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NUCLEAR COMPOSITION 

The electron structure of the atom was understood before even the composition of its 

nucleus was known. The reason is that the forces that hold the nucleus together are vastly 

stronger than the electric forces that hold the electrons to the nucleus, and it is 

correspondingly harder to break apart a nucleus to find out what is inside. Changes in the 

electron structure of an atom, such as those that occur when a photon is emitted or 

absorbed or when a chemical bond is formed or broken, involve energies of only a few 

electronvolts.  Changes in nuclear structure, on the other hand, involve energies in the 

MeV range, a million times greater. 

 The discovery of neutrons by Chadwick in 1932 made a significant contribution in 

understanding the composition of the nucleus. Now it is believed that the protons and 

neutrons are the constituent particles of the nucleus. They are jointly called nucleons 

which follow the Fermi-Dirac statistics. Just like the electron, the Uncertainty principle is 

also applicable for the nucleons. In the proton-neutron model, it is now believed that they 

are continuously changing into one another through the exchange of a common property. 

Thus, within the nucleus, it is not appropriate to define a particle either as a proton or as 

a neutron. They are really indistinguishable within the nucleus due to the exchange 

phenomenon. This is why, within the nucleus, the constituent particles are reasonably 

referred to as nucleons, and they can be characterized as protons or neutrons when they 

emerge from the nucleus.  

 The nucleus contains Z protons (Z = atomic number) and N neutrons to give the 

mass number A (= N + Z). The atomic number defined by Z is the fundamental property 

of an element. For a particular value of Z, because of different numbers of N, the isotopes 

appear. The conventional symbols for nuclear species, or nuclides, follow the pattern AZX 

(where X = chemical symbol of the element).  

 

Maxwell-Boltzmann statistics is not applicable for the elementary particles like electrons, 

protons, neutrons, mesons, neutrinos etc. and atomic nuclei. To deal with these particles, 

two quantum mechanical statistics, namely, Fermi-Dirac statistics and Bose-Einstein 

statistics were developed. The particles having half-integral spins (e.g. electrons, protons, 

neutrons, positrons etc.) which follow the Fermi-Dirac statistics are called fermions, while 

the particles having the integral spin (e.g. photons, mesons, α-particles etc.) which follow 

the Bose-Einstein statistics are called bosons. The fermions follow the Pauli’s exclusion 

principle while the bosons do not. 
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Atomic Masses:       

Atomic masses refer to the masses of the neutral atoms, not of bare nuclei. Thus, an 

atomic mass always includes the masses of its Z electrons. Atomic masses are expressed 

in mass units (u, stands for unified), which are so defined that the mass of a 126C atom, the 

most abundant isotope of carbon, is exactly 12 u. The value of a mass unit is: 

1 u = 1.66054  1027 kg 

Table 1: Some masses in various units 

Particle Mass (kg) Mass (u) 

Proton 1.6726  1027 1.007276 

Neutron 1.6750  1027 1.008665 

Electron 9.10  1031 5.486  104 

11H atom 1.6736  1027 1.007825 

Nuclear radii: 

Since Rutherford’s time a variety of experiments have been performed to determine 

nuclear dimensions, with particle scattering still a favored technique. Fast electrons and 

neutrons are ideal for this purpose, since an electron interacts with a nucleus only 

through electric forces while a neutron interacts only through specifically nuclear forces. 

Thus electron scattering provides information on the distribution of charge in a nucleus 

and neutron scattering provides information on the distribution of nuclear matter. In 

both cases the de Broglie wavelength of the particle must be smaller than the radius of 

the nucleus under study. What is found is that the volume of a nucleus is directly 

proportional to the number of nucleons it contains, which is its mass number A. This 

suggests that the density of the nucleons is very nearly the same in the interiors of all 

nuclei.  

 If a nuclear radius is R, the corresponding volume is (4/3)R3 and so R3 is 

proportional to A. This relationship is usually expressed in inverse form as: 

R = R0.A1/3  (1) 

The value of R0 is R0  1.2  1015 m  1.2 fm 

 It is necessary to be indefinite in expressing R0 because nuclei do not have sharp 

boundaries. Despite this, the values of R from Eq. (1) are representative of effective 

nuclear sizes. The value of R0 is slightly smaller when it is deduced from electron 

scattering, which implies that nuclear matter and nuclear charge are not identically 

distributed through a nucleus. 
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 Nuclei are so small that the unit of length appropriate in describing them is the 

femtometer (fm), equal to 1015 m. The femtometer is sometimes called the fermi in honor 

of Enrico Fermi, a pioneer of nuclear physics. From Eq. 1 we find that the radius of the 

126C nucleus is: 

R0  1.2  (12)1/3 fm  2.7 fm 

Similarly, the radius of the 10747Ag nucleus is 5.7 fm and that of the 23892U nucleus is 7.4 

fm. 

Nuclear density: 

It has already been pointed out that the nuclear density is more or less constant and it is 

the nature and size of the nuclei. Let us take the case of 126C whose atomic mass is given 

by 12.0 u where u stands for unified atomic mass unit ( amu) and it is given by 1 u = 1.66 

 1027 kg. Now if the mass and binding energy of the 6 electrons present in 126C are 

neglected, then the nuclear density () is given by: 

 = M/(4/3)R3 = 12.0  1.66  1027kg /{(4/3)  (2.7  1015 m)3}  2.0  1017 kg m3 

[R = 2.7  1015 m] 

The above figure indicates that the nuclear density is of the order of billion tons per cubic 

inch. Thus, even, if it were possible to isolate and collect 1 cm3 of nuclei, there would be 

no earthly container to withstand this enormous mass. In this connection, we can recall 

the stars like the neutron stars, white dwarf etc. where due to enormous gravitational 

collapse, the electron shells are collapsed and they have attained the density of the 

nuclear matter. 

Magnetic properties of the nucleus: 

Though the overall angular momentum of the nucleus arises from the orbital and spin 

contribution of the nucleons, the total angular momentum of the nucleus is often 

associated with spin alone.  Analogous to s and ms for electrons, a nucleus may be 

assigned two spin quantum numbers I and mI. The magnitude of the spin angular 

momentum I is related to I as: 

I = I(I + 1) h/2  (2) 

where I is the nuclear spin quantum number. The value of I may be zero, half-integral or 

integral depending on the composition of the nucleus: 

Z even, N even  A (= Z + N) odd  Z odd, N odd 

                             I = 0                               I = 1/2, 3/2, 5/2, …..                     I = 1, 2, 3, ….. 
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The angular momentum vector I is subject to space quantization through the quantum 

number MI when the permitted values of the components of I along a specific direction 

(say, Z) are given by MI.h/2 where MI may vary from +I to I. 

IZ = MI.h/2; MI = I, (I + 1), (I + 2), ..... (I  1), I 

 By analogy with the magnetic moment of the electron, one might expect the 

magnetic moment of a proton to be equal to eh/4Mp (Mp = the mass of the proton); the 

magnetic moment of the neutron should be zero since it has no charge. However, the 

results obtained quantum mechanically are different, owing mainly to the composite 

structure of the nucleus.  

The magnetic moment of the nucleus is expressed as: 

I = gNI(I + 1)eħ/2Mp   (I(I + 1) h/2  (3)  

where gN is called the nuclear g-factor (5.58569 for a proton) and  (= gN.e/2Mp) is the 

gyromagnetic ratio of the nucleus,  = gN  4.78942  107 Hz T1. The quantity eh/4Mp is 

called the nuclear magneton (N, also called Rabi magneton). It may be considered the 

unit of nuclear magnetic moment (analogous to Bohr magneton). 

N = eh/4Mp = 5.0508  1027 J T1 

 Considering the mass of a proton, we find that N is only 1/1836 times B (Bohr 

magneton). The proton has a magnetic moment of about 2.8 N, which is only about 0.15% 

that of an electron. Values of nuclear magnetic moment vary from about 0 - 5 N. 

 When a molecule containing nuclei with non-zero spin is subject to an external 

magnetic field of strength B (along Z-axis, say), the energy of nuclear magnetic dipole is 

given by: 

E = IBcos = IZB  (4) 

where  is the angle subtended by the angular momentum vector I with the Z-axis.  Since 

IZ is quantized with the possible value MIħ, the nuclear magnetic moment now gives rise 

to a set of quantized energy levels as: 

E = BMIħ  (5)  

MI = I, (I + 1), (I + 2), ..... (I  1), I 

Transitions between these nuclear-spin energy levels are subject to the selection rule  

MI = 1 and may be observed by subjecting the sample to electromagnetic radiation of 

appropriate frequency, usually in the radiofrequency region of the electromagnetic 
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spectrum (~500 MHz) in the magnetic fields normally used (~12 T). This forms the basis 

of NMR (nuclear magnetic resonance) spectroscopy.  

CLASSIFICATION OF THE NUCLIDES 

(a) Classification on the basis of number of nucleons: 

(i) Isotopes: Nuclides with same number of protons but different number of neutrons.   

Example: 11H0, 21H1, 31H2; 168O8, 178O8, 188O8; 23392U141, 23592U143, 23892U146. 

(ii) Isotones: Nuclides with same number of neutrons but different number of protons.   

                            Example: 31H2, 42He2; 146C8, 157N8, 168O8. 

(iii) Isobars: Nuclides with same mass number but different numbers of protons and 

neutrons. 

                           Example: 31H2, 32He1; 146C8, 147N7; 4018Ar22, 4019K21; 4020Ca20. 

                         The successive β-decay products are isobaric nuclides. The product and 

parent nuclides are also isobaric for β+-decay and electron capture 

processes. 

(iv) Mirror nuclei: The mirror nuclei are the pairs of isobars for which the proton and 

neutron numbers differing by unity are interchanged: AZXN and ANYZ 

are mirror nuclei (N  Z = 1). 

                                         Example: 31H2, 32He1; 73Li4, 74Be3; 136C7, 137N6. 

(v) Nuclear isomers: The nuclei of a particular element having the same number of 

protons and neutrons but differing in energy states and 

consequently in radioactive properties are called nuclear isomers 

or isobaric isotopes. The quantum numbers which define the 

nuclear energy states are different in the isomers. It indicates that 

the isomers differ only in the mode of arrangement of the nucleons 

within the nuclei. The isomer having higher energy is called the 

metastable isomer and such isomers are represented by writing m 

after the mass number. The metastable isomer is generally 

radioactive with respect to -emission. Through -emission the 

metastable one comes to the ground state isomer which may also 

show a radioactive emanation. Such a -emission is very often 

referred to as isomeric transition (IT). Bombardment of 79Br by slow 

neutrons produces 80Br which undergoes β-decay with two half-

lives, 4.5 h and 18 min respectively. These are attributed to two 
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isomeric states of 80Br. The same nuclide produced by other means 

also shows this isomerism. 

 

(b) Classification on the basis of nuclear stability: 

The nuclides can be classified based on their stability as stable and unstable nuclides. The 

stable nuclides are supposed to be permanent. The corresponding nuclei will remain 

unchanged in all physic-chemical processes but they may change only in nuclear 

transmutation reactions carried out by the bombardment of external radiations or 

particles of high energy or by neutron capture. 11H, 21H, 168O, 

188O, 199F, 2311Na, 2713Al, 3115P, 3517Cl, 3717Cl etc. are some representative examples of about 

274 naturally occurring stable nuclei. The unstable nuclei are very often radioactive and 

the pass through the disintegration process in such a way that they can attain the stable 

state. In this process, the ratio of neutron to proton and the configuration of the nucleons 

change. In discussing radioactivity, these types of radioactive nuclides will be mentioned.  

Isotopic composition of the elements: 

It is now well-established that out of the 93 nonradioactive elements (up to Bi) occurring 

in nature, there are only 21 elements (viz. Be, F, Na, Al, P, Sc, Mn, Co, As, Y, Nb, Rh, I, Cs, 

Pr, Tb, Ho, Tm, Ta, Au, and Bi) which are monoisotopic, i.e. single species; and all other 

elements and all other elements have two or more isotopes which may be stable or 

radioactive. In some cases the number of isotopes is very high as shown in the following 

table. 50Sn shows the largest number of stable isotopes.  

Table 2: Number of stable isotopes for some elements 

Element Number of stable 

isotopes 

Element Number of stable isotopes 

50Sn 
 

10 20Ca, 46Pd 6 

54Xe 
 

9 22Ti, 28Ni 5 

56Ba, 80Hg, 42Mo, 
76Os 

7 16S, 24Cr 4 

Radioactive emanation: It was found that thorium salts continuously emit an active gas. 

The activity of this gas decays rapidly, but it leaves an “induced activity” in the containing 

vessel or on other surrounding matter. This active gas was called emanation (Rutherford, 

1900). Radium and actinium were also found to emit their own characteristic emanations. 

It was shown that the induced activity was due to an active deposit left by the emanations 

during their decay. 
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NUCLEAR STABILITY 

Even-odd nature of nucleons Harkins’ rule: 

For the isotopic abundance of different elements, the following points depending on the 

evenness or oddness of the nucleons appear to characterize the stable nuclides. These are 

known as Harkins’ rule or Oddo-Harkins rule. 

(a) Harkins’ rule: The nuclei having even number of neutrons and protons are the 

most stable and the most abundant ones as evidenced from the following table: 

Table 3: Abundance distribution of stable nuclides 

Composition of nucleus          Number of 
         stable     

        nuclides 

        Abundance 
(% in earth’s crust) 

 Examples 
N Z A  

(=N + Z) 
Even Even Even                 ~162         ~85 4

2He, 16
8O, 28

14Si, 
4020Ca, 5626Fe, 20882Pb 
 

Even Odd Odd                 ~52                   ~13 2713Al, 2311Na, 3919K 
 

Odd Even Odd                 ~50         ~2 178O, 2512Mg 
 

Odd Odd Even                    5             0 2H1, 63Li, 105B, 147N  

(b) Equivalent character of nucleons: From Table 3 it is evident that the second 

and third group each gives almost equal number of stable nuclides which is about 

one-third of the first group. It suggests that for odd A, the number of stable 

nuclides does not depend on whether N is odd or Z is odd. Thus, all the nucleons 

are behaving similarly in this respect irrespective of their charges. 

(c) Pairing of nucleons only within a particular type: From the frequency of 

distribution of the stable nuclides, it appears that the nucleons of each kind tend 

to pair among themselves, but the nucleons of different kinds do not pair, i.e. a 

proton pairs with only another proton and not with a neutron, and the same thing 

also occurs for a neutron. 

(d) (n + n), (p + p), (n + n),… rule leading to monoisotopic (Z = odd) and 

multiisotopic (Z = even) elements: The tendency of a proton to pair with a proton 

or of a neutron with a neutron is evident from the distribution pattern of the stable 

isotopes for the lighter elements from oxygen to chlorine. In this range, it is 

observed that the two neutrons and two protons are added successively to have 

the stable nuclides in the above range. It suggests that the nucleons are added in 

sequence (n + n), (p + p), (n + n),… 
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 Violation of the above rule leads to an unstable nuclide. Let us consider the 

following scheme: 

 

 

 

 

 

 

 

 

 

 

 

From the above scheme it is evident that for even Z, there are three isotopes 

having mass number A, A+1 and A+2. On the other hand for odd Z, the elements 

are monoisotopic. Here it is worth mentioning that the above (n + n), (p + p), (n + 

n),… rule is supported by the fact that out of the 21 naturally occurring 

monoisotopic nuclides, there are 20 nuclides which have odd Z. Here 94Be is the 

only exception. 

(e) Stability of α-particle nuclide and rule of Oddo: Nuclides (e.g. 16O, 20Ne, 24Mg, 

28Si, 32S, 36Ar, 40Ca etc.) having mass numbers as multiples of 4 (i.e. mass number 

of an α-particle) re more abundant than their immediate neighbors. Such nuclides 

are described as α-particle nuclides (assuming α-particles as the building units of 

such nuclides). This illustrates the nuclear stability of 2-proton + 2-neutron 

combination. This observation is described as rule of Oddo.  

n/p ratio and stability of nuclides: 

Not all the combinations of neutron and protons form stable nuclei. In general, light nuclei 

(A<20) contain approximately equal numbers of neutrons and protons, while in heavier 

nuclei the proportion of neutron becomes progressively greater. For the stable nuclei, the 

n/p ratio is unity. For the elements of higher atomic number, the n/p ratio increases 

gradually up to about 1.6. This is evident from the following figure which is a plot of N vs. 

Z for stable nuclides (Segre chart). 
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Figure 1: Segre chart for the stable nuclides 

In many cases, several stable isotopes exist for a particular value of Z. This is why we get 

a stability zone which widens for the higher values of Z. the nuclides lying outside the 

stability region are unstable. 

 The tendency for N to equal Z follows from the existence of nuclear energy levels. 

Nucleons, which have spins of ½, obey the exclusion principle. As a result, each nuclear 

energy level can contain two neutrons of opposite spins and two protons of opposite 

spins. Energy levels in nuclei filled in sequence just as energy levels in atoms are, to 

achieve configurations of minimum energy and therefore maximum stability. Thus the 

boron isotope 125B has more energy than the carbon isotope 126C because one of its 

neutrons is in a higher energy level and 125B is accordingly unstable (Figure 2). If created 

in a nuclear reaction, a 125B nucleus changes by β-decay into a stable 126C nucleus in a 

fraction of second. 

However, the best explanation for Segre chart is available by considering the 

nuclear potential well in Fermi gas model. The essential features of this model are depicted 

below: 

(i) The protons and neutrons move in an attractive potential within the nuclear 

dimensions. In the square-well potential with the rounded corners, there are many 

energy levels in which the nucleons may reside. The energy levels for the protons are 

different from those for the neutrons. 

The nucleons follow the Pauli exclusion principle and as a result, in each energy level 

maximum two nucleons of a particular kind with the opposite spins can reside. The 

exclusion principle operates independently on each kind of nucleons because of their 

distinguishable  energy levels. 
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The nucleons fill in gradually from the lower energy level to the higher level. The 

level below which all the levels can be filled in at the ground state is called Fermi level. 

Figure 3 shows the situation for the neutrons and a similar diagram holds good for the 

protons after incorporating Coulombic potential. 

 

 

 

 

 

 

 

 

 

 


