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Atomic nucleus

⚫ The atomic nucleus is the small, dense region consisting of protons and 

neutrons at the center of an atom, discovered in 1911 by Ernest Rutherford 

based on the 1909 Geiger–Marsden gold foil experiment.

⚫ The nucleus of an atom of atomic number Z and mass number A consists of Z 

protons and N = A – Z neutrons.

⚫ The atomic masses of all individual atoms are nearly integers, and A gives the 

total number of nucleons (i.e., protons and neutrons) in the nucleus.

⚫ A species of atom, characterized by its nuclear constitution—its values of Z and 

A (or N)—is called a nuclide.

⚫ Nuclides of an element that have different A (or N) are called isotopes; nuclides 

having the same number of neutrons are called isotones.
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Nuclear potential

⚫ Nucleons are bound together in a nucleus by the action of the strong, or nuclear 

force. The range of this force is only of the order of nuclear dimensions, ∼10–15

m, and it is powerful enough to overcome the Coulomb repulsion of the protons 

in the nucleus.

Force between two nucleons (p-n) as 

a function of distance

Corresponding potential energy of two 

nucleons as a function of distance 

0.8 fm
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Nuclear dimensions

⚫ 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 nucleons 

is very nearly the same in the interiors of all nuclei.

⚫ An effective spherical nuclear radius is

⚫ The mass density of a nucleus is nearly constant 

due to short range nature of nuclear force

𝜌𝑛𝑢𝑐𝑙𝑒𝑢𝑠 =
𝑚𝑛𝑢𝑐𝑙𝑒𝑢𝑠

𝑉𝑛𝑢𝑐𝑙𝑒𝑢𝑠
=

𝐴/𝑁𝐴
( Τ4 3)𝜋𝑅3

𝑅 = 𝑅0𝐴
1/3 (𝑅0 ≈ 1.2 × 10−15 m)

≈ 2.3 × 1014
g

cm3 ≈ constant

⚫ Fermi model
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Atomic mass

⚫ Atomic masses refer to the masses of 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 or amu), which are so defined 

that the mass of a 6
12C atom, the most abundant isotope of carbon, is exactly 12 

amu.
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Nuclear mass

⚫ An atom of 𝑍
𝐴𝑋 is formed by combining Z electrons with its nucleus to form the 

neutral atom. As these electrons bind to the nucleus, energy is emitted equal to 

the binding energy of the electrons.

⚫ To remove all the electrons from the atom would thus require an ionization 

energy of BEZe. This electron binding energy comes from a decrease in the 

mass of the atom compared to the sum of nuclear and electron masses, by an 

amount BEZe/c
2. Thus, atomic and nuclear masses are related by

⚫ The binding energy term in this relation is often neglected since it is always very 

small compared to the other terms. For example, it requires 13.6 eV to ionize the 

hydrogen atom. This electron binding energy represents a mass change of 

BE1e/c
2 = 13.6 (eV)/931.49 (MeV/u) = 1.4×10−8 u. This mass change is 

negligible compared to the mass of the hydrogen atom and nucleus (each about 

1 u) and even the electron (about 5.5 × 10−4 u).

Atomic mass Nuclear mass

𝑚 Z
𝐴𝑋 = 𝑚 Z

𝐴𝑋 nucleus + 𝑍𝑚𝑒 −
BE𝑧𝑒
𝑐2
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Missing mass

➢ The “missing” mass (0.002388 u) correspond to energy given off when a 1
2H

nucleus is formed from a free proton and neutron.

0
1n + 1

1H → 1
2H
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Binding energy

⚫ To examine the energies involved with nuclear forces in the nucleus, consider 

the binding energy of a nucleus composed of Z protons and N = A − Z neutrons. 

The formation of such a nucleus from its constituents is described by the 

reaction

⚫ The binding energy is determined from the change of mass between the left- and 

right-hand sides of the reaction, i.e.,

Mass defect =
BE

𝑐2
= 𝑍𝑚𝑝 + 𝑁𝑚𝑛 −𝑚 Z

𝐴𝑋 nucleus

⚫ In terms of atomic masses, we obtain the binding energy as follows.

Mass defect =
BE

𝑐2
= 𝑍𝑚𝑝 + 𝑁𝑚𝑛 −𝑚 Z

𝐴𝑋 + 𝑍𝑚𝑒 −
BE𝑧𝑒
𝑐2

BE Z
𝐴𝑋 = 𝑍𝑚 1

1H + 𝑁𝑚𝑛 −𝑚 Z
𝐴𝑋 𝑐2
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Binding energy

⚫ The binding energy 𝐸𝑏 in MeV of the nucleus 𝑍
𝐴𝑋, which has 𝑁 = 𝐴 − 𝑍 neutrons, 

is given by
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Binding energy

⚫ Mass excess ∆ = 𝑚 𝑍
𝐴𝑋 − 𝐴

0
1n + 1

1H → 1
2H + 0

0𝛾 Appendix D
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Binding energy per nucleon (𝑬𝒃/𝑨)
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Liquid-drop model

⚫ The liquid drop model, was first proposed by George Gamow and further 

developed by Niels Bohr and John Archibald Wheeler.

⚫ It treats the nucleus as a drop of incompressible fluid of very high density, held 

together by the nuclear force (a residual effect of the strong force), there is a 

similarity to the structure of a spherical liquid drop.

⚫ While a crude model, the liquid drop model accounts for the spherical shape of 

most nuclei, and makes a rough prediction of binding energy.

⚫ Semi-empirical binding energy formula
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Liquid-drop model

⚫ The semi-empirical binding energy per nucleon curve (first 3 terms only)
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Chart of nuclides

⚫ The tendency for N to equal Z follows from 

the existence of nuclear energy levels.

⚫ Energy levels in nuclei are filled in sequence, 

just as energy levels in atoms are, to 

achieve configurations of minimum energy 

and therefore maximum stability.

⚫ Sixty percent of stable nuclides have both 

even Z and even N; these are called “even-

even” nuclides.

http://atom.kaeri.re.kr/nuchart/

http://atom.kaeri.re.kr/nuchart/
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Nuclear reactions

⚫ Nuclear reactions play a very important role in nuclear science and engineering, 

since it is through such reactions that various types of radiation are produced or 

detected, or information about the internal structure of a nucleus is gained. 

There are two main categories of nuclear reactions.

⚫ Binary reactions: two nuclear particles (nucleons, nuclei or photons) interact to 

form different nuclear particles. The most common types of such nuclear 

reactions are those in which some nucleon or nucleus x moves with some kinetic 

energy and strikes and interacts with a nucleus X to form a pair of product nuclei 

y and Y , i.e.,

⚫ Radioactive decay: the initial reactant X is a single atom or nucleus that 

spontaneously changes by emitting one or more particles, i.e.,
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Examples of binary nuclear reactions
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Kinematics of nuclear reactions
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Kinematics of nuclear reactions

⚫ Conservation of momentum
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Kinematics of nuclear reactions

⚫ Conservation of energy



20 Introduction to Nuclear Engineering, Fall 2022

⚫ Conservation of energy

Kinematics of nuclear reactions
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Nuclear decay
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Alpha decay

⚫ In alpha decay the number of protons and neutrons is conserved by producing a 
4He nucleus (α-particle) and lowering the parent’s A and Z by 4 and 2, 

respectively, i.e.,

⚫ The energetic alpha particle slows down in moving through the absorber medium 

and captures two electrons from its surroundings to become a neutral 4He atom.

⚫ Typical kinetic energies of alpha particles released by naturally occurring 

radionuclides are between 4 MeV and 9 MeV, corresponding to a range in air of 

about 1 cm to 10 cm, respectively, and in tissue of about 10−3 cm and 10−2 cm, 

respectively.

~30 MeV
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Kinematics of alpha decay

⚫ The energy 𝑄 released in the decay arises from a net loss in the masses 𝑀Ra, 

𝑀Rn, and 𝑀He of the radium, radon, and helium nuclei:

⚫ The 𝑄 value is shared by the alpha particle and the recoil radon nucleus, and we 

can calculate the portion that each acquires

⚫ In terms of atomic mass difference:

= 0.09 MeV
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Decay-scheme diagram

Internal conversion = 2.2%

(Not shown in diagram)

Energy

Z
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Beta decay

⚫ In beta decay, a nucleus simultaneously emits an electron, or negative beta 

particle, −1
0𝛽, and an antineutrino, 0

0 ҧ𝜈.

⚫ The energy 𝑄 released in the decay arises from a net loss in the masses 𝑀Co, 

𝑀Ni, and one electron (𝑚):

⚫ The 𝑄 value is shared by the beta particle, antineutrino, and recoil 60Ni nucleus.

⚫ In terms of atomic mass difference:
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Beta decay

⚫ Depending on the relative directions of the momenta of the three decay products 

(𝛽–, ҧ𝜈, and recoil nucleus), 𝐸𝛽– and 𝐸ഥ𝜈 can each have any value between zero 

and 𝑄. Thus the spectrum of beta-particle energies 𝐸𝛽– is continuous, with 0 ≤

𝐸𝛽– ≤ 𝑄, in contrast to the discrete spectra of alpha particles.
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Gamma decay

⚫ A nucleus can exist in states whose energies are higher than that of its ground 

state, just as an atom can. An excited nucleus is denoted by an asterisk after its 

usual symbol, for instance 38
87Sr∗.

⚫ Excited nuclei return to their ground states (lifetime ~ 10-10 s) by emitting 

photons whose energies correspond to the energy differences between the 

various initial and final states in the transitions involved. The photons emitted by 

nuclei range in energy up to several MeV are traditionally called gamma rays.

⚫
60Co gamma-rays: actually emitted by the daughter 60Ni nucleus

56
137mBa

(T1/2 ~ 2.55 min)

“metastable”
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Gamma decay

Internal conversion = 10%

(Not shown in diagram)
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Internal conversion

⚫ Internal conversion is the process in which the energy of an excited nuclear state 

is transferred to an atomic electron, most likely a K- or L-shell electron, ejecting it 

from the atom. It is an alternative to emission of a gamma photon from the 

nucleus. Do not confuse with photoelectric effect (external conversion).

⚫ The kinetic energy of the ejected atomic electron is very nearly equal to the 

excitation energy 𝐸∗ of the nucleus minus the binding energy 𝐸𝐵 of the electron 

in its atomic shell:

𝐸𝑒 = 𝐸∗ − 𝐸𝐵

⚫ The internal conversion coefficient 𝛼 for a 

nuclear transition is defined as the ratio of the 

number of conversion electrons 𝑁𝑒 and the 

number of competing gamma photons 𝑁𝛾 for 

that transition:

𝛼 =
𝑁𝑒
𝑁𝛾

~
𝑍3

𝐸∗

⚫ Since internal conversion necessarily leaves an inner-atomic-shell vacancy, 

characteristic X-rays and/or Auger electrons of the daughter are always emitted.
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Electron capture

⚫ Some nuclei undergo a radioactive transformation by capturing an atomic 

electron, usually from the K shell, and emitting a neutrino.

⚫ The captured electron releases its total mass, 𝑚 − 𝐸𝐵, to the nucleus when it is 

absorbed there, 𝐸𝐵 being the mass equivalent of the binding energy of the 

electron in the atomic shell. Therefore, the energy released is given by

⚫ Since electron capture necessarily leaves an inner-atomic-shell vacancy, 

characteristic X-rays and/or Auger electrons of the daughter are always emitted.

⚫ Since the palladium atom has one more electron than the rhodium atom, it 

follows that (neglecting the small difference in the electron binding energies) 𝑄 is 

equal to the difference in the two atomic masses, less the energy 𝐸𝐵.

Q is acquired by the neutrino
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Electron capture
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Positron decay

⚫ Some nuclei, such as 11
22Na, disintegrate by emitting a positively charged electron 

(positron, 𝛽+) and a neutrino:

⚫ Positron decay has the same net effect as electron capture, reducing Z by one 

unit and leaving A unchanged. The energy released is given in terms of the 

masses of the sodium and neon nuclei by

⚫ In terms of atomic mass:

⚫ In terms of atomic mass difference:

Positron decay occurs only when Δ𝑃 > Δ𝐷 + 1.022 MeV
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Positron decay

⚫ A positron slows down in matter and then annihilates with an atomic electron, 

giving rise to two photons, each having energy 0.511 MeV and traveling in 

opposite directions.

⚫ Electron capture and positron decay are competitive processes:
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Summary of nuclear radiation
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Homework

⚫ J. Turner, Atoms, Radiation, and Radiation Protection, Wiley (2007), chapter 3

Problems: 5, 15, 16, 30


