
CHARACTERIZATION OF ATOMIC NUCLEI

Nuclei are characterized by:

• The atomic number Z - the number of protons in the nucleus.

• The mass number A – number of protons + neutrons in the nucleus.

Since atoms are neutral, Z is also equal to the number of electrons in the 
atoms. But in ions this is no longer true.

As a general rule the atomic 
number is not shown, since the 
chemical symbol already 
specifies Z.



CHARACTERIZATION OF ATOMIC NUCLEI

• It is common to call nucleons the set of protons and neutrons.

• What characterizes a given chemical element is its number of protons – 
hence its atomic number, Z.

• Each element generally has several ISOTOPES: nuclei with the same 
number of protons (equal Z) but that differ in the number of neutrons 
(different mass number A).

• The isotopes have approximately the same chemical properties but can 
have very different nuclear behaviors.

For example, HYDROGEN has three 
isotopes: deuterium has one proton 
and one neutron, tritium has one 
proton and two neutrons.



Properties of Nuclei

• Made up of protons (p) and neutrons (n)

• ATOMIC NUMBER (Z) – number of protons in a nucleus 

• Number of neutrons in a nucleus (N)

• MASS NUMBER (A) – sum of the number of protons and the number of neutrons

 A = N + Z 
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Representation of a given nucleus (nuclide), X
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Z

We don't need N because we already have A and Z. We don't need Z because X indicates the 
element (and therefore Z – Z defines the element.)



CHARACTERIZATION OF ATOMIC NUCLEI



Examples

O16

8 8
O16O16

8

The oxygen nucleus always has 8 protons. Atomic oxygen always has 8 protons 
and 8 electrons. If the number of electrons is different from 8 we have an ion, a 
positively or negatively charged particle depending on whether it has fewer or 

more electrons than 8.

O17
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O17O17

8

Isotope of oxygen.



ISOTOPES

For heavier nuclei, the number of neutrons must be greater than the number of 
protons. The Coulomb repulsion of so many protons has to be compensated for with 

more neutrons.

Stable nuclei shown in dark.

Note that for stable nuclei with 
lower Z, Z = N is a good 

approximation.

Isotopes exist in nature with 
different abundances – many 

isotopes are unstable.



Family Nuclei with the same Example

Isotopes Atomic Number (Z) C-12 and C-13

Isobars Mass Number (A) C-14 and N-14

Isotones Number of Neutrons (A-Z) N-17 and O-18

Isomers Atomic and Mass Numbers
but different energies Tc-99 and Tc-99m

Nuclear Families: Isotopes, isobars, isotones and isomers

Technetium does not occur in nature, having been the first element to 
be obtained artificially. All of its isotopes are radioactive. Tc-99 is one 

of the fission products of uranium. 



Isotopes of Hydrogen

1H, the most common isotope 
with an abundance of more 

than 99.98%.

2H, deuterium, is the other 
stable isotope of Hydrogen. It 

has one proton and one neutron 
in its nucleus. The total 

deuterium on Earth is 0.0026 – 
0.0184%. Deuterium is not 

radioactive. Water enriched in 
molecules that include 

deuterium is called heavy 
water, used as a neutron 

moderator and coolant in 
nuclear reactors. Deuterium is 

also a potential fuel for 
commercial nuclear fusion. 

3H, tritium, has one proton and two neutrons in the 
nucleus. It is radioactive and decays to 3He with a half-

life of 12.32 years. Tritium is used for example in 
nuclear fusion bombs but also as a tracer in chemistry 

and biology experiments.



Isotopes of Carbon

Carbon has 15 isotopes, 2 of them stable, ranging from 8C to 22C. These isotopes are of great 
importance for various scientific studies: Carbon-11, Carbon-12 and Carbon-14. For example, the 
Carbon-12 isotope was adopted, in 1961, by the IUPAC - International Union of Pure and Applied 
Chemistry as the basis for determining the atomic mass of all chemical elements. Carbon-14, on 

the other hand, a radioactive isotope with a half-life of 5730 years, is used for dating organic 
specimens.



Stable and Unstable Isotopes



The Periodic Table

(for the history of each element, see http://www.rsc.org/periodic-table/history)

http://www.rsc.org/periodic-table/history
http://www.rsc.org/periodic-table/history
http://www.rsc.org/periodic-table/history


Some Isotopes Used in Medicine

Carbon-11 (11C), Nitrogen-13 (13N), Oxygen-15 (15O), 
Fluorine-18 (18F) – PET Imaging.

Erbium-169 (169Er) – Relief of arthritic pain.

Iodine-131 (131I) – Treatment of thyroid cancer.

Strontium-89 (89Sr) – Relief of pain in prostate cancer.

Cesium-131 and 137 (131Cs, 137Cs),  Cobalt-60 (60Co) , 
Iridium-192 (192Ir) , Ruthenium-106 (106Ru) , ... – 
Brachytherapy.

. . . 



NUCLEAR MASSES

The mass of a nucleus is given by: 

Z × (mass of a proton)  + (A – Z) × (mass of a neutron)  - (mass equivalent to the nuclear binding) 

B(X) is the binding energy of nucleus X, always positive by definition.

It is more common to express nuclear masses in atomic mass units (u), or else in units of 
the energy equivalent to the mass, generally mega-electron Volt (MeV).

(1)



UNITS AND CONVERSIONS

1 u = 1.660566 × 10-27 kg = 931.502 MeV 

(actually 931.502 MeV/c2)

 When calculating nuclear masses and nuclear binding energies, the 
simplest approach is to convert all quantities into MeV.



THE IMPORTANCE OF USING THE CORRECT UNITS

The Mars Climate Orbiter burned up in 
the Mars atmosphere in September 1999.

THE CAUSE: software developed by 
Lockheed provided instructions to the 
engines in imperial system units while 
NASA had everything calculated in 
international system (metric) units.

                 125 million dollars...

https://upload.wikimedia.org/wikipedia/commons/1/19/Mars_Climate_Orbiter_2.jpg


NUCLEAR MASSES

• As a general rule, we do not have direct access to the masses of nuclei, but 
rather to the masses of atoms. 

• The relationship between the mass of an atom and that of the 
corresponding nucleus is given by

MASS OF A NUCLEUS ≈ (MASS OF AN ATOM) – (MASS OF THE ELECTRONS) 

• That is, since neutral atoms have an equal number of protons and 
neutrons, it follows that

• Atomic masses, m(X), are what is generally found tabulated. 

       



NUCLEAR MASSES 

In general we only have the atomic masses, mA, which include the electrons and their binding energies 
with the nucleus. Nuclear masses are therefore given by (for an element with Z protons and Z 
electrons)
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energy corresponding to the mass of the Z electrons

binding energy of the Z electrons

• The last term has energies of the order of eV up to KeV. Nuclear masses are of the order of A times 
the proton mass, that is, A × 1000 MeV. Therefore the binding-energy term can be neglected.

• The energies Ei would have to be added in this expression, because they decrease the mass/energy 
of the atoms.

atomic mass of AX



Example

a) mN = 18.02676 – 6 × 5.485803 × 10-4 = 18.02347 u

b) mN = 18.02347 × 1.660566 × 10-27 = 2.992916 × 10-26 Kg 

c) mN c2 = 2.992916 × 10-26 × 9 × 1016 = 2.693624 × 10-9 J

d) mN c2 = 2.693624 × 10-9 / 1.602189 × 10-19 = 1.681215 × 1010 eV = 1.681215 × 104 MeV

e) mN c2 = 18.02347 × 931.502 = 1.67889 × 104 MeV  

mA (18C) = 18.02676 u 

Problems 1, 2 and 3 from series 1



NUCLEAR BINDING ENERGIES 

The total mass of nuclei is LOWER than the sum of the masses of all the nucleons – this is why nuclei 
form – because they are more stable than their separate constituent particles. The energy 
corresponding to this mass difference is the binding energy of the nucleus, B, given by (by convention B 
> 0)
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total mass of the protons in the nucleus

total mass of the neutrons in the nucleus

mass of the nucleus (neglecting the binding energy of the electrons)[ ]!" #A%A −!"#
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NUCLEAR BINDING ENERGIES 

There are other ways to present the nuclear binding energy depending on the data we have 

The larger B is, the more stable the nucleus is, because it is more strongly bound. But what is truly 
important is the value of B/A – the binding energy per nucleon. This allows us to compare the 
stability of different nuclei – the larger B/A is, the more strongly bound each nucleon will be and the 
more stable the nucleus will be.
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NUCLEAR BINDING ENERGIES 

Calculation of the nuclear binding 
energy

Calculation of the nuclear 
mass

The binding energy per nucleon is



FUSION

FISSION

BINDING ENERGIES PER NUCLEON

Krane, p. 67

There is no 
fundamental 
theory that 
allows us to 

calculate these 
energies. They 

are fitted to 
reproduce the 

data.

Up to A≈ 60, B/A 
increases, 

decreasing slowly 
afterward. We can 
generate energy in 

two ways.

• NUCLEAR FUSION – Fusing nuclei with A < 60 to give other nuclei of that type (only beneficial 
up to Iron – after that, energy must be supplied – STARS!)

• NUCLEAR FISSION – Splitting nuclei with A > 60 to obtain lighter nuclei. 

Problem 4 from series 1



UNITS AND CONVERSIONS

S.I. Units          mass: kg (kilogram)          energy: J (Joule)

Relationship between mass and energy:     E = mc2 

c is the speed of light, c ≈ 3 × 108 m/s

Electron-volt (eV): is the energy that an electron (with charge q = 1.6 × 10-19 C) 
acquires when subjected to a potential difference (voltage) of ΔV = 1 Volt. From 
electromagnetism, that energy E is equal to 

       E = q ΔV = 1.6 × 10-19 J

    So, 

     1 eV =  1.6 × 10-19 J



BINDING ENERGY PER NUCLEON

A nucleus X is more stable the LARGER its binding energy per 
nucleon, B/A, is.



EXAMPLE



b) Magnesium (Mg) has atomic number Z = 12, so the nuclear masses are obtained 
by subtracting from the atomic masses 12 times the mass of an electron. The easiest way is 
to do the calculation in MeV (me = 0.511 MeV):

mN(24Mg) = m(24Mg) – Z × me = 22342.1  – 12 × 0.511 ≅	22336.0  MeV
mN(25Mg) = m(25Mg) – Z × me = 23274.4  – 12 × 0.511 ≅	23268.2  MeV

To obtain these values in u, just divide by the conversion factor,

mN(24Mg) = 22336.0/931.502  ≅	23.9785  u
mN(25Mg) = 23268.2/931.502  ≅	24.9792  u

And in kg, we have

mN(24Mg) = 23.9785 ×  1.660566 × 10-27 ≅	3.9818 × 10-26 kg
mN(25Mg) = 24.9792 ×  1.660566 × 10-27≅	4.1480 × 10-26 kg

c) The binding energies of each nucleus are obtained by subtracting the nuclear mass from 
the mass of all the protons and neutrons that make up each nucleus. The easiest way is to 
do the calculation in MeV – in that case, it is not necessary to take into account the factor c2 
in equation. But if the masses were in kilograms, the factor of c2 would have to be used to 
obtain energies in Joules.



Thus, with the proton mass mp = 938.280 MeV and the neutron mass mn = 939.573 MeV we 
have:

B(24Mg) = Z × mp + (A – Z) × mn – mN (24Mg) = 
               = 12 × 938.280  +   12 × 939.573  –  22336.0 ≅	198.24  MeV

B(25Mg) = Z × mp + (A – Z) × mn – mN (25Mg) = 
               = 12 × 938.280  +   13 × 939.573  –  23268.2 ≅	205.61  MeV

Note the different number of neutrons (12 and 13) for each nucleus.
To obtain these values in J, just multiply by the conversion factor,

B(24Mg) = 198.24 ×  1.6 × 10-13≅	3.17 × 10-11  J
B(25Mg) = 205.61 ×  1.6 × 10-13≅ 3.29 × 10-11  J

d) The most stable nucleus is the one with the LARGEST value of binding energy per 
nucleon, B/A. We have:

B(24Mg)/A  = 198.24/24 ≅ 8.26 
B(25Mg)/A  = 205.61/25 ≅ 8.22

The most stable nucleus is therefore 24Mg (despite having a smaller binding energy value!).
ATTENTION to the importance of using enough decimal places in intermediate 
calculations.


