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Nuclear Physics
L3 Fundamental Physics

Chapter 01

The atomic nucleus



I. The atomic nucleus A Short story of nucleus

Before the nucleus, it was the atom

Démocrite

(460-370 A.C), Grèce

(الدولة الأموية)أبو موسى جابر ابن حيان 

(721-815)

Jabir ibn Hayyan

John DALTON

(1766-1844), UK

Ludwig Eduard BOLTZMANN

(1844-1906), Austria

The concept «Atomos» is an ancient philosophical and scientific perception of the matter

constitution. This concept was very controversial (until 1800’s), as long as no one could see

these atoms: a tiny and indivisible blocks of the matter.



William CROOKES

(1832-1919), UK

CROOKES-HITTORF Tube ~ 1870

∆𝑽~(𝟏 − 𝟏𝟎)𝒌𝑽

CathodeAnode

"ubi Crookes ubi lux"

Johann W. HITTORF

(1824-1914), Prussia

Cathodic Rays
Wilhelm Röntgen 

(1845-1923), DE

- Discovery of X-

Rays in November

1895

- Realization of the

first X-rays

radiography in

December1985



In 1886, the first observation of protons was done by E. Goldstein, when he

was studying the cathodic rays with a modified Crookes tube. This tube

was equipped with perforated placed in the middle of the tube. This plaque

was connected to a negative potential to prevent electrons to travel to the

second compartment of the tube, nevertheless, another positive rays was

observed in this part of the tube, but without being identified exactly.Eugen GOLDSTEIN

(1850-1930) Germany

Further works conducted by E.

Rutherford (during 1910-1914n then

in 1917-1919) led him to confirm that

the hydrogen nucleus was made

from a unique positive charged

particle (+𝒆), baptized as “proton”



Sir. Joseph John THOMSON

(1856-1940), UK

Using Crookes tubes, J.J. Thomson conducted series of experiences in

Cavendish Laboratory (Cambridge) to understand the nature of the

cathodic rays, in 1897. He was able to conclude that these glowing rays

were made from an elementary entities, with negative electrical charge,

called “electron” (proposed and studied by Goerge Stoney in 1874)

According to these experiences, and on the

basis of contemporary scientific results about

decay radiations discovered during the end of

19th century, J.J. Thomson proposed finally

his model of the atom in 1904, known by

« Plum pudding model »: this model

considered the atom as a positively charged

volume in which equivalent negative electrons

bathe, ensuring an neutral charge of the atom.
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Ernest Rutherford

(1871-1937), New-Zealand

?

Thomson Model



The famous experience of Marsden & Geiger, realized under the

supervision of E. Rutherford (1908), confirmed the earlier results found

by Rutherford himself (Univ. McGill), about the composition of the

atom. This gave birth to the atomic nucleus model in its primitive

version in 1911.

          
      

𝒅𝝈

𝒅
=

𝒒𝑸

𝟏𝟔𝝅𝝐𝟎𝑬𝒄

𝟐
𝟏

𝒔𝒊𝒏𝟒 Τ𝜽 𝟐



Walther BOTHE

(1891-1957) Germany)

Fréderic & Irène JOLIOT-CURIE

(1900-1958, 1897-1956, France)

1930: Using the following reactions :

𝜶 + 𝑳𝒊; 𝜶 + 𝑩𝒆; 𝜶 + 𝑩

W. ROETHE was able to detect highly

energetic and very penetrating neutral

rays. It suggested that it was a kind of

high-energy 𝜸 rays (HEGR)

1931: Frederic & Irene JOLIOT-CURIE were interested to

these research works also, and they succeeded to

determine that such 𝜸 − 𝒓𝒂𝒚𝒔 should carry a very high

energy around 𝑬𝜸 ≅ 𝟓𝟓𝑴𝒆𝑽 to be able to stroke H nuclei

with a kinetic energy 𝑬𝒑 ≅ 𝟓. 𝟕𝑴𝒆𝑽



James CHADWICK

(1891-1974) U.K

1932: J. CHADWICK, was not convinced about ROETHE and JOLIOT-CURIEs deduction, he used the same

process based on the nuclear reaction: 𝜶 + 𝑩𝒆 → 𝟔
𝟏𝟐𝑪 + 𝒓𝒂𝒚𝒔

On the basis of the abandoned model of his mentor Rutherford (about the existence of another particle in the

nucleus), Chadwick was able to explain that the observed highly penetrating rays was not a 𝜸 − 𝒓𝒂𝒚𝒔 but a

massive neutral particle rays (~1uma) named initially “neutrino”, adjusted later as “neutron”.



Atomic Nucleus (Noyau Atomique)

Neutron
𝒒𝒏 = 𝟎

Proton
𝒒𝒑 = +𝒆

The elementary electric charge :

𝑞𝑝 = +1.6 × 10−19𝐶

𝑞𝑛 = 0C

I. The atomic nucleus Atomic nucleus structure



𝟏 𝒖. 𝒎. 𝒂 = 𝟏. 𝟔𝟔𝟎𝟓𝟒 × 𝟏𝟎−𝟐𝟕𝒌𝒈 =
𝟏

𝟏𝟐
𝒎𝟏𝟐𝑪

Nuclear (atomic) mass unit:

I. The atomic nucleus Atomic nucleus structure



• Nucleon: designate the constituent
of the nucleus: neutron or proton

• Element: designate a configuration
of nucleons defined by its atomic
number Z

• Isotope: designate a configuration
with for the same element (Z) but
with specific N neutrons.

• Isotone: They are isotopes with the
same number of neutrons N.

• Isobar: designate isotopes with
same number of mass A.

I. The atomic nucleus Atomic nucleus structure



Nuclear dimension:

Rutherford experiment allowed to establish the

order of magnitude or a limit of the nuclear

dimension, which is 105 times smaller than the

atomic dimension.

~ ሶ𝑨(𝟏𝟎−𝟏𝟎𝒎)

~𝑭 (𝟏𝟎−𝟏𝟓𝒎)

𝑹𝑨

𝑹𝑵
≈ 𝟏𝟎𝟓

The nucleus radius could be estimated

proportionally to its mass number A as

follows:

𝑹 = 𝑹𝟎𝑨𝟏/𝟑

with: 𝑅0 ≈ 1.2 × 10−15𝑚 ≡ 1.2𝑓𝑚

I. The atomic nucleus Atomic nucleus structure



Exercise 1: 1𝑢 = 1.66 × 10−27𝑘𝑔

I. The atomic nucleus Atomic nucleus structure



Exercise 1: 1𝑢 = 1.66 × 10−27𝑘𝑔

I. The atomic nucleus Atomic nucleus structure



Exercise 2:

I. The atomic nucleus Atomic nucleus structure



Exercise 2:

I. The atomic nucleus Atomic nucleus structure



Spin and magnetic moment:

As the electron, the neutron and proton are

considered as fermions with spin quantum number:

𝒔𝒑 = 𝒔𝒏 =
𝟏

𝟐

This means they have spin angular momenta:

෡𝑺 = 𝒔(𝒔 + 𝟏)ℏ =
𝟑

𝟐
ℏ

And spin magnetic quantum numbers:

𝒎𝒔 = ±
𝟏

𝟐

The spin of nucleus are related to nuclear magneton by:

𝝁𝑵 =
𝒆ℏ

𝟐𝒎𝒑
= 𝟑. 𝟏𝟓 × 𝟏𝟎−𝟖

𝒆𝑽

𝑻

Thus, the magnetic moment related to the spin of

each nucleon has a component given as:

𝝁𝒑𝒛 = ±𝟐. 𝟕𝟗𝟑𝝁𝑵

𝝁𝒏𝒛 = ∓𝟏. 𝟗𝟏𝟑𝝁𝑵

In such a way, in the presence of magnetic field of

constant intensity 𝐵[𝑇], both nucleus will have a

potential magnetic energy:

𝑼𝒎 = −𝝁𝒛𝑩

I. The atomic nucleus Atomic nucleus structure



Magnetic energy:

IN the case of H nucleus (one

proton), in the presence of

magnetic field, each state of

angular moment of the nucleus is

split into two components, in

similar way in the Zeeman effect

for the atomic electrons.

The both states are separated by

an energy gap:

∆𝑬 = 𝟐𝝁𝒑𝒛𝑩

When the nucleus switch from an upper state to

a lower one, it will emit a photon, with a

frequency given by Larmor relation:

ν𝒑 =
∆𝑬

𝒉
=

𝟐𝝁𝒑𝒛𝑩

𝒉

I. The atomic nucleus Atomic nucleus structure



Exercise 3:

I. The atomic nucleus Atomic nucleus structure



Exercise 3:

I. The atomic nucleus Atomic nucleus structure



I. The atomic nucleus Atomic nucleus structure



Natural abundance of isotopes

I. The atomic nucleus Binding energy



stable nuclei

Neutrons N

P
ro

to
n
s 

Z

𝟏
𝟏𝑯

99.9885%
𝟏
𝟐𝑯

0.0115% 𝟏
𝟑𝑯

𝟐
𝟒𝑯𝒆

99.9998%
𝟐
𝟑𝑯𝒆

0.00017%

𝟑
𝟔𝑳𝒊
7.5%

𝟑
𝟕𝑳𝒊

92.5%

𝟎
𝟏𝒏

𝟒
𝟗𝑩𝒆
100%

𝟓
𝟏𝟎𝑩
19.9%

𝟓
𝟏𝟏𝑩
80.1%

𝟔
𝟏𝟐𝑪

98.93%
𝟔

𝟏𝟑𝑪
1.07%

𝟔
𝟏𝟒𝑪
traces

Emilio Gino SERGE

(IT-USA: 1905-1989)

Diagramme de Sergé (1945)

B
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d
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g
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n
er

g
y



Charte des Nucléides de Karlsruhe

Last edition in 2018 
with 118 nucleides

1st edition in 1958 
with 102 nucleides

B
in

d
in

g
 e

n
er

g
y Nuclide chart



Binding energy

Stable nuclei:

The nuclide chart shows that light isotopes (𝑨 < 𝟐𝟎) have

approximatively equivalent atomic and neutron numbers:

𝒁 ≡ 𝑵

Hence, for heavy nuclides, the proportion of neutrons becomes

more important.

One of the reasons behind this shift of the stability curve from

the line 𝒁 = 𝑵, is the Coulomb repulsion existing between

positive nucleons (protons), which increases consequently

when their number is increased.

I. The atomic nucleus



𝜷+

𝜷−

𝑺𝒕𝒂𝒃𝒍𝒆

𝜶
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er

g
y Stable and unstable nuclides

Weak Nuclear interaction



Nucleon structure:

In the most recent theory of physics about

nuclear and subatomic structure of the

nucleus and its nucleons:

• Proton: 3 quarks = 1down+2up

• Neutron: 3 quarks = 1up+2down

Strong Nuclear Interaction:

The short-range force (Strong nuclear

interaction) that binds nucleons into nuclei is

by far the strongest type of force known. It

acts on short range (~𝟏𝟎−𝟏𝟓 ≡ 𝒇𝒎).

• It is very attractive at longer distances and

repulsive at shorter ones.

• It is responsible on the cohesion and the

stability of the nucleus.

I. The atomic nucleus Binding energy



I. The atomic nucleus

Nuclear, subatomic, and

elementary particles



The theoretical estimation of the rest mass of

a given nucleus, made from 𝒁 protons and 𝑵

neutrons, is : 𝑴𝒕𝒉 = 𝒁𝒎𝒑 + 𝑵𝒎𝒏

Experimentally speaking, the rest mass of

this nuclide is given by an empirical

(measured) value: 𝑨 = 𝑴𝒆𝒙𝒑 = 𝑴𝑵 which is

quite different from the theoretical value 𝑴𝒕𝒉.

The difference between both values:

∆𝑴 = 𝑴𝒕𝒉 − 𝑴𝒆𝒙𝒑

Is know to be mass excess, with an equivalent

energy (Einstein equivalence):

𝑬𝑩 𝒁, 𝑵 = ∆𝑴 𝒁, 𝑨 𝒄𝟐[𝑴𝒆𝑽]

I. The atomic nucleus Binding energy



In other words, if the nucleus of deuterium is

stroked by a 𝜸 − 𝒓𝒂𝒚𝒔 carrying an energy :

𝑬𝜸 ≥ 𝟐. 𝟐𝟐𝟒𝑴𝒆𝑽

It is quite likely that it will be broken into its

elementary components :

Thus, the following energy (conventionally

defined as positive value):

𝑬𝑩 𝒁, 𝑵 = 𝑩 𝒁, 𝑵 = ∆𝑴 𝒁, 𝑨 𝒄𝟐[𝑴𝒆𝑽]

Represent the necessary energy to preserve

the nucleus cohesion, hence the name:

Nuclear Binding Energy

It represents the total contribution in

equivalent mass of all nucleons to maintain

the existence of their nucleus.

I. The atomic nucleus Binding energy



Binding energy of a nucleus:

One can perform the numerical computation of the

average binding energy for each existing isotope, since

the experimental measure of its rest mass is available:

Isotope(Z,N) Mass [u.m.a] 𝑬𝑩 [𝑴𝒆𝑽]

1
2𝐻(𝐷) 2.014102 𝟐. 𝟐𝟐𝟒𝟒𝟎

1
3𝐻(𝑇) 3.016049 𝟖. 𝟒𝟖𝟐𝟏𝟖

2
3𝐻𝑒 3.016029 𝟕. 𝟕𝟏𝟖𝟑𝟓

2
4𝐻𝑒 4.002603 𝟐𝟖. 𝟐𝟗𝟓𝟗𝟗

3
6𝐿𝑖 6.015122 𝟑𝟏. 𝟗𝟗𝟒𝟗𝟓

3
7𝐿𝑖 7.016928 𝟑𝟖. 𝟑𝟖𝟒𝟎𝟕

6
12𝐶 12.000000 𝟗𝟐. 𝟏𝟔𝟐𝟎𝟏

8
16𝑂 15.994915 𝟏𝟐𝟕. 𝟔𝟏𝟗𝟑𝟑

11
23𝑁𝑎 22.989770 𝟏𝟖𝟔. 𝟓𝟔𝟒𝟐𝟖

13
27𝐴𝑙 26.981538 𝟐𝟐𝟒. 𝟗𝟓𝟑𝟎𝟏

26
56𝐹𝑒 55.934942 𝟒𝟗𝟐. 𝟐𝟓𝟓𝟒𝟔

29
63𝐶𝑢 62.929601 𝟓𝟓𝟏. 𝟑𝟖𝟐𝟗𝟖

47
107𝐴𝑔 106.905093 𝟗𝟏𝟓. 𝟐𝟔𝟗𝟐𝟓

79
197𝐴𝑢 196.966552 𝟏𝟓𝟓𝟗. 𝟒𝟎𝟕𝟔𝟐

82
208𝑃𝑏 207.976636 𝟏𝟔𝟑𝟔. 𝟒𝟓𝟐𝟒𝟐

92
235𝑈 235.043928 𝟏𝟖𝟎𝟏. 𝟕𝟎𝟐𝟐𝟓

99
252𝐸𝑠 252.082972 𝟏𝟖𝟕𝟗. 𝟐𝟒𝟎𝟕𝟓

𝑬𝑩 = 𝒁𝒎𝒑 + 𝑵𝒎𝒏 − 𝑴(𝒁, 𝑵) 𝒄𝟐

I. The atomic nucleus



The most convenient information is obtained via the

average binding energy by nucleon :

Isotope(Z,N) Mass [u.m.a] 𝑬𝑩 /𝑨[𝑴𝒆𝑽]

1
2𝐻(𝐷) 2.014102 𝟏. 𝟏𝟏𝟐𝟐𝟎𝟒

1
3𝐻(𝑇) 3.016049 𝟐. 𝟖𝟐𝟕𝟑𝟗𝟒

2
3𝐻𝑒 3.016029 𝟐. 𝟓𝟕𝟐𝟕𝟖𝟔

2
4𝐻𝑒 4.002603 𝟕. 𝟎𝟕𝟑𝟗𝟗𝟖

3
6𝐿𝑖 6.015122 𝟓. 𝟑𝟑𝟐𝟒𝟗𝟐

3
7𝐿𝑖 7.016928 𝟓. 𝟒𝟖𝟑𝟒𝟑𝟗

6
12𝐶 12.000000 𝟕. 𝟔𝟖𝟎𝟏𝟔𝟖

8
16𝑂 15.994915 𝟕. 𝟗𝟕𝟔𝟐𝟎𝟗

11
23𝑁𝑎 22.989770 𝟖. 𝟏𝟏𝟏𝟒𝟗

13
27𝐴𝑙 26.981538 𝟖. 𝟑𝟑𝟏𝟓𝟗𝟑

26
56𝐹𝑒 55.934942 𝟖. 𝟕𝟗𝟎𝟐𝟕𝟔

29
63𝐶𝑢 62.929601 𝟖. 𝟕𝟓𝟐𝟏𝟏𝟏

47
107𝐴𝑔 106.905093 𝟖. 𝟓𝟓𝟑𝟗𝟏𝟖

79
197𝐴𝑢 196.966552 𝟕. 𝟗𝟏𝟓𝟕𝟕𝟓

82
208𝑃𝑏 207.976636 𝟕. 𝟖𝟔𝟕𝟓𝟔

92
235𝑈 235.043928 𝟕. 𝟓𝟕𝟎𝟏𝟕𝟖

99
252𝐸𝑠 252.082972 𝟕. 𝟒𝟓𝟕𝟑𝟎𝟓

𝑬𝑩/𝑨 =
𝒁𝒎𝒑 + 𝑵𝒎𝒏 − 𝑴 𝒁, 𝑵

𝑨
𝒄𝟐

~𝟑𝟎𝟎 𝑺𝒕𝒂𝒃𝒍𝒆 𝑰𝒔𝒐𝒕𝒐𝒑𝒆𝒔

𝑼𝟐𝟑𝟓

𝑯𝟏

𝑯𝟐

𝑯𝟑

𝑯𝒆𝟑

𝑯𝒆𝟒 𝑪𝟏𝟐

𝑶𝟏𝟔

𝑭𝒆𝟓𝟔

𝑳𝒊𝟔

I. The atomic nucleus



I. The atomic nucleus Binding energy

In such representation of

binding energy per

nucleon, it is possible to

understand the feasibility

of both nuclear processes:

- fusion with light

nuclides;

- fission with heavy

nuclides

HH



I. The atomic nucleus Binding energy

Separation energy:

To separate the last nucleon or a set of

nucleons from a given nuclide, one need to

provide an energy defined by:

𝑺𝒊 = 𝑴′ 𝒁 − 𝒛, 𝑵 − 𝒏 + 𝒎 𝒛, 𝒏 − 𝑴 𝒁, 𝑵

Where:

𝒁, 𝑵: atomic and neutron numbers of the original

nuclide

𝒛, 𝒏: atomic and neutron numbers of the separated

nucleon/set of nucleons

It is possible to estimate such energy for

specific particles:

• Separation energy of neutron:

𝑺𝒏 = 𝑴′ 𝒁, 𝑵 − 𝟏 + 𝒎𝒏 − 𝑴 𝒁, 𝑵

• Separation energy of proton:

𝑺𝒑 = 𝑴′ 𝒁 − 𝟏, 𝑵 + 𝒎𝒑 − 𝑴 𝒁, 𝑵

• Separation energy of alpha:

𝑺𝜶 = 𝑴′ 𝒁 − 𝟐, 𝑵 − 𝟐 + 𝒎𝜶 − 𝑴 𝒁, 𝑵

In terms of binding energy per nucleon,

neutron and proton are equivalent, but there

is a difference between 𝑺𝒏 and 𝑺𝒑 since

proton needs less effort to be taken out

(electric repulsion)



Theoretical model of nuclear binding energy:

I. The atomic nucleus Liquid drop model

As a first approximation, we can think of each

nucleon in a nucleus as interacting solely with its

nearest neighbors.

• This situation is the same as that of atoms in a

solid, which ideally vibrate about fixed positions

in a crystal lattice, or that of molecules in a

liquid, which ideally are free to move about

while maintaining a fixed intermolecular

distance.

p

n

p

p

p

n

n



Theoretical model of nuclear binding energy:

I. The atomic nucleus Liquid drop model

• The analogy with a solid cannot be pursued because a calculation shows that the vibrations of the

nucleons about their average positions would be too great for the nucleus to be stable.

George GAMOW

(1904-1968) Russo-U.S
Gueorgui Antonovitch Gamov

• This analogy was proposed by George Gamow in 1929

and developed in detail by C. F. von Weizsäcker in

1935 as the “liquid drop model”

Carl Friedrich 

Von Weizsäcker

(1912-2007) Germany

• The analogy with a liquid, on the other hand, turns

out to be extremely useful in understanding certain

aspects of nuclear behavior (analogy with Van der

Waals forces)



Semi empirical mass formula (SEMF):

Also known as: Bethe-Weizsäcker mass

formula, this formula express the

contribution of different mechanisms to the

nuclear binding energy of the nucleus.

I. The atomic nucleus Liquid drop model

Since the nucleus radius is a function of mass number:

𝑹 = 𝑹𝟎𝑨𝟏/𝟑

The volume of the nucleus as spherical drop:

𝑽 =
𝟒

𝟑
𝝅𝑹𝟑 =

𝟒

𝟑
𝝅 𝑹𝟎𝑨𝟏/𝟑 𝟑

=
𝟒

𝟑
𝝅𝑹𝟎

𝟑𝑨

Finally, the volume energy could be considered as:

𝑬𝑽 ∝ 𝑽 → 𝑬𝑽 = 𝒂𝑽𝑨

With 𝒂𝒗[𝑴𝒆𝑽] is empirical coefficient of volume energy to be

determined

1. Volume energy:

This is the main cohesion term, proportional to the

volume of the nucleus (consequently to its mass

number). It expresses the positive contribution of

each nucleon (regardless of its electric charge)

within the supposed spherical volume of the

nucleus (drop model)



I. The atomic nucleus Liquid drop model

In similar way, the surface of the nucleus is given by:

𝑺 = 𝟒𝝅𝑹𝟐 = 𝟒𝝅 𝑹𝟎𝑨𝟏/𝟑 𝟐
= 𝟒𝝅𝑹𝟎

𝟐𝑨𝟐/𝟑

Hence, the surface energy proportional to the drop

surface but with negative contribution is given by:

𝑬𝑺 ∝ 𝑺 → 𝑬𝑺 = −𝒂𝑺𝑨𝟐/𝟑

With 𝒂𝑺[𝑴𝒆𝑽] empirical coefficient of surface energy to be

determined

2. Surface energy:

This contribution acts negatively on the binding

energy and tends to reduce the nucleus cohesion,

since the shallower nucleons will have less

interaction with their peers. It is analogical to

surface tension acting on a liquid drop to break its

envelope and spread the tiny quantity of liquid

contained in this drop. Because natural and stable systems correspond

configurations of minimum potential energy, nuclei

tend toward configurations of maximum binding

energy. Thus, in the absence of other effects the

nucleus should exhibit a spherical form, since a

sphere has the least surface area for a given volume.

It is important to notice,

that 𝑬𝑺 is more significant

for the lighter nuclei since

a greater fraction of their

nucleons are on the

surface.
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Since there are 𝒁(𝒁 − 𝟏)/𝟐 pairs of protons, the total

Coulomb energy could then be deduced:

𝑬𝑪 ∝ 𝒁(𝒁 − 𝟏)𝑼𝒑𝒑
𝒂𝒗𝒈

If we assume that protons are uniformly distributed

within a nucleus of 𝑹 radius, then a developed

calculation will lead to the theoretical estimation of

this term:

𝑬𝑪 = −
𝟑𝒆𝟐

𝟐𝟎𝝅𝜺𝟎𝑹𝟎

𝒁𝟐

𝑨
𝟏
𝟑

≅ −𝒂𝒄

𝒁 𝒁 − 𝟏

𝑨
𝟏
𝟑

Where the Coulomb coefficient 𝒂𝒄[𝑴𝒆𝑽] is identified as:

𝒂𝒄 =
𝟑𝒆𝟐

𝟐𝟎𝝅𝜺𝟎𝑹𝟎
∈ 𝟎. 𝟔𝟗, 𝟎. 𝟕𝟐 𝑴𝒆𝑽

When 𝑹𝟎 ranges from 𝟏. 𝟐 𝒇𝒎 to 𝟏. 𝟐𝟓 𝒇𝒎

3. Coulomb energy:

Eventually, one can guess that electrical

interaction will act negatively too on nucleus

cohesion because of the presence of protons inside

the nucleus, holding each one the same electrical

charge. Indeed, the repulsive Coulomb force

between each pair of protons will decrease the

binding energy.

+

+
+

+

+

+
+

Each pair of protons

separated by a distance 𝒓,

presents an electrical

potential energy:

𝑼𝒑𝒑 = −
𝟏

𝟒𝝅𝜺𝟎

𝒆𝟐

𝒓
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The previous three contributions will lead

to the preliminary version of the SEMF :

𝑬𝑩
𝑺𝑬𝑴𝑭 𝒁, 𝑨 = 𝒂𝑽𝑨 − 𝒂𝑺𝑨

𝟐
𝟑 − 𝒂𝑪

𝒁 𝒁 − 𝟏

𝑨
𝟏
𝟑

One of the earlier estimations of empirical

coefficients conducted by Bethe in 1936,

gave the following expression:

𝑬𝑩
𝑺𝑬𝑴𝑭 𝒁, 𝑨 = 𝟏𝟒. 𝟖𝟖𝑨 − 𝟏𝟒. 𝟏𝟕𝑨

𝟐
𝟑 − 𝟎. 𝟏𝟓

𝒁 𝒁 − 𝟏

𝑨
𝟏
𝟑
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The most recent work (Benzaid

2020), produces a SEMF in its

basic version:

𝑬𝑩
𝑺𝑬𝑴𝑭 𝒁, 𝑨

= 𝟏𝟒. 𝟔𝟒𝑨 − 𝟏𝟒. 𝟎𝟖𝑨
𝟐
𝟑

− 𝟎. 𝟔𝟒
𝒁 𝒁 − 𝟏

𝑨
𝟏
𝟑
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The SEMF as given above can be improved by taking

into account two effects that do not fit into the

simple liquid-drop model but which make sense in

terms of a model that provides for nuclear energy

levels.

4. Asymmetry energy:

One of these effects occurs when the neutrons in a

nucleus outnumber the protons, which means that

higher energy levels have to be occupied than would

be the case if N and Z were equal.

Let us suppose that the uppermost neutron and

proton energy levels, which the exclusion principle

limits to two particles each, have the same spacing 𝝐.

Take the example shown below :

𝑨 = 𝑵 + 𝒁 = 𝟖 + 𝟖 = 𝟏𝟔

where we will replace
𝟏

𝟐
𝑵 − 𝒁 =4 protons by

neutrons in order to produce a neutron excess

without changing 𝑨. The total work needed:

∆𝑬 = 𝒏𝒃𝒓. 𝒏𝒆𝒘 𝒏𝒆𝒖𝒕𝒓𝒐𝒏𝒔
𝒆𝒏𝒆𝒓𝒈𝒚 𝒊𝒏𝒄𝒓𝒆𝒂𝒔𝒆

𝒏𝒆𝒖𝒕𝒓𝒐𝒏𝒔

∆𝑬 =
𝟏

𝟐
𝑵 − 𝒁

𝟏

𝟐
𝑵 − 𝒁

𝝐

𝟐
=

𝝐

𝟖
𝑵 − 𝒁 𝟐
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4. Asymmetry energy:

∆𝑬 =
𝟏

𝟐
𝑵 − 𝒁

𝟏

𝟐
𝑵 − 𝒁

𝝐

𝟐
=

𝝐

𝟖
𝑵 − 𝒁 𝟐 

Because 𝑵 = 𝑨 − 𝒁 → 𝑵 − 𝒁 = 𝑨 − 𝟐𝒁

∆𝑬 =
𝝐

𝟖
𝑨 − 𝟐𝒁 𝟐

As it happens, the greater the number of nucleons

in a nucleus, the smaller is the energy level spacing

𝝐 which means that:

𝝐 ∝ ൗ𝟏
𝑨 → ∆𝑬 ∝

𝑨 − 𝟐𝒁 𝟐

𝑨

This means that the asymmetry energy 𝑬𝑨 due to

the difference between 𝑵 and 𝒁 can be expressed

as:

𝑬𝑨 = −∆𝑬 = −𝒂𝑨

𝑨 − 𝟐𝒁 𝟐

𝑨

The asymmetry energy is negative because it

reduces the binding energy of the nucleus.
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4. Pairing energy:

The last correction term arises from the tendency of

proton pairs and neutron pairs to occur. Even-even

nuclei are the most stable and hence have higher

binding energies than would otherwise be expected.

Thus such nuclei as 𝟐
𝟒𝑯𝒆, 𝟔

𝟏𝟐𝑪; 𝟖
𝟏𝟔𝑶 appear as peaks on

the empirical curve of binding energy per nucleon.

At the other extreme, odd-odd nuclei have both

unpaired protons and neutrons and have relatively

low binding energies.

The pairing energy 𝑬𝑷 is positive for even-even

nuclei, 0 for odd-even and even-odd nuclei, and

negative for odd-odd nuclei, and seems to vary with A

as 𝑨 ൗ−𝟑
𝟒

𝑬𝑷 = ±, 𝟎 𝒂𝑷

𝟏

𝑨 ൗ𝟑
𝟒

Which could be written by using an extension of

𝜹-Kronecker:

𝜹 = ቐ
+𝟏: 𝒆𝒗𝒆𝒏 − 𝒆𝒗𝒆𝒏 
𝟎: 𝒆𝒗𝒆𝒏 − 𝒐𝒅𝒅; 𝒐𝒅𝒅 − 𝒆𝒗𝒆𝒏
−𝟏: 𝒐𝒅𝒅 − 𝒐𝒅𝒅 

In such way, we get the expression of 𝑬𝑷:

𝑬𝑷 = 𝒂𝑷

𝜹

𝑨 ൗ𝟑
𝟒
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Corrected SEMF:

Finally, after considering of all contributions in the binding

energy, we get the final expression of Bethe-Weizsäcker mass

formula with five terms:

𝑬𝑩
𝑺𝑬𝑴𝑭 𝒁, 𝑨 = 𝑬𝑽 + 𝑬𝑺 + 𝑬𝑪 + 𝑬𝑨 + 𝑬𝑷

𝑬𝑩
𝑺𝑬𝑴𝑭 𝒁, 𝑨 = 𝒂𝑽𝑨 − 𝒂𝑺𝑨

𝟐
𝟑 − 𝒂𝑪

𝒁(𝒁 − 𝟏)

𝑨
𝟏
𝟑

− 𝒂𝑨

𝑨 − 𝟐𝒁 𝟐

𝑨
+ 𝒂𝑷

𝜹

𝑨 ൗ𝟑
𝟒

The most challenging task now, is to find the suitable set of energy

coefficients 𝒂𝑽, 𝒂𝑺, 𝒂𝑪, 𝒂𝑨, 𝒂𝑷. This needs to adjust the theoretical

model to get the best fit with experimental measures.
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Special cases:

1. Isobars 𝑨 = 𝑪𝒕𝒆

In this case, the calculation of the binding energy using the corrected SEMF will vary only on the following

terms : 𝑬𝑪, 𝑬𝑨, 𝑬𝑷

By a pertinent choice of Even-Odd (Odd-Even) nuclides we can reduce the calculation on only two terms: 𝑬𝑪, 𝑬𝑨

Thus, using a set of isobaric isotopes data, one can deduce the experimental values of Coulomb and

Asymmetry coefficients: 𝒂𝑪, 𝒂𝑨

1. Mirror nuclei: 𝑨 = 𝑪𝒕𝒆, 𝑵 𝒁

In this case the term 𝑨 − 𝟐𝒁 = 𝑵 − 𝒁 and for all mirror nuclei it will be the same, thus, it will be possible to

reduce varied terms only on both 𝑬𝑪, 𝑬𝑷

Similarly, choosing pertinent cases, one can reduce the calculation only on electric term and deduce the

experimental value of 𝒂𝑪, and also perform calculation to find the pairing coefficient 𝒂𝑷
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1. Quantum physics and atomic energy levels:
According to quantum mechanics, each atom electrons are

arranged in quantum levels (Shells) described by quantum

numbers: 𝒏 =, 𝟏, 𝟐, 𝟑, … and 𝒍 = 𝟎, 𝟏, 𝟐, … 𝒏 − 𝟏

Each level, with respect to Pauli exclusion principle is allowed to

hold 𝟐(𝟐𝒍 + 𝟏) electrons.



I. The atomic nucleus Shell model

1. Quantum physics and atomic energy levels:

𝒏 = 𝟏, 𝒍 = 𝟎
→ 𝟏𝒔 ⌹: 𝟐

𝒏 = 𝟐, 𝒍 = 𝟎, 𝟏 →
𝟏𝒔 ⌹ + 𝟐𝒔⌹ + 𝟐𝐩⌹ ⌹ ⌹: 𝟏𝟎

𝒏 = 𝟑, 𝒍 = 𝟎, 𝟏, 𝟐 →
𝑵𝒆 + 𝟑𝒔 + 𝟑𝒑: 𝟏𝟖

𝒏 = 𝟒, 𝒍 = 𝟎, 𝟏, 𝟐, 𝟑 →
𝑨𝒓 + 𝟑𝒅 + 𝟒𝒔 + 𝟒𝒑: 𝟑6

𝒏 = 𝟒, 𝒍 = 𝟎, 𝟏, 𝟐, 𝟑 →
𝑲𝒓 + 𝟒𝒅 + 𝟓𝒔 + 𝟓𝒑: 𝟓𝟒

𝒏 = 𝟓, 𝒍 = 𝟎, 𝟏, 𝟐, 𝟑, 𝟒 →
𝑿𝒆 + 𝟒𝒇 + 𝟓𝒅 + 𝟔𝒔 + 𝟔𝐩: 𝟖𝟔

Noble gases (inert elements)
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2. Nuclei with Magic numbers:
Numerical examination of the liquid drop model against experimental values of nuclear binding energies of

known isotopes:

∆𝑬𝑩 = ∆𝑩 = ∆𝑴 𝒁, 𝑨 𝒄𝟐 − 𝑬𝑩
𝑺𝑬𝑴𝑭(𝒁, 𝑨)

led to discover a set of nuclei with specific values of 𝒁 or/and 𝑵, called “magic numbers”, showing a higher

binding energy per nucleon than values predicted by semi-empirical mass formula.
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2. Nuclei with Magic numbers:

Isotopes with both Z and N as magical

numbers are called “doubly magic nuclei”:

𝟐
𝟒𝑯𝒆; 𝟖

𝟏𝟔𝑶, 𝟐𝟎
𝟒𝟎𝑪𝒂, 𝟐𝟎

𝟒𝟖𝑪𝒂, 𝟐𝟖
𝟒𝟖𝑵𝒊, 𝟖𝟐

𝟐𝟎𝟖𝑷𝒃
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3. The Shell model :

The shell model was introduced (in 1950)

independently by M. Goeppert-Mayer and

H.D. Jensen, as an analogue of the quantum

model of atoms (electrons arrangement) to

explain some features of highly bound nuclei

(including those with magical numbers). It

states that nucleons are arranged into

quantum energy levels.

Maria Goeppert-Mayer

(1906-1972) Prusso-U.S

Hans Daniel Jensen

(1907-1973) Germany
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3. The Shell model :

This model was proposed (in 1950) as an analogue of the quantum model of atoms (electrons

arrangement) to explain some features of highly bound nuclei (including those with magical

numbers). It states that nucleons are arranged into quantum energy levels.

Thus, the nucleus as a quantum system. is treated by the well know Schrödinger equation:

−
ℏ𝟐

𝟐𝒎
∆ψ 𝒓 + 𝑽 𝒓 ψ 𝒓 = 𝑬ψ 𝒓

To obtain the right degeneracy of energy levels of nucleons in the nucleus, the spin-orbit

coupling should be considered: 𝑽 𝒓 → 𝑽 𝒓 + 𝑳. 𝑺 (Wood-Saxon potential)

With the total angular momentum : Ԧ𝒋 = 𝑳 + 𝑺

The main result of this equation indicates that eigenvalues of energy will be of the form:

𝑬𝒏 = 𝒏 + ൗ𝟑
𝟐 ℏ𝝎
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3. The Shell model :

In this the quantum numbers 𝒏, 𝒍, 𝒋 characterizing a

given energy level of nucleons should obey the

following rules:

- if 𝒏 is even→ 𝒍 is even

- if 𝒏 is odd→ 𝒍 is odd

- Total angular momentum 𝒋 = 𝒍 ± 𝟏/𝟐

Consequently, nucleons are arranged with similar rule

as for atomic electrons, and magic numbers could be

explained!!!
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