
Nuclear Physics

The structure of the atom

- atoms - nucleus - protons and neutrons

- shell - electrons

- nuclear physics - processes at the level of atomic nuclei

- atomic physics - processes at the level of electron shells of atoms

- protons - one positive elementary electric charge

- electrons - one negative elementary charge

- neutrons - without electric charge

- the number of protons in the nucleus - the proton number Z - uniquely 

determines which element it is

- the number of neutrons in the nucleus - the neutron number N - can 

differ for individual atoms of the same element, then they are different 

isotopes of the same element
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- sum of protons and neutrons - nucleon number A

- schematic designation of the element nucleus: 𝒁
𝑨𝑿

- neutral atom - the number of electrons in the shell is the same as the 

number of protons in the nucleus

- positive ion - fewer electrons than protons - the positive charge of the 

nucleus predominates and the atom appears positively charged

- negative ion - more electrons than protons - the negative charge of the 

shell predominates and the atom appears negatively charged

- mass of protons and neutrons about 1800 times greater than the mass of 

electrons  almost all the mass of an atom is concentrated in the nucleus

- atomic diameters – about 10-10 m

- nucleus diameters – about 10-15 m
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Radioactivity

- nuclide - a collection of atoms with the same number of protons and the 

same number of neutrons

- nuclide - e.g. a collection of atoms 𝟗𝟐
𝟐𝟑𝟓𝑼 with 92 protons, 143 neutrons

- isotopes - nuclides of the same element (i.e. with the same number of 

protons), with different numbers of neutrons

- individual isotopes of elements either occur in nature or can be created 

artificially

- isotopes differ in physical properties, such as the stability of the nucleus

- stability of the nucleus - the ability of the core to remain in an unchanging 

state

- neutrons affect the distances of individual protons and thus the force ratios 

in the atomic nucleus – if the force conditions are unfavourable, the nucleus 

is unstable and will spontaneously transform into a more stable nucleus over 

time
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- radionuclides - unstable nuclides whose nuclei undergo spontaneous 

transformation accompanied by the emission of radiation

- radioactivity - the ability of unstable nuclei to spontaneously transmute

- the transformation can produce a nucleus that is again unstable or completely 

stable

General laws of radioactive transformations

- naturally occurring radioactive radionuclides - found in nature

x artificial radionuclides

- the conversion of radionuclides results in the emission of alpha particles (helium 

nuclei) or electrons or positrons, as well as high-energy photons (gamma 

radiation)

- radioactive transformations - in the nuclei of atoms, independent of external 

conditions

- random processes - governed by the laws of statistics; it is not possible to 

predict for individual nuclei whether they will transform or not in a certain time 

interval
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- decrease in the number of untransmuted radioactive nuclei -dN from the

original number N in time dt: - dN = N  dt 

 transformation (decay) law: 𝑵 = 𝑵𝟎𝒆
−𝝀𝒕, where

N - instantaneous number of original nuclei in time t,

N0 - original number of nuclei in time 0

 - decay constant expressing the rate of conversion of a given 

radionuclide

- radionuclide characteristics - half-life T1/2 - the mean time for the original 

number of atoms of a given radionuclide to be halved

- after substitution into the decay law: 𝑻 Τ𝟏 𝟐 =
𝐥𝐧 𝟐

𝝀
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Example 11.31:

The T1/2 half-life of the radionuclide 𝟑𝟖
𝟗𝟎𝑺𝒓 is 29 years. Calculate its decay 

constant λ.

[λ = 7.58⋅10-10 s-1]
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- the T1/2 half-life value is characteristic of a particular radionuclide

- half-lives of known radionuclides over a wide range T1/2  10-7 – 1022 s

- according to the mode of radioactive conversion, alpha conversion and 

beta conversion are distinguished

Alpha conversion

- particle  (nucleus 𝟐
𝟒𝑯𝒆) emitted from the nucleus

- the nucleon number decreases by 4 and the proton number decreases 

by 2

- specific example: 𝟖𝟖
𝟐𝟐𝟔𝑹𝒂 → 𝟖𝟔

𝟐𝟐𝟐𝑹𝒏 + 𝟐
𝟒𝑯𝒆
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- energy of emitted  particles – in the range 4 - 9 MeV

- alpha conversion is exclusively for heavy radionuclides

Beta conversion

- the nucleon number of nucleus A does not change, only the proton 

number Z changes

- conversion of beta in two different ways:

1) conversion of  - - electron and antineutrino emission from the nucleus

- the neutron turned into a proton and the electron (electron is particle  -)

- specific example: 𝟐𝟕
𝟔𝟎𝑪𝒐 → 𝟐𝟖

𝟔𝟎𝑵𝒊 + −𝟏
𝟎𝒆 + ഥ𝝂 , T1/2 = 5.26 year
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Beta conversion

2) conversion of  + - positron and neutrino emission from the nucleus

- positron - antiparticle to electron

- the proton turned into a positron and a neutron (positron is particle  +)

- specific example: 𝟏𝟏
𝟐𝟐𝑵𝒂 → 𝟏𝟎

𝟐𝟐𝑵𝒆 + 𝟏
𝟎𝒆 + 𝝂, T1/2 = 2.58 year

- energy of emitted  particles max. units of MeV

- beta conversion is even for lighter radionuclides
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Oxygen isotopes, their abundance in nature and, for unstable ones, the 

types of conversions:
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Gamma ray emission

- usually accompanies alpha or beta transformations

- excess energy is emitted after the transition to the ground state in the 

form of gamma rays, i.e. photons with very short wavelengths and 

energies up to several MeV

- specific example: 𝟖𝟔
𝟐𝟐𝟐𝑹𝒏(𝐞𝐱𝐜𝐢𝐭𝐞𝐝 𝐬𝐭𝐚𝐭𝐞) → 𝟖𝟔

𝟐𝟐𝟐𝑹𝒏(𝐛𝐚𝐬𝐢𝐜 𝐬𝐭𝐚𝐭𝐞) + 𝜸
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Release of nuclear energy

Example of fusion: 𝟏
𝟐𝑯+ 𝟏

𝟐𝑯 → 𝟐
𝟒𝑯𝒆

Example of fission: 𝟗𝟐
𝟐𝟑𝟓𝑼 → 𝟓𝟕

𝟏𝟒𝟒𝑳𝒂 + 𝟑𝟓
𝟖𝟗𝑩𝒓 + 𝟐𝟎

𝟏𝒏
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- energy can be released by combining light nuclei into heavier ones, 

which are in the region of the most stable nuclei, or by splitting heavy 

nuclei into lighter ones again in the region of the most stable nuclei - see 

Fig.

- fusion of light nuclei - thermonuclear reaction or nuclear fusion - takes 

place spontaneously in the nuclei of stars

- the mass of the Sun consists mainly of hydrogen nuclei and free 

electrons; a small fraction of helium nuclei and traces of lithium nuclei

- a high temperature of the order of 107 K is necessary for nuclear fusion, 

because the nuclei are positively charged and must have sufficient 

energy to overcome the repulsive electrostatic forces and come within the 

range of the nuclear forces, i.e. at a distance of 10-15 m
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Example 11.19:

The deuteron consists of one proton and one neutron. When this particle 

is assembled from both simpler ones, the so-called mass loss Δm occurs, 

i.e. the sum of the rest masses of the proton mp and the neutron mn is just 

Δm greater than the rest mass of the deuteron md. Calculate the binding 

energy of the deuteron nucleus.

Values from the tables for the rest masses of the three particles and the 

speed of light c: 

mp = 1.6722⋅10-27 kg, 

mn = 1.6744⋅ 10-27 kg, 

md = 3.3426⋅ 10-27 kg, 

c = 3⋅108 m/s. 

[E = 2.25 MeV]
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Examples of some of the reactions taking place in the Sun's core and the 

amount of energy released:
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Artificially achieving nuclear fusion:

- uncontrolled reaction - by detonating a hydrogen bomb

- controlled reaction - in devices called tokamak

- the controlled reaction has not yet been technically mastered to the 

point where it can be used to produce energy

Fission of heavy nuclei:

- uncontrolled reaction - nuclear explosion

- controlled reaction - in fission nuclear reactors

- controlled fission chain reaction was technically mastered since 1942 

(first nuclear reactor in the USA)

- fission nuclear reactors - in nuclear power stations for power generation 

or as a source of neutrons for scientific research
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