

 
 

 
= [0 − 0] − [

1

−𝜆
×

𝑒−𝜆𝑡

−𝜆
]

0

∞

 
 

 
= −

1

𝜆2
(0 − 1) =

1

𝜆2
 

 

Therefore, the value of average life from equation (10) is 

 
𝜏 =

1

𝜆
 

…(11) 

⇒ 
𝜏 =

𝑡1/2

0.6931
= 1.44 × 𝑡1/2 

…(12) 

where we have used the value 𝜆 of from equation (8). 

Activity and its Units 

Activity  

The activity (A) of a radioactive nuclide is defined as the number of disintegration per unit 

time.  
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𝐴 = −

𝑑𝑁

𝑑𝑡
= 𝜆𝑁 

 

Substituting for 𝑁 from equation (6), we get 

 𝐴 = 𝜆𝑁0𝑒−𝜆𝑡  

Substituting 𝐴0 = 𝜆𝑁0, the exponential relation for activity is  

 𝐴 = 𝐴0𝑒−𝜆𝑡 …(7) 

In this relation 𝐴0 is the activity at 𝑡 = 0. The exponential factor shows that activity is 

decreasing with time in the same fashion as N. 

 

Fig. 6. Activity of nuclei versus time 

Units of Activity 

The S.I. unit of activity is Becquerel (𝑩𝒒): 

1 becquerel = 1 𝐵𝑞 = 1 disintegration/s (𝑑𝑝𝑠 or disintegrations per second) 

In day-to-day life, we encounter activities of the order kilobecquerel (𝑘𝐵𝑞), megabecquerel 

(𝑀𝐵𝑞) or gigabecquerel (𝐺𝐵𝑞). 
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1 𝑘𝐵𝑞 = 103 𝐵𝑞 

1 𝑀𝐵𝑞 = 106 𝐵𝑞 

1 𝐺𝐵𝑞 = 109 𝐵𝑞 

Traditional unit of activity is Curie (𝑪𝒊) and Rutherford (𝑹𝒅): 

1 𝐶𝑢𝑟𝑖𝑒 (𝐶𝑖) =  3.7 × 1010 𝐵𝑞 = 37 𝐺𝐵𝑞 

1 𝑅𝑢𝑡ℎ𝑒𝑟𝑓𝑜𝑟𝑑 (𝑅𝑑) = 106 𝑑𝑖𝑠𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛/𝑠 

1 𝑅𝑢𝑡ℎ𝑒𝑟𝑓𝑜𝑟𝑑 (𝑅𝑑) = 1 𝑀𝐵𝑞 

Curie is a big unit, normal activities of radioactive sources are defined in terms of millicurie 

(1 𝑚𝐶𝑖 =  10−3 𝐶𝑖) and microcurie (1 𝜇𝐶𝑖 =  10−6 𝐶𝑖). 

NATURAL RADIOACTIVITY 

Nuclear reactions which occur spontaneously are said to be an example of natural radioactivity. 

There are three naturally occurring radioactive series among the elements in the periodic table. 

These are known as the uranium series, the actinium series and the thorium series, each named 

after the element at which the series start (except the actinium series which starts with a 

different uranium isotope). Each series decays through a number of unstable nuclei by means 

of alpha and beta emission, until each series end on a different stable isotope of lead. 

ARTIFICIAL RADIOACTIVITY 

Not all nuclear reactions are spontaneous. There are reactions which occur when stable 

isotopes are bombarded with particles such as neutrons. This method of inducing a nuclear 

reaction to proceed is termed artificial radioactivity. This meant new nuclear reactions, which 

wouldn't have been viewed spontaneously, could now be observed.  

Ernest Rutherford was a prominent New Zealand scientist, and a winner of the Nobel 

Prize in chemistry in 1908. Amongst his vast list of discoveries, Rutherford was also the first 

to discover artificially induced radioactivity. Through the bombardment of alpha particles 

against nuclei of 14N (having 7 protons and 7 neutrons), Rutherford produced 17O (having 8 

protons and 9 neutrons) and protons (Fig. 7). Through this observation, Rutherford concluded 
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that atoms of one specific element can be made into atoms of another element. If the resulting 

element is radioactive, then this process is called artificially induced radioactivity. 

Fig. 7. Rutherford generated 17O via bombarding 14N with alpha particles. 

Rutherford was the first researcher to create protons outside of the atomic nuclei and 

the 17O isotope of oxygen, which is nonradioactive.  

Similarly, other nuclei when bombarded with alpha particles will generate new elements (Fig. 

8) that may be radioactive and decay naturally or that may be stable and persist like 17O. 

Fig. 8. Researchers have used α particle to react with another atom such as Beryllium. The result is a Carbon 

nucleus and a neutron. This is artificial radioactivity or induced radioactivity. 

Before this discovery of artificial induction of radioactivity, it was a common belief that atoms 

of matter are unchangeable and indivisible. After the very first discoveries made by Ernest 

Rutherford, Irene Joliot-Curie and her husband, Frederic Joliot, a new point of view was 

developed. The point of view that although atoms appear to be stable, they can be transformed 

into new atoms with different chemical properties. Today over one thousand artificially created 

radioactive nuclides exist, which considerably outnumber the nonradioactive ones created. 

Activation (or radioactivation) involves making a radioactive isotope by neutron capture, e.g. 

the addition of a neutron to a nuclide resulting in an increase in isotope number by 1 while 

retaining the same atomic number. Activation is often an inadvertent process occurring inside 

or near a nuclear reactor, where there are many neutrons flying around. For example, Cobalt-

59 has a large neutron capture cross-section, making it likely that Co-59 in or near a nuclear 

reactor will capture a neutron forming the radioactive isotope Co-60. 
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𝑛0
1 + 𝐶𝑜28

59 ⟶ 𝐶𝑜28
60  

The 60Co isotope is unstable (half-life of 5.272 years) and disintegrates into 60Ni via the 

emission of β particle and γ radiation Figure 3. 

 

Fig. 9. Example of 59Co activation and 60Co disintegration. 

Induced radioactivity occurs when a previously stable material has been made 

radioactive by exposure to specific radiation. Most radioactivity does not induce other material 

to become radioactive. This Induced radioactivity was discovered by Irène Curie and F. Joliot 

in 1934. This is also known as man-made radioactivity. The phenomenon by which even light 

elements are made radioactive by artificial or induced methods is called artificial radioactivity. 

Irène Curie began her research with her parents, Marie Curie and Pierre Curie, studying 

the natural radioactivity found in radioactive isotopes. Irene branched off from the Curies to 

study turning stable isotopes into radioactive isotopes by bombarding the stable material 

with alpha particles (denoted α). The Joliot-Curies showed that when lighter elements, such 

as boron and aluminium, were bombarded with α-particles, the lighter elements continued to 

emit radiation even after the α−source was removed. They showed that this radiation consisted 

of particles carrying one unit positive charge with mass equal to that of an electron, now known 

as a beta particle. 

Since about 1940, a set of new elements with atomic numbers over 92 (the atomic 

number of the heaviest naturally occurring element, Uranium) have been artificially made. 

They are called the transuranium elements. 

 

mailto:rohitau88@gmail.com
https://en.wikipedia.org/wiki/Marie_Curie
https://en.wikipedia.org/wiki/Pierre_Curie
https://en.wikipedia.org/wiki/Radioactive_isotope
https://en.wikipedia.org/wiki/Isotope
https://en.wikipedia.org/wiki/Alpha_particle
https://en.wikipedia.org/wiki/Boron
https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Beta_particle

