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Chapter 01

The atomic nucleus




I. The atomic nucleus A Short story of nucleus

Before the nucleus, it was the atom

(Fasa¥) A sall) Gl Gl il (o se sl ' Ludwig Eduard BOLTZMANN

(721-815) (1844-1906), Austria
Jabir ibn Hayyan

John DALTON

Démocrite
(460-370 A.C), Grece

(1766-1844), UK

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.
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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

Eugen GOLDSTEIN  Observed in this part of the tube, but without being identified exactly.
(1850-1930) Germany

Further works conducted by E.

Positive rays

o e Rutherford (during 1910-1914n then

Red glow : :
| in 1917-1919) led him to confirm that

the hydrogen nucleus was made

Gas at LOW : .
pressure from a unique positive charged

High voltage source particle (+e), baptized as “proton’@
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Sir. Joseph John THOMSON
(1856-1940), UK

Magnets Scale on
outside
of glass

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.

Positively charged
matter

Electron



Ernest Rutherford

Thomson Model (1871-1937), New-Zealand



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.
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Walther BOTHE
(1891-1957) Germany)

1930: Using the following reactions :
a+Li; a+ Be;a+ B

W. ROETHE was able to detect highly

energetic and very penetrating neutral

rays. It suggested that it was a kind of

high-energy y rays (HEGR)

1931: Frederic & Irene JOLIOT-CURIE were interested to
these research works also, and they succeeded to
determine that such y —rays should carry a very high

energy around E, = 55MeV to be able to stroke H nuclei

with a kinetic energy E, = 5.7MeV

Fréderic & Iréne JOLIOT-CURIE @
(1900-1958, 1897-1956, France)



1932: J. CHADWICK, was not convinced about ROETHE and JOLIOT-CURIEs deduction, he used the same
process based on the nuclear reaction: a + Be » 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 ay — rays but a

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

Paraffin Detection
Beryllium wax device
,,,.,-l — @ —
_—'—'—'_'_'_'_'_'_'_'_'_
Source of - _
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R_"““——L
c particles o @ S
Unknown Protons

radiation

James CHADWICK
(1891-1974) UK
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I. The atomic nucleus Atomic nucleus structure

The elementary electric charge :
qp, = +1.6 x 1071°C
q, = 0C

Neutron
dn — 0

Atomic Nucleus (Noyau Atomique)



I. The atomic nucleus Atomic nucleus structure

Nuclear (atomic) mass unit:

1
lum.a=1.66054x10"*"kg = 15 Mizc

Particle Mass (kg) Mass (u) Mass (MeV/c?)
Proton 1.6726 X 1027 1.007276 038.28
Neutron 1.6750 X 10~ % 1.008665 039 57
Electron 0.1095 X 103! 5486 X 101 0.511

'H atom 1.6736 X 10~ %7 1.007825 038.79




I. The atomic nucleus

Ordinary

@ Proton
) Neutron

® FElectron

hydrogen Deuterium Tritium

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

Nuclear dimension:

Rutherford experiment allowed to establish the
order of magnitude or a limit of the nuclear
dimension, which is 10° times smaller than the

atomic dimension.

The nucleus radius could be estimated
proportionally to its mass number A as
follows:

R = RyA'/3
with: Ry = 1.2 X 107 1°m = 1.2fm

Atomic nucleus structure

~F (10~ 1°m)
—




I. The atomic nucleus Atomic nucleus structure

Exercise 1: lu = 1.66 x 10~%7kg

Find the density of the '£C nucleus.



I. The atomic nucleus Atomic nucleus structure

Exercise 1: lu = 1.66 x 10~%7kg

Find the density of the '£C nucleus.
Solution

The atomic mass of '£C is 12 u. Neglecting the masses and binding energies of the six electrons,
we have for the nuclear density

m (12 w)(1.66 X 107/ Kg/u) - .
= - = - — =24 X 10" kg/m
TSR T GmQR7x 1070 m)? s




I. The atomic nucleus Atomic nucleus structure

Exercise 2:

Find the repulsive electric force on a proton whose center is 2.4 fm from the center of another
proton. Assume the protons are uniformly charged spheres of positive charge.



I. The atomic nucleus Atomic nucleus structure

Exercise 2:

Find the repulsive electric force on a proton whose center is 2.4 fm from the center of another
proton. Assume the protons are uniformly charged spheres of positive charge.

Solution

Everywhere outside a uniformly charged sphere the sphere is electrically equivalent to a point
charge located at the center of the sphere. Hence

I ¢* (899 X 10° N - m*C?*)(1.60 X 10”7 C)°
d1rey 17 (2.4 X 107" m)?

F =

=40 N

This is equivalent to 9 1b, a familiar enough amount of force—but it acts on a particle whose
mass is less than 2 X 1077 kg! Evidently the attractive forces that bind protons into nuclei de-
spite such repulsions must be very strong indeed.



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:

This means they have spin angular momenta:

» 3
S=s(s+1Dh= Eh
And spin magnetic quantum numbers:

1
ms=iz

The spin of nucleus are related to nuclear magneton by:

- 3isx10t|Y
N = om, ~ 7 T

Thus, the magnetic moment related to the spin of
each nucleon has a component given as:

Mpz = £2.793uy

WUn, = +1.913uy

In such a way;, in the presence of magnetic field of
constant intensity B|[T], both nucleus will have a
potential magnetic energy:

Un=—n,B

p n

A

S



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:

AE = 2u,,B

Spin down

1

A EU + uPEB

/ Ms==3
\ AE = 2,,.B

Spin up

4

m.=+

=3
B=0 B>0

. When the nucleus switch from an upper state to
a lower one, it will emit a photon, with a

frequency given by Larmor relation:
AE 2u,,B
TR T T h




I. The atomic nucleus Atomic nucleus structure

Exercise 3:

(a) Find the energy difference between the spin-up and spin-down states of a proton in a mag-
netic field of B = 1.000 T (which is quite strong). (b) What is the Larmor frequency of a proton

in this field?



I. The atomic nucleus Atomic nucleus structure

Exercise 3:

(a) Find the energy difference between the spin-up and spin-down states of a proton in a mag-
netic field of B = 1.000 T (which is quite strong). (b) What is the Larmor frequency of a proton
in this field?

Solution
(a) The energy difference is
AE = 2u,,,B = (2)(2.793)(3.153 X 10"° eV/T)(1.000 T) = 1.761 X 10" eV

[f an electron rather than a proton were involved, AE would be considerably greater.
(b) The Larmor frequency of the proton in this field is

AF 1.761 X 10 7 eV
_AE _ L6l X110 eV g w107 Hz = 4258 My

h 4136 X 10 eV-s

Vr



I. The atomic nucleus Atomic nucleus structure

Applications of NMR

In medicine, NMR is the basis of an imaging method with higher resolution than x-ray to-
mography. In addition, NMR imaging is safer because rf radiation, unlike x radiation, has too
little quantum energy to disrupt chemical bonds and so cannot harm living tissue. What is done
is to use a nonuniform magnetic field, which means that the resonance frequency for a partic-
ular nucleus depends on the position of the nucleus in the field. Because our bodies are largely
water, H,O, proton NMR is usually employed. By changing the direction of the field gradient,
an image that shows the proton density in a thin (3—4 mm) slice of the body can then be con-
structed by a computer. Relaxation times can also be mapped, which is useful because they are
different in diseased tissue. In medicine, NMR imaging is called just magnetic resonance imag-
ing, or MRI, to avoid frightening patients with the word “nuclear.”



I. The atomic nucleus

Binding energy
Natural abundance of isotopes
Properties of
Element Properties of Isotope
Average Protons Neutrons Atomic Relative
Atomic Atomic in N Mass Mass, Abundance,
Element Number Mass, u Nucleus Nucleus Number u Percent
Hydrogen 1 1.008 1 0 1 1.008 90.085
1 1 2 2.014 0.015
1 2 3 3.016 Very small
Chlorine 17 35.46 17 18 35 34.97 75.53
17 20 37 36.97 24.47
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N“Clide Chart 1st edition in 1958

with 102 nucleides
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I. The atomic nucleus 130

120
Stable nuclei: 110

The nuclide chart shows that light isotopes (A < 20) have 100

approximatively equivalent atomic and neutron numbers:

O
=

2
Z=N 2 80
Hence, for heavy nuclides, the proportion of neutrons becomes E 70
more important. % 60 | I.r
“ i _..I'rl N=Z
2 - -
One of the reasons behind this shift of the stability curve from .H'
40 ="
the line Z = N, is the Coulomb repulsion existing between -
30 . L
positive nucleons (protons), which increases consequently _rFIr

20 o

when their number is increased. _’;"r# Stable nuclei
10

o 10 20 30 40 50 60 70 80 90

Proton number (Z)



Stable and unstable nuclides

Weak Nuclear interaction
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I. The atomic nucleus

Binding energy

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 (~10~1°> = fm).

* Itis very attractive at longer distances and

repulsive at shorter ones.
* It is responsible on the cohesion and the

stability of the nucleus.

Nucleon structure:
In the most recent theory of physics about
nuclear and subatomic structure of the
nucleus and its nucleons:

* Neutron: 3 quarks = 1Tlup+2down o

* Proton: 3 quarks = 1down+2up

U' (U
D
U ="up" quark +§e
Proton =upq 3
D ="down" quark -%e
U
D

Neutron



I. The atomic nucleus Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
g I Il 1
Nuclear, subatomic, and
masse = =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
= h 2/3 2/3 213 0 0
elementary particles 1 @ a . H
spin - 1/2 1/2 112 1 0
up charm top gluon dQ?ﬁ%’&s
= e — — S
=4 .8 MeV/c? =95 MeV/c? =4.18 GeV/c* 0
-1/3 -1/3 -1/3 0 . i
112 112 8 112 1
down strange bottom - photon
0.511 MeVi/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c? w
-1 -1 -1 0 G)
112 g 112 112 y 1 -
<
électron muon tau bosonz® = T
\ (11}
(a]
(7)) <22 eVlic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c? T,
2 o 0 0 £1 =>
E 12 w 1/2 w 1/2 w 1 O
0. : : . i )
neutrino neutrino neutrino *
ﬂ électronique muonique tauique A boson W l 8



I. The atomic nucleus Binding energy

The theoretical estimation of the rest mass of

a given nucleus, made from Z protons and N Hydrogen

atom

my =1.0078u )
neutrons, is: M, = Zm, + Nm,,

> 2.0165 u

Experimentally speaking, the rest mass of
Neutron (O my, = 1.0087 u

w

this nuclide is given by an empirical

- AE = (0.002388 w)(931.49 MeV/u) = 2.224 MeV
(measured) value: A = M,,,, = My which is

quite different from the theoretical value M.

Deuterium mp = 2.0141 u
The difference between both values: atom
AM = My, — My,
e ~f 1 _
Is know to be mass excess, with an equivalent Mass of _1“L atom 1.007825 u
: . J + mass of neutron +1.008665 u
energy (Einstein equivalence):

Expected mass of TH atom  2.016490 u
Eg(Z,N) = AM(Z,A)c?*[MeV]



I. The atomic nucleus

Binding energy

In other words, if the nucleus of deuterium is

stroked by a y — rays carrying an energy :
E, = 2.224MeV

It is quite likely that it will be broken into its

elementary components:

Deuterium Proton

nucleus M

VaVaVaWa &

2.224-MeV

gamma ray
Neutron

Thus, the following energy (conventionally
defined as positive value):

Eg(Z,N) = B(Z,N) = AM(Z,A)c*[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.




Binding Energy [MeV]

I. The atomic nucleus

Isotope(Z,N)

Mass [u.m.a]

10° A

107 A

101 +---

100

150

Mass number A

1H(D)

tH(T)
He

4
>He

2.014102
3.016049
3.016029
4.002603
6.015122
7.016928
12.000000
15.994915
22.989770
26.981538
55.934942
62.929601
106.905093
196.966552
207.976636
235.043928
252.082972




[MeV]

Eg
A

Binding Energy per nucleon

I. The atomic nucleus

e e

| L - ~300 Stable Isotopes g
| i i i i i
9" e | | e |
PHes s e i s
| oH e a e s
lHl -----
0 50 100 150 200 250

Mass number A

Isotope(Z,N)

Mass [u.m.a]

2H(D) 2.014102
SH(T) 3.016049
SHe 3.016029
tHe 4.002603
Sl 6.015122
7Li 7.016928
12c 12.000000
120 15.994915
Na 22.989770
274l 26.981538
’ S¢Fe 55.934942
T Scu 62.929601
107Ag 106.905093
127Au 196.966552
295Pb 207.976636
853> 1) 235.043928
232Es 252.082972




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

Fusion Fission

10
.
=
= 8 SoFe
o
W]
o
=
9 6
o,
=
o0
2 4
W]
(a7 §}
k=
2 2
=

0 50 100 150 200 250

Mass number, A



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—-2zN—n)+m(z,n)—M(ZN)

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:

S, =M (Z,N—-1)+m, — M(ZN)

* Separation energy of proton:

Sp =M (Z—-1,N) +m, — M(Z,N)
* Separation energy of alpha:
S;,=M(Z—-2N-2)+m,—M(ZN)
In terms of binding energy per nucleon,
neutron and proton are equivalent, but there
is a difference between S, and §, since
proton needs less effort to be taken out

(electric repulsion)



I. The atomic nucleus Liguid drop model

Theoretical model of nuclear binding energy:

nucleon in a nucleus as interacting solely with its solid, which ideally vibrate about fixed positions

nearest neighbors. in a crystal lattice, or that of molecules in a

liquid, which ideally are free to move about

while maintaining a fixed intermolecular

distance.



I. The atomic nucleus Liguid drop model

Theoretical model of nuclear binding energy:

« 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.

 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)

* This analogy was proposed by George Gamow in 1929

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

1935 as the “liquid drop model”

George GAMOW Carl Friedrich
(1904-1968) Russo-U.S Von Weizsacker
N Gueorgui Antonovitch Gamov (1912-2007) Germany




I. The atomic nucleus

Semi empirical mass formula (SEMF):

Also known as: Bethe-Weizsiacker mass

formula, this formula express the

contribution of different mechanisms to the

nuclear binding energy of the nucleus.

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)

Liquid drop model

Since the nucleus radius is a function of mass number:
R = R,AY/3
The volume of the nucleus as spherical drop:

V= gnR?’ = gn(ROAl/?’)B = %an’,A
Finally, the volume energy could be considered as:
EyxV - Ey =ayA
With a,[MeV] is empirical coefficient of volume energy to be

determined




I. The atomic nucleus

Liquid drop model

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.

It is important to notice,
that E ¢ is more significant
for the lighter nuclei since
a greater fraction of their
nucleons are on the

surface.

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

S = 4nR? = 4m(RyAY/3)" = 4mRZA2/3
Hence, the surface energy proportional to the drop
surface but with negative contribution is given by:

E¢ xS — Eg=—agA*/3

With ag[MeV]| empirical coefficient of surface energy to be
determined
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.



I. The atomic nucleus

Liquid drop model

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:

Since there are Z(Z — 1)/2 pairs of protons, the total

Coulomb energy could then be deduced:

EcxZ(Z-1U,’

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:

m 3e? WZ- Z(Z -1)
c=— = 0, — g
ZOﬂgoRO A§ A§

Where the Coulomb coefficient a.[MeV] is identified as:

3e?

=——¢€10.69,0.72|MeV
Ac 2071'80R0 [ ] &

When R, ranges from 1. 2[fm] to 1. 25[fm]|



Liquid drop model

———— e L B -
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One of the earlier estimations of empirical
Z(Z-1)

Z(Z-1)

2

2
ESFMF(Z A) = 14.884 — 14.1743 — 0.15

= aVA — asA3 —aG

EyM(z,4)
coefficients conducted by Bethe in 1936,

I. The atomic nucleus
The previous three contributions will lead

to the preliminary version of the SEMF :

gave the following expression:



I. The atomic nucleus Liguid drop model

Atomic Masses of Nuclides.

By
A. H. WAPSTRA.
With 12 Figures.

Table 5. Constants in the BETHE-WEIZSACKER formula (in mMU) (taken from [9)]).
!

Ay Ay ar : ae aylac
BETHE . . 1936) 14.885 14.176 20.943 0.1558 134.4
FLUGGE . . 1942) 15.74 16.5 22.06 0.1618 136.3
FeErMmI! 1945) 15.04 14.00 20.75 0.1568 132.5

(
:
FEENBERG .| (1947) 15.035 | 14.069 | 19.439 | 0.1568 124.0
(
(
(
(

PRYCE . . . 1950) 15.089 15.035 21.050 0.1638 128.5
FowLER . .| (1952) 16.432 17.989 | 24.218 | 0.1853 130.7
GREEN . . .° (1953) 16.918 | 19.120 | 25.445 | 0.1907 133.4
WAPSTRA. .= (1955) 17.006 19.685 24.915 0.1917 | 130.0

E =15.835 4 — 18.33 A% — 0.1785 (A — )24~} — 232012 A~} 4 & MeV
d = + 11.2 4% Mev, + for e-e nuclide, — for 0-o nuclides;

(16.4)




Liquid drop model

I. The atomic nucleus
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The most recent work (Benzaid

2020), produces a SEMF in its

basic version:
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I. The atomic nucleus

Liquid drop model

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 e.

Take the example shown below :
A=N+7Z=8+8=16
where we will replace %(N — Z) =4 protons by

neutrons in order to pl‘OdllCE a neutron excess

without changing A. The total work needed:

energy increase)

AE = (nbr.new neutrons) (
neutrons

1 1 € €
AE = [E(N—Z)] [E(N—Z)E] :§(N—Z)2

Q\ é) Neutron
‘ Proton

5%

Je

Energy

O <O <O

9 @
@ @

O O~



I. The atomic nucleus

4. Asymmetry energy:

AE =

‘w-p|rw-2E =ESw-22
2 2 2| 8
BecauseN = A—Z7Z > N—-—7Z=A—-27

€
AE=§(A—ZZ)2

As it happens, the greater the number of nucleons
in a nucleus, the smaller is the energy level spacing
€ which means that:

(A —22)?
A

eocl/A—>AEoc

Liquid drop model

This means that the asymmetry energy E, due to
the difference between N and Z can be expressed
as:
(A —227)?

A

The asymmetry energy is negative because it

E,=—-AE = —ay,

reduces the binding energy of the nucleus.



I. The atomic nucleus

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 3He, 2C; 150 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 /s

Liquid drop model

1
Ep=(+0ap—

Which could be written by using an extension of

0-Kronecker:

+1: even — even
6 =10:even — odd; odd — even
—1:0dd — odd
In such way, we get the expression of Ep:

E o
p=0ap—7-—
A4

®
e @
Sl




I. The atomic nucleus

Liquid drop model

Corrected SEMF:

Finally, after considering of all contributions in the binding
energy, we get the final expression of Bethe-Weizsdcker mass
formula with five terms:
EXME(Z A) =Ey + E¢+Ec+E, + Ep
2 Z(Z-1 A-27)? )

Ex"M(Z,A) = ayA — asA3 - ac—( T )2 aA( r P ap—-

A3 A4
The most challenging task now, is to find the suitable set of energy

coefficients ay,ag, ac, ay, ap. This needs to adjust the theoretical
model to get the best fit with experimental measures.

20 72
2B = 14.64A — 14.084%° — 0.64 —
Al/3

21.07 (4 22y
‘ A

NUCL SCI TECH (2020)31:9 ™)
https://doi.org/10.1007/s41365-019-0718-8 rl::ﬁl;?

Bethe—Weizsiacker semiempirical mass formula coefficients 2019
update based on AME2016

Dijelloul Benzaid' (- Salaheddine Bentridi' (- Abdelkader Kerraci'®+
Naima Amrani®

Table 1 Comparison of our values to those of previous works

Coefficients (MeV) Years a, a a, a, a,
Present work 2019 1464 1408 0064 21.07 11.54
Ref. [10] 2018 19.12 18.19 00.52 12.54 28.99
Ref. [11] 2007 1536 1643 00.69 2254 -
Ref. [4] 2005 15.78 1834 00.71 23.21 12.00
Ref. [12] 2004 15.77 1834 00.71 23.21 12.00
Ref. [13] 1996 1624 18.63 - - -
Ref. [14] 1958 1584 18.33 00.18 2320 11.20

nuclear mass data. Using these data, one may deduce a set
B4 Djelloul Benzaid of the energy coefficients of the Bethe-Weizsiicker (BW)
d.benzaid @univ-dbkm.dz mass formula using numerical methods. The aim of the
present work is to obtain a new set of energy coefficients
(including the Coulombian coefficient used as the coher-
ence referring term) based on an update of the nuclear
< Dosing, Analysis and Characterization in High Resolution masses table (AME2016), which was PrDCCSSEd using
Laboratory, Physics Department, Faculty of Sciences, Ferhat numerical code that we developed based on the least-
ABBAS University, 19000 Sétif-1, Algeria squares adjustments method.

Laboratory of Energy and Smart Systems, University of
Khemis Miliana, Route de Theniet E1 Had, 44225 Ain Defla,
Algeria

Published online: 03 January 2020 @ Springer



I. The atomic nucleus

Liquid drop model
( A - ;Aff’“ = ;zf—Af” -2 (A= 27;)° + 3:A;"
& As,@ 4 A3 L 724173 Z”: (A; —ZZ:‘)2 Z":JAuﬁ
Z _fgl i _g o = +:‘=1 o
n : n , z n Z2(A; — 27;)° " 52}
2 42/3 o 241/3 . o i i i 4
n (A —27)* n z,?(A,- —22;)2 n (A —2Z)* n 8i(Ai — 2 2:,-)2
n n 5,77 n §i(A; —27;)° n_ 5
SA,? — S 5A° - : + 3L
\ Z:l E = 1A5f6 Z:l A?’fz ;A:‘ (5)

n

aq >
i=1

(A; — 2Z))°E;

S A \
i=1

n P
> AE;
i=1
" Z2E;
Z jlﬂ

rlA

A;
" 0;E;
=1Al? ),




Liquid drop model

I. The atomic nucleus
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I. The atomic nucleus Liguid drop model

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:Eq;, E  Ep

By a pertinent choice of Even-0dd (0Odd-Even) nuclides we can reduce the calculation on only two terms: E ., E 4
Thus, using a set of isobaric isotopes data, one can deduce the experimental values of Coulomb and

Asymmetry coefficients: ac, a,

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 E ., Ep

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

experimental value of a., and also perform calculation to find the pairing coefficient ap



I. The atomic nucleus Shell model

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,...and1=0,1,2,..n—1

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

hold 2(21 + 1) electrons.

92: Uranium 2,8,18,32,21,9,2
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I. The atomic nucleus Shell model

1. Quantum physics and atomic energy levels:

Noble gases (inert elements)

1 18
1A A
1A

1 ¥ Periodic Table of the Elements

2

13 14 15 16 17
n=11=0 st | = AL T
e i . ABAAE
. . ymbo
% 1S El 2 Lnl':ulm Bgn?m C O

| 6,941 9012 Name o8 300 | ey | aEse & ags
- 12 L 13 14 15 16 17
n = 2 l — 0 1 - Mg 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl
omO®OW o4 OW W W R % omm SR wrl | 9w
1 S + 2 S + 2 1 0 21 2_ 2 24 25 26 27 8 30 31 32 33 34 35
p Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br
Caicium Scandium Tranium C Iron Cobalt Nickel! Zine Gallium Germanium Arsenic Selentum Broming
39093 40 078 44 956 47.867 50.942 51,996 54,938 55845 58933 58.693 53 545 65.38 69.723 72631 74922 78972 79.904!
_ 3 l _ O 1 2 N 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53
Ar n=5,1t=01, Rb sr Y “zr 'Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te |
Rubidium Strontium Yttriurm Zirconium Niobium i Silver Cadmium Indium Tin Antimony Tellurium lodine
85468 87,62 88.906 91224 92.906 9595 98.907 101.07 102,906 10642 107.868 112411 114818 118711 121,760 1276 126,904
[ N e] -|— 35 -|— 3p' 18 55 56 5771 172 73 74 75 76 77 78 79 80 81 82 83 84 85
J Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At

Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astating
132905 137328 178.49 180.948 183 84 186.207 190.23 192,217 195,085 196967 200592 | 204.383 2072 208980 | [208982)  209.98
n = 4-’ l = O’ 1’ 2’ 3 - 87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
r Fr Ra Rf Db Sg Hs Mt Ds Rg Cn Uut Uup Lv Uu Uuo
Francium Radium Rutherfordium  Dubnium jum Bomlum Hassium D { Roentgenium C Fmomum
[ Ar] _I_ 3 d _I_ 4_ S + 4.p . 3 6 223020  226.025 [261] 1262 [266) [264] [266] [268) [269) 272 277
L

unknown [289] unknown [298] unl unknown

57 58 59 60 61 62 63 64 65 66 67 68 69 70 "
_ _ e La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
n — 4 — % Lanthanum Cerium Py i Terbium Dysprosium  Holmium Erbium Thufium Yiterbium Lutetium
e ) ) ) ) 138.905 140.116 140,908 144,242 144,913 150.36 151,964 157,25 158.925 162.500 164.930 167.259 168,934 173.055 174,967

[Kr] + 4d + 5s + 5p: 54 wne "Ac 'Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium

” Calif Fermium i i L i
227028 232038 231,036 238.029 237.048 244,064 243,061 247070 247070 251.080 [254] 257,095 2581 259,101 262]

R L 5,1 -~ O 1 2 3 4 ~ Akall  Alkaline  Transion  Basic o 1 | 11 Nt
n [Xe] _I_ 4_ f _I_ Sd + 6 S _I_ 6p: 86 Metal Earth Metal Metal Halog ool | Lanthanide  Actinide

© 2015 Todd Helmenstice
scmncencies org



I. The atomic nucleus Shell model

2. Nuclei with Magic numbers:
Numerical examination of the liquid drop model against experimental values of nuclear binding energies of

known isotopes:
AEg = AB = AM(Z,A)c? — ExfMF (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.

(MeV) . |26
%) 2
15 -*/ 8 50 l
0H AN
= g l l . A
= 4 N N W .
N A 7 N T
-5 — - ] T
[ 1 1 | | | |
0 20 40 60) 80 100 120 140 160

Neutron Number N



I. The atomic nucleus Shell model

2. Nuclei with Magic numbers:
Isotopes with both Z and N as magical

numbers are called “doubly magic nuclei”:

tHe; 180, 49Ca, $8Ca, $3Ni, 238Pb

Z, number of protons

I‘",H' N=82 SF

A gty _) Z=28 41 : Unknown
v\S 2=20 I,..-"r " N=50
Z=8 gl
DO ®® o0 mE N




I. The atomic nucleus Shell model

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 Maria Goeppert-Mayer Hans Daniel Jensen
(1906-1972) Prusso-U.S (1907-1973) Germany

states that nucleons are arranged into

quantum energy levels.



I. The atomic nucleus Shell model

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 Schrodinger equation:
hZ
—%Atp(?) + V()Y@ = EY(@)
To obtain the right degeneracy of energy levels of nucleons in the nucleus, the spin-orbit

coupling should be considered: V(r) - V(r) + LS (Wood-Saxon potential)
With the total angular momentum : j = L+S

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

ENs (n + 3/2) ha



I. The atomic nucleus Shell model

3. The Shell model :

15 N=26
: . . . —h
In this the quantum numbers n,l,j characterizing a @
given energy level of nucleons should obey the 13, N=5
following rules:
-ifnis even 2 lis even %hm Al
-ifnisodd 2 lis odd
9 N=3
- Total angular momentum j =1+ 1/2 Eh“’
Consequently, nucleons are arranged with similar rule Zha) N=2
2
as for atomic electrons, and magic numbers could be
. 5 N=1
explained!!! Ehw
3 N=0
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