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Module 24
Lesson | T THENUCLEUS

What Is Nuclear Physics?
¢ Nuclear physics studies the nucleus of the atom.
o Chemistry focuses on electrons, because electrons determine chemical bonding.
o Nuclear physics focuses on the nucleus because it:
v" Determines the element

v" Controls nuclear reactions (radioactivity, fission, fusion)

Nucleons
Nucleons are the particles found inside the nucleus: e Y\
]
I. Protons
2. Neutrons mm:a}.___y
e
1. Protons

e Symbol: p*
o Charge: +e

e Mass:

nucleus

m, = 1.6726 x 107*" kg

o The number of protons is called the atomic number (Z).

e The atomic number defines the element. neutron
2. Neutrons proton
¢ Symbol: n°
¢ Charge: 0
 Mass:, m':.l.i ~ (0 7~ A\ SMUESVs
m I‘=\-_f?'51'ﬁ"'-."67'49"><‘ 1677 kg
o The number of neutronss represénted by NI N
e A ﬁe{i‘:t.fc.m is ‘;hghtly heavier than .a prott';}l .
0509886279 auc pbiac cranslsic /1
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Atomic Number (Z)

e The atomic number (Z) is the number of protons in the nucleus.

Neutron (=]
e It uniquely identifies the element.
Nucleus
e Inaneutral atom:
Number of protons = Number of electrons rrotent = Electron shell
Electronial/
o Electrons are located outside the nucleus.
Mass Number (A)
e The mass number (A) is the total number of nucleons in the nucleus.
» Nucleons include protons and neutrons.
e Itis given by:
A=Z+N
Nuclear Symbol Notation —
Number of protons
A nLlC]euS is Written as and I'IELI'[I'DFISII'\ atom I":"’II_;..;. Ak A
[ X — =
. zX M, R\ %
et
Where: :ETJL'Z'F';L‘TZm 5 /W]
inatom
e X = element symbol ;
" C = === I:tema-nt syrnbol |
e A =mass number 12 carbon 4| Element name ']

Gprotons @
6 neutrons
Gelectrons @

Often. Z is omitted because it can be obtained from the periodic table.

e 7 = atomic number

Periodic Table of Elements

H Atomic Mass = He

0509886279 sse pliac cranylase /i



NUCLEAR AND PARTICLE PHYSICS ‘ 12ARDV

The number of neutrons (N) in a nucleus is calculated using the mass number and the
atomic number:

N=A-Z
Where:
¢ N = number of neutrons
e A = mass number (protons + neutrons)
e 7 = atomic number (number of protons)
Example:
11Na
For sodium-23:
e Mass Number A = 23
e Atomic Number Z = 11 (protons 11)
e« Number of neutrons
N = 23 — 11 = 12 Neutrons

Example Table (Atomic Structure)

Element Mass Number (A) Atomic Number (Z) Protons Electrons Neutrons (N)

50" _| 16 8 8 8 8

2Ng 23 11 11 11 12
BCL B3 17 17 17 18
30Ca 40 20 20 20 20

Atomic Structure — Check Your Understanding

Element Mass Number (A) Atomic Number (Z) Protons Electrons Neutrons (N)
2
1341

39
19K

0509886279 auc pliac cpanisuc /1
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Nuclear Charge

The total nuclear charge equals the number of protons multiplied by the elementary charge:
Nuclear charge = +Ze
Where:

e=16x10"1C

Approximate Mass of the Nucleus
» The approximate mass of a nucleus is:

Mass of nucleus =~ A(u)

Size of the Nucleus
o From Rutherford experiments, the nuclear diameter is approximately:10™** m
e The atomic diameter is about 10,000 times larger than the nuclear diameter.

Nuclear Density

e The nucleus has a very large density, reaching: 1.4 x 108 kg/m?

R YO W WO WARSH

0509886279 sue pliac an i /i



NUCLEAR AND PARTICLE PHYSICS ‘ 12RDV

Isotopes

Isotopes are atoms that have the same number of protons but differ in the number of
neutrons and the mass number.

e Some isotopes are natural (such as uranium), while others are artificial (such as

hydrogen isotopes). AN ‘/w )
—

Examples of Carbon Isotopes: | (] (i wwisal )
| carbon —{ Elementname )
120, 13C, 14C Nee (_Etoment name )

Carbon-12 Carbon-13 Carbon-14

6 Protons @ 6 Protons @ 6 Protons @
6 Neutrons © 1 Neutrons © 8 Neutrons ©
6 Electrons © 6 Electrons @ 6 Electrons ©

Hydrogen Isotopes:

. P W P - 8 /-_
e Hydrogen: 1H / / \ / \

(o) (&
o Deuterium: iH \)\? ) \0\ ) I,\ /
v > \ v

o Tritium: FH < ] o~

Protium ('H) Deuterium (2H) Tritium ( 3H)

The three naturally occurring isotopes of neon are:
%gNe, foNe, iENe

20
10 Ne i 21 Ne

N AN

10n® N n°

qIEs: 2 (] oz
J

i{?;}
=1l W, / | ()
A= =)/ (U 51 S S
="/ o ks >
Y CC)?O@' ;vi/ 108 ¥
Neon-20 Neon-21 ;un -22 |
10protons. /= 4 10 prato \ > ||1 pratons | | |
10 nugtf’en& ~ -il__}' 1 nem-roms ) 12 mefitfans
210 eleétrons -/ 'If) giectrons 0 ' 10 electrons

0509886279 e pliac ¢pan lac /1
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Practice Exercises (Isotopes & Neutrons)

Exercise 1
The mass numbers of uranium isotopes are 235, 234, and 238, and the atomic number of
uranium is 92.
Find the number of neutrons in each isotope.
N=A-2

235U: N =235—92 = 143

$3YU:N =234—92 = 142

$38U: N =238 —92 =146
Find the number of neutrons in the mercury isotope 35°Hg.

N =200-80=120

Write the nuclear symbols of the three hydrogen isotopes that contain 0, 1, and 2
neutrons.

e 0 neutrons: 1H

e 1 neutron: ?H

e 2neutrons: 3H °
) ° yl ° %0
An isotope of oxygen has a mass number of 16. é 8
' ~ ‘ > Oxygen
How many neutrons are in the nucleus of this isotope? ) iy

For each of the following nuclei, determine the atomic number (Z), mass number (A),
number of neutrons (N), and number of nucleons. Then, record your answers in a table.
16y 17(y 206p}, 208
Nucleus Atomic Number (Z) Number of Neutrons (N) Mass Number (A) Number of Nucleons
0
1?0
206py,
208py,

The diagram shows an: oxvgen atom ( 36_0)

Which of the following represents an isotope of the given atom?

@ 165% @ 5_1__6..}(' S & @ | 103?_; = -; (K @ 18,y

0509886279 e pliac cranlsic /1




NUCLEAR AND PARTICLE PHYSICS ‘ 12RDV

Average Atomic Mass

The measured atomic mass of an element is not usually a whole number.
This is because most elements exist in nature as a mixture of isotopes.

o The atomic mass shown on the periodic table represents a weighted average of the
masses of all naturally occurring isotopes.

» For example, the atomic mass of chlorine is 35.453 u.
o This value is the weighted average of its two natural isotopes:
chlorine-35 chlorine-37

Although the mass of an individual atom is close to an integer mass number, the average
atomic mass does not have to be an integer.

The isotope carbon-12 is used as the standard for atomic masses:

|
lu= P of the mass of a carbon-12 atom

The strong nuclear force is the force that binds nucleons together inside the nucleus.

Inside the nucleus, two main forces act:

o Electrostatic (electric) force
e Strong nuclear force
The Strong Nuclear Force

Electrons are held around the nucleus by the electromagnetic force.
However, inside the nucleus, positivelv charged protons repel each other.

The nucleus remains stable because an even stronger force acts between nucleons:
the strong nuclear force.

o Itis an attractive force acting between nucleons. strong farpe ’
" LY e \‘
o It acts between: o o
e
v prOtOﬂ pl'OtOﬂ proton electric force proton
strong force strong force

v/ neutron-neutron ‘ BT G 4‘ ) o c

v/ proton—neutron

neutron neutron proton neutron

[t is more than 100 times stronger than the electromagnetic force.

« It acts over a very short distance, about:1.4 x 10715

C umpdllsun ui P(m,es,lnstdéfhe |\udeus On /

Property: - tatic Ke S : Strong
Depends on charge Ves [ 7 N No—~ < ’
Acts between Protons only All nucleons Force Force
Nature [/ Repulsive _ Aftractive ‘
Rangé, (=, - ',.____Long ra,nge Vcry shiort range C i Repulswe Attractive
Increases;with, ./~ "~ Atomic number Z Y eutron mymber N =1 /
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Mass Defect

Careful measurements show that the mass of a nucleus 1s less than the sum of the masses of
its individual protons and neutrons.

The difference between these two values is called the mass defect:

separsted puieons
ligreaber mata)

The mass defect Amcan be calculated using the following relation:

Am = (mass of protons + mass of electrons + mass of neutrons) — mass of the atom

Am = (sum of masses of nucleons) — (mass of nucleus)

This missing mass does not disappear; it is converted into energy according to Einstein’s
mass—energy equivalence.

Nuclear masses are measured accurately using mass spectrometers, and when calculating
mass defect, the mass of the electrons must be taken into account.

The mass defect explains why energy is released when a nucleus is formed.

Mass Defect

The mass defect (Am)is the difference between the atomic mass and the sum of the
masses of its constituents (protons and neutrons).

The mass defect represents the mass equivalent of the energy that binds the nucleus
together.

Mass Defect Formula
Where:
Am = (‘improton +(A-Z )mneutron) — Matom

¢ A= mass number ‘

o Z=atomic number # of protons # of neutrons

¢ A — Z=number of neutrons Particle Masses

*  Myoien™ Mass of a proton Particle Mass (g) Atomic Mass (amu)
*  Myeuron=— Mass of a neutron Proton  1.67262 x 107%* 1.00727
*  Myey=atomic mass ~ Neutron 167493 x 1072* 1.00866
+ Numberof prot@ns =70 ||| Electson) 000091 1074 0,005

« Number of fiotiFdhe=A — Z

| o | 0509886279 e eliae cpanlsic /1
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Mass Defect

The atomic mass of helium-4 $Heis 4.002603 u.
A helium-4 nucleus consists of two protons and two neutrons.
Given that:
e Mass of hydrogen atom 1H = 1.007825u
e Mass of neutron n = 1.008665 u
Calculate the mass defect of the helium-4 atom.
Solution
Step 1: Identify the number of nucleons
Helium-4 contains:

e 2 protons
e 2 neutrons
Step 2: Calculate the total mass of the separate nucleons
Mass of 2 protons = 2(1.007825) = 2.015650 u
Mass of 2 neutrons = 2(1.008665) = 2.017330 u
Total mass of nucleons = 4.032980 u
Step 3: Use the measured atomic mass
Mass of helium-4 atom = 4.002603 u
Step 4: Calculate the mass defect
Am = (mass of nucleons) — (mass of atom)
Am = 4.032980 — 4.002603 = 0.030377 u

The atomic mass of oxygen-16 3°0is 15.994915 u.
An oxygen-16 nucleus consists of eight protons and eight neutrons.
Given that:

e Mass of hydrogen atom 1H = 1.007825 u L : .

e Mass of neutron n = 1.008665 u _ 0]
Calculate the mass defect of the oxygen-16 atom. @ >
Solution ° Py ° Oxygen
Step 1: Mass of separate nucleons °

8(1.007825) + 8(1.008665) = 16.131920 u

Step 2: Mass defect
Am = 16.131920 — 15.994915 = 0.137005 u

i

0509886279 sse pliac cran s /|
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The atomic mass of deuterium %His measured experimentally to be 2.014102 u.
A deuterium nucleus consists of one proton and one neutron.

Given that:
e Mass of hydrogen atom 1H = 1.007825 u
e Mass of neutron n = 1.008665 u

Calculate the mass defect of the deuterium atom and explain the meaning of the result.

Solution .
Deuterium
Step 1: Identify the nucleon composition
Deuterium contains:
P@
e | proton (taken as | hydrogen atom)
e | neutron 3
H

Step 2: Calculate the total mass of the separate nucleons
Mass of nucleons = 1.007825 + 1.008665 = 2.016490 u
Step 3: Use the measured atomic mass

The actual (true) mass of the deuterium atom, obtained from experiments using a mass
spectrometer, is:2.014102 u

Step 4: Calculate the mass defect
Am = (mass of nucleons) — (mass of atom)

Am = 2.016490 — 2.014102 = 0.002388 u

The atomic mass of lithium-7 3Liis 7.016004 u.
A lithium-7 nucleus consists of three protons and four neutrons.

Given that:
o Mass of hydrogen atom ;H = 1.007825 u
e Mass of neutron n = 1.008665 u

Calculate the| ﬁlass'_ade_fectfiif_ tﬂﬁmiithiu m-T.atont:, . [1<R

0509886279 e liae cpanlsic /1
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Binding Energy

Einstein showed that mass and energy are equivalent.

To remove a nucleon from a nucleus, work must be done to overcome the strong nuclear
force, and this work adds energy to the system.

o A system of separated protons and neutrons has more i |

3 1.808
energy than the same nucleons bound together in a nucleus. %,
¢ The energy difference between the separated nucleons and .

)
the assembled nucleus is called the binding energy. 2 |- . I |
o Since the assembled nucleus has less energy, the binding 0 —

Energy (MeV)

energy is considered negative. \i
AT \y |
Binding energy can also be defined as: energy binding energy
eq uivalient of energy equivalent of
o The energy required to completely separate a nucleus oM hastes

into its individual nucleons.
The binding energy can be expressed using Einstein’s equation: E = mc?
Where:

Am = (sum of masses of nucleons) — (mass of nucleus)
Or:
Am = (mass of protons + mass of electrons + mass of neutrons) — mass of the atom
Am =ZM(iH) + Nm, — M(4X)
After calculating Amin atomic mass units:
Eping = Am X 931.49 MeV
e The total mass of separated nucleons is greater than the mass of the nucleus.

¢ Therefore, nuclear binding energy is always negative.

Energy Equivalent of Mass
The energy equivalent of a mass is given by:
E = mc?

Where:
o mis the mass
o cis the speed of light in vacuum
Energy Units in Nuclear Physics
In nuclear physics, masses are usually measured in atomic mass units (u):
1u = 1.6605 x 10727 kg
Using Einstein’s equation:
E (1 6605 x 107%7)(3 x 108)?
X =1.4924 x 10-J
Since the electron volt (eV) lS a convement energy uml
- i\ eV =1.60218% 10197~

Therefore:

1u = 93149 MeV .
This conversion greatly mmphﬁes calculatmns 11w01v111g mass defect and bmdmg energy in
nuclear physics# . / _

0509886279 auc pliac cpanlisc /1
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Determine the binding energy of an iron nucleus 3SFe expressed in electron volts (eV) and
joules (J), given that the nuclear mass of iron is: 55.9206 u
26

o Mass of hydrogen atom = 1.007825 u
e Mass of neutron = 1.008665 u I e
Given 55.9206 u

e Nuclear mass of iron nucleus = 55.9206 u

e Atomic number Z = 26

Mass number 4 = 56

Mass of hydrogen atom = 1.007825 u
Mass of neutron = 1.008665 u

Energy equivalent:
1u =931.49 MeV
1eV =1.60218 x 1071°]
Step 1: Determine the number of nucleons
o Number of protons:Z = 26
o Number of neutrons:N = A —Z =56 — 26 = 30
Step 2: Calculate the total mass of the separated nucleons
Mass of 26 hydrogen atoms (protons):26 X 1.007825 = 26.20345 u
Mass of 30 neutrons:30 x 1.008665 = 30.25995 u
Total mass of separated nucleons:26.20345 + 30.25995 = 56.46340 u
Step 3: Calculate the mass defect
Am = (mass of separated nucleons) — (mass of nucleus)
Am = 56.46340 — 55.9206 = 0.54280 u
Step 4: Calculate the binding energy in MeV
E, = Am x 931.49
: Eb - 0 54280 >< 931 49 = 506 MeV
Step 5: Convert the bmdmg energ} t0 Joules '
1MeV = 10° X 1.6 X 107D
Eq= 5‘06 X 167X 1{}‘1._3'._:_ 8.11 _5<"1'0"1.f1_ \

0509886279 asc pliac cranlsic /1
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The mass of the tritium isotope 3H is 3.016049 u.
The mass of a hydrogen atom is 1.007825 u, and the mass of a neutron is 1.008665 u.
Given that:
1u = 931.49 MeV

(a) Calculate the mass defect of tritium.
(b) Calculate the binding energy of the tritium nucleus.
Solution TRITIUM H
Step 1: Determine the constituents of tritium
Tritium nucleus consists of:

« 1 proton (included in hydrogen atom mass)

e 2 neutrons
Step 2: Calculate the total mass of the separated particles
Mass of 1 hydrogen atom:= 1.007825 u _
Mass of 2 neutrons:= 2 X 1.008665 = 2.017330u B\ B iinn/ (it
Total mass of separated particles:= 1.007825 + 2.017330 = 3.025155 u

Step 3: Calculate the mass defect
Am = (mass of separated particles) — (mass of nucleus)
Am = 3.025155 — 3.016049 = 0.009106 u

Step 4: Calculate the binding energy
E, = Am x 931.49

E, = 0.009106 x 931.49 = 8.48 MeV
Since energy is released when the nucleus is formed: E;, = —8.48 MeV

Calculate the nuclear binding energy of the copper isotope 55Cu expressed in electron volts
(eV) and joules (J)
Hint:

o Energy equivalent of one atomic mass unit: 1 u = 931.49 MeV

e Mass of a neutron: m,, = 1.008665 u

e Atomic mass of a hydrogen atom: m( 'H) = 1.007825 u

 Atomic mass of copper-63: m( 53Cu) = 62.929598 u

0509886279 e elac Crans dlsuc /1
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Final Exam Moe

The mass of the carbon-12 nucleus :%C is 12.000000 u.
The mass of a hydrogen atom is 1.007825 u, and the mass of a neutron is 1.008665 u.

Given that:1 u = 931.49 MeV
12

(a) Calculate the mass defect of the carbon-12 nucleus. 6

(b) Calculate the binding energy of the nucleus. zﬁﬂ?z:s ‘:

6 electrons @

0L/01 [el0L
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Use these values to solve the following problems:
» Mass of hydrogen atom = 1.007825 u
e Mass of neutron = 1.008665 u
o 1lu=931.49 MeV

Izﬁc

The carbon isotope ¢“C has a mass of 12.000 u.

(a) Calculate the mass defect of the nucleus.
(b) Calculate the binding energy of the nucleus.

Carbon-12

Deuterium 2H has a mass of 2.014102 u.
(a) Calculate the mass defect of the nucleus.
(b) Calculate the binding energy of the nucleus.

The nitrogen isotope 1°N has a mass defect of —0.113986 u.

(a) Calculate the mass of this isotope.
(b) Calculate the binding energy of the nucleus.

0509886279 asc pliac cran e /|
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Use these values to solve the following problems:
e Mass of hydrogen atom = 1.007825 u
e Mass of neutron = 1.008665 u
o 1u=931.49 MeV
The oxygen isotope 3°0 has a mass of 15.994915 u.

(a) Determine the mass defect of the nucleus.
(b) Find the binding energy of the nucleus.

The magnesium isotope $5Mg has a mass of 23.985042 u.
(a) Calculate the mass defect of the nucleus.
(b) Calculate the binding energy of the nucleus.

The isotope 3SFe has a mass of 5§5.934940 u.

(a) Calculate the mass defect of the nucleus.

(b) Calculate the binding energy of the nucleus.

(¢) State whether this nucleus is stable or unstable, giving a reason based on the binding
energy.

0509886279 e liae cpanlsic /1



NUCLEAR AND PARTICLE PHYSICS ‘ 12ARDV

Average Binding Energy per Nucleon

The average binding energy per nucleon is the binding energy divided by the mass number:

_ Ey;
Eb: l;‘nd

 The stability of a nucleus depends on E,, not on the total binding energy.

o A larger value of average binding energy indicates a more stable nucleus.

The atomic mass of the magnesium nucleus is: M ( $3Mg) = 22.994124 u and the sum of
the masses of its free nucleons is:m,,cjcons = 23.189215u

Calculate:

1. The energy required to completely separate all nucleons of the magnesium
nucleus.

2. The average binding energy per nucleon.
Given:
1u=931.49 MeV
Solution
Step 1: Calculate the mass defect
The mass defect is given by:
Am = (sum of masses of free nucleons) — (mass of nucleus)
Am = 23.189215 — 22.994124 = 0.195091 u
Step 2: Calculate the total nuclear binding energy
The binding energy is:
E, = Am X 931.49
= 0.195091 x 931.49 = 181.7 MeV
This represents the energy required to separate all nucleons of the nucleus.
Step 3: Calculate the average binding energy per nucleon
The mass number ofmagneblum A =23 A LA
1 c '-Eb..' 181 7

Average bmdmg ener;:,y per nucleon = 7 =55 7 90 MeV

0509886279 asc pliac ¢ranllsic /1
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If the binding energy per nucleon in the sodium nucleus 23Na is equal to 8.11 MeV,
calculate:

1. The total nuclear binding energy of the sodium nucleus.

2. The mass defect corresponding to the binding energy of the sodium nucleus.

Using the given data, calculate the average nuclear binding energy per nucleon of the
bromine isotope 3zBr expressed in MeV.
Hint:

» Energy equivalent of one atomic mass unit:1 u = 931.49 MeV

e Mass of a neutron:m,, = 1.008665 u

« Atomic mass of a hydrogen atom:M ( 'H) = 1.007825 u

BROM!NE

« Atomic mass of bromine-75:M ( 22Br) = 74.925776 u

{ 0_,-_--.9 ”)-h-P (_}3’ U‘ J'r‘ 2
T g
s ples Ol S (_JJ.A.D ,C*r’" L/L_’ o (0
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NUCLEAR AND PARTICLE PHYSICS ‘ 12ARDV

Using the given data, calculate the difference between the binding energies of the two
nuclei 23Na and ?3Mg and state the reason for this difference

However, the fact that both nuclei have the same mass number.

Given:

» Energy equivalent of one atomic mass unit:1 u = 931.49 MeV
e Mass of a neutron:m,, = 1.008665 u
o Atomic mass of a hydrogen atom:M ( 'H) = 1.007825 u
 Atomic mass of magnesium-23: M( 23Mg) = 22.994124 u
« Atomic mass of sodium-23: M( ¥3Na) = 22.989768 u
Part (1): Binding Energy of 3Na
Step 1: Determine numbers of protons and neutrons
For sodium-23:
Z=11,N=23-11=12
Step 2: Mass of separated nucleons
Mass of 11 hydrogen atoms = 11 X 1.007825 = 11.086075 u
Mass of 12 neutrons = 12 X 1.008665 = 12.103980 u
Total mass = 11.086075 + 12.103980 = 23.190055u
Step 3: Mass defect
Amy, = 23.190055 — 22.989768 = 0.200287 u
Step 4: Binding energy
Epna = 0.200287 x 931.49 = 186.6 MeV
Part (2): Binding Energy of 23Mg
Step 1: Determine numbers of protons and neutrons
Z=12,N=23-12=11
Step 2: Mass of separated nucleons
Mass of 12 hydrogen atoms = 12 X 1.007825 = 12.093900 u
Mass of 11 neutrons = 11 X 1.008665 = 11.095315 u
Total mass = 12.093900 + 11.095315 = 23.189215u
Step 3: Mass defect
Amy, = 23.189215 — 22.994124 = 0.195091 u
Step 4: Binding energy
Epne = 0.195091 X 931.49 = 181.7 MeV
Part (3): Difference Between the Binding Energies
AE, = Eb sa 1 Ep Mg
> AEp = 186.6— 181 7AE,, 4. 9 MeV
Part (4)y Reason for the leference . (O ) L)
The extra profen-in‘the nucleus 01 MQ 1m_rcases tht. electrostatlc repulslve force between
rotons.
Elj"lm stronger repulsion reduces the cf’fcctlvmess of the strong nuclear force, resulting in a lower
binding energy.

Thereforethes Mmaghesium= 23 nuc,]eus i less stablc and casicr to dlsmtcgrate than a nucleus
with fewefprotofis. / .
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Relationship Between Binding Energy per Nucleon and Nuclear Stability
1. Binding Energy per Nucleon vs Mass Number
The binding energy per nucleon varies with the mass number (A) of the nucleus.
e For light nuclei, the binding energy per nucleon is relatively small.
e As the mass number increases, the binding energy per nucleon increases rapidly.
e The binding energy per nucleon reaches a maximum value around iron-56: 5¢Fe
» After this point, as the mass number increases further, the binding energy per nucleon
slowly decreases for heavier nuclei such as uranium.
Conclusion:
Nuclei near iron-56 are the most stable nuclei, since they have the highest binding energy
per nucleon.

2. Stability of Nuclei Based on Mass Number
o Light nuclei (A < 56 )can release energy by fusion, moving toward a higher
binding energy per nucleon.
o Heavy nuclei (A > 56 )can release energy by fission, also moving toward a higher
binding energy per nucleon.
¢ Any nuclear reaction that moves a nucleus closer to the peak at iron-56 releases
energy naturally.

—_—
L
£
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NUCLEAR AND PARTICLE PHYSICS ‘ 12ARDV

Neutron—Proton Ratio and Nuclear Stability
Nuclear stability also depends strongly on the ratio of neutrons (N) to protons (Z).
(a) Light Nuclei (Z < 20)
o Stable when:
N=Z
o Examples of stable nuclei:
THE =0 2P0
o Unstable when:
N<Z
due to increased electrostatic repulsion.

(b) Medium and Heavy Nuclei (20 < Z < 83)
o Stable when:
N>Z
» [Extra neutrons are needed to:
v' Increase the strong nuclear force
v" Reduce the effect of electrostatic repulsion between protons
« Examples of stable nuclei:
seFe, 19,Au, 55:Pb

(¢) Very Heavy Nuclei (Z > 83)
« Always unstable, regardless of the number of neutrons.
o Examples:
235U, 52¢Ra, 33,Th

o These nuclei undergo radioactive decay to reach greater stability.

4. Key Reasons for Nuclear Instability
1. Increasing the number of protons increases electrostatic repulsion.
2. To maintain stability, the number of neutrons must increase more rapidly than
protons.
3. Beyond a certain atomic number, the strong nuclear force can no longer overcome
proton repulsion.

o The maximum binding energy per nucleon occurs near iron-56.

« Nuclei are most stable when their bmdmg energy per nucleon is high.
o Light nuctel stabﬂme 'wWhen N = Z. Y \ ¢

o Heavy nucle: require N> Zfor ptdbll[ly

e Nuclei with Z > 83are always umtable
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For each of the following isotopes, determine whether the nucleus is stable or unstable, and
give a reason for your answer:

1y 23577 120 13y 197 208

1H, §2°U, 6°C, 77N, 75" Au, g¢ Rn

Stability of Selected Isotopes
Isotope Stable / Unstable Reason

H Stable It contains only one proton in the nucleus, so there is no
electrostatic repulsion between nucleons.
U Unstable [t is a very heavy element (Z > 83). No matter how many neutrons

are present, the strong nuclear force cannot overcome the large
electrostatic repulsion.

1= Stable It is a light nucleus (Z < 20) with equal numbers of protons and
neutrons (N = Z), so nuclear forces are balanced.

L3N Unstable It is a light nucleus (Z < 20) with N < Z, so the strong nuclear
force is not sufficient to balance the electrostatic repulsion.

197 AG Stable It is a heavy nucleus (20 < Z < 83) with N > Z, providing extra
neutrons to reduce proton repulsion and increase stability.

G 0 Unstable It is a very heavy nucleus (Z > 83). Such nuclei are always
unstable regardless of the number of neutrons.

Check your understanding

For each of the following isotopes, determine whether the nucleus is stable or unstable, and
give a reason for your answer:
217 14 164 19 208 226

Isotope Stable / Unstable Reason

14
6 C
12Ne
a9°Bb o ©

226,
gs Ra
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NUCLEAR AND PARTICLE PHYSICS ‘ 12RDV

Study the following table, then arrange the nuclei in ascending order of stability:
Nucleus Mass Number (A) Total Binding Energy, BE (MeV) Binding Energy per Nucleon,

BE/A (MeV)
A=) 39.24 5.606
82N 62 545.26 8.795
107Ag 107 1915.26 8.554
296pp 206 1622.32 7.875

(a) Arrange the given nuclei in ascending order of stability.
The nuclei arranged in ascending order of stability are:
Wi <—2%ph < WTAG~< OINj
(b)State the physical quantity used to compare the stability of nuclei, and explain briefly.
Nuclear stability is determined by the binding energy per nucleon (BE/A).

Ni (BE) S (BE) > Pb (BE) S Li (BE)
T\l kg A WA A
Therefore, nickel is the most stable nucleus, while lithium is the least stable.
Based on the adjacent diagram, which represents a part of the curve of stability, where each

square represents a nucleus and the shaded squares represent stable nuclei while the dark
squares represent unstable nuclei, answer the following questions:

(1) If the total nuclear binding energy of nucleus (X) is 186.3 MI:V then the binding
energy per nucleon for this nucleus equals: )
o[ NN D

@ 8.100MeV ® 15.50 MeV Sy EEEECN
6.94 MeV 0.1200 MeV o — e,

© 1694MeV @ 0.1200 Me t,‘3,13...-.-..
Answer: .&é | EECONENR
From the diagram: 2 U ONENENENR
o For nucleus (X): zoAHENENR

o I NEENE

Number of protons Z = 11

10 11 12 13 14 15

Number of neutrons N = 12 Z Number of Protons
Mass number A = Z + N = 23 I:] Unstable Nucleus . Stable Nucleus
A2\ Total B.E 186.3
Binding energy per nucleon = 2 S 8.100 MeV

(2) Which nucleus has more than one stable isotope among the nuclei (4 X» ¢ D)?

@ A ® X @ ~C @ D
Correct answer: C. (( )
Rcason. : AN (@ . (© . VL)) J
Nucleus (C) Ims WI{hm a vcrtlcal co]umn thaf contams more than one stdble nucleus (same
atomic number Zbut different neutrol numbers N), which lndlcate&. the presence of multiple

0
r ‘ .

7

stable 1sot0pes for this element a0

0509886279 asc pliac ¢ras lauc /1



\"/[eYe [VI:X-YAM NUCLEAR AND PARTICLE PHYSICS

The mass of the nucleus Xis 7.014 amu.
Using the graph shown, calculate the binding energy per nucleon of this nucleus.
(Given that 1 amu = 931.5 MeV).

@ 0.043MeV ® 39.6 MeV
© 571MeV @ 7.01 MeV

8
7 - SF W () (S G
6 hENBE ]
5hel... EHEE | 0
al Xk L
3 =

2

1

0

From the graph, the nucleus Xhas:
o Number of protons Z = 3
e Number of neutrons N = 4 @ !
e Mass number A = 7 >
Step (1): Calculate mass defect 1 2:3.4\5 b 7 8
Am = (Zm, + Nm,) — M Number of Protons (Z)
Am = (3 x1.00728 + 4 x 1.00867) — 7.014
Am = 0.04252 amu
Step (2): Calculate total binding energy
B.E = Am X 931.5
B.E = 0.04252 X 931.5 = 39.6 MeV

Step (3): Calculate binding energy per nucleon

BE 290 = 5.71 MeV
a7 JF ©

.........

Number of Neutrons (N)

Correct answer: (B) 5.71 MeV

In the previous question, two nuclei represent isotopes of the same element.
Which of the following pairs represents these isotopes?

@ (A)and (D) ® (E)and (F) © (C)and (E) @ (B)and (E)

Correct answer: (B) (E) and (F)
Reason:
Isotopes have the same atomic number (Z) but different mass numbers (A).

mﬁ’““"” ‘-3‘:' J) Cw‘
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NUCLEAR AND PARTICLE PHYSICS ‘ 12RDV

Study the following graph of binding energy per nucleon versus mass number, then
answer the following questions:

Note:
Nuclear stability is determined by binding energy per nucleon (BE/A), not by the total
binding energy (BE).
20N\je MNI msMO 127
B e 4oca Fe Zn -
\ BaS "
8 - - | = - d(]lipb
B *Mg )
| 226Ra 2357 §
= *fupg
) oz AL 63"
6 _. g o i d : Fissionable nuclei
= B =
@ PeLi = =
= 5 =
/) ¥ N P =
=< _4 ‘4 =
S = Tl -
(== & = e 1 =
H 22 A2
| 2 = 2
2 = F
>H .
1= 2H
0 L L L L I L L L L 1 L L L L I L L L L I L 1 L
0 50 100 150 200

mass number ( A)

(a) Which nucleus is considered the most stable, and why?

(b) Which nuclei are more likely to undergo nuclear fusion, and which are more likely to
undergo nuclear fission?

(c) Why do light nuclei become more stable after a fusion process?

(d) Why do heavy nuclei become more stable after a fission process?

(e) For which nuclei does the binding energy per nucleon increase very slightly with
increasing mass number? Explain.
answer
(a)
The most stable nucleus is iron (Fe) (and nuclei near it such as nickel, Ni).
Reason:
Because iron has the highest binding energy per nucleon, which indicates maximum nuclear stability.
(b)

e  Heavy nuclei such as uranium (U) and radium (Ra) are more likely to undergo nuclear fission.

¢ Light nuclei such as hydrogen (H) are more likely to undergo nuclear fusion.
(c)
Light nuclei become more stable after fusion because fusion forms a nucleus with a higher binding energy per
nucleon than tlu. original light nucler
(d) . > 0 i l | b . | r AIER g 2
Heavy nuclei he:come more stable aﬁer fission because ‘rlsslon produces medm' %rhaéé n'il"q:llq’i that have a greater
binding energy per nudeon than-the @ﬁgmal hea‘vy nucieus, IR S —— |
(e) > '
The binding energy per nucleon changes only allbhtly for medium-mass nuclei (around iron and nickel).
Explanation: O ' - '
This is due to the: short-range nature of the nuelearforce, thw ‘CdCh ﬂue]wn mlcracta 011[\? \with nearby nucleons.
This effect 15 kriown as saturation-of the nutlea“r force,” -
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Study the adjacent graph which shows the variation of binding energy per nucleon (MeV) with the
mass number (A), then answer the following questions (1, 2, 3 and 4):

A
ég N+ =
K ¥ ]
2 w
g6
5 5
=
&4
23]
2l oz
3
27 'n/
=
50 100 150 200 250
(1) The most stable nucleus is: Mass number
@ (2 ©® () © X @ W)

Correct answer: B. (Y)
Reason:
The nucleus (Y) has the highest binding energy per nucleon, hence it is the most stable.

(2) The total nuclear binding energy of nucleus (X), in MeV, is:

@ 8 ® 1600 © 200 @ 208
Correct answer: B, 1600 MeV
Solution:
From the graph:
BE

—) =8MeV
(A)X v

Ay = 200

and
BE
BEszA=B)<200 = 1600 MeV

(3) The nucleus that is most likely to undergo nuclear fission is:

@ (2 ® () © X @ W)
Correct answer: D. (W)
Reason:
Heavy nuclei with large mass numbers are more likely to undergo nuclear fission.

(4) The nuclcus*-that'is_i_n"_iostliikéI}’--to.irunii_eg*gd.liucléa_r fﬁ'sioﬁ-.?iS-:' —_—

@ (2 S ® (Y35 © "X @ W)
Correct answer: A. (Z)
Reason:

Light nucleiwith small shass nuimbers.are motelikely to undergo nuclear fusion to foriivmore stable nuclei.
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NUCLEAR AND PARTICLE PHYSICS ‘ 12ARDV

For the nucleus 2P, the nuclear binding energy is 250.5 MeV.
The total mass of its separate nucleons is 30.23925 amu.
Calculate the mass of the nucleus ;2Pin atomic mass units (amu).
(1 amu =931.5 MeV)

The mass of the nucleus equals:

A. 25.5555 amu
B. 29.9706 amu
C. 30.5 amu

D. 31.76 amu

Step (1): Calculate the mass defect
Binding Energy
=
931.5

9315
Step (2): Use the mass defect equation

Am = (Mass of nucleons) — (Mass of nucleus)

Am = = 0.2686 amu

0.2686 = 30.23925 - M
Step (3): Calculate the nuclear mass
M = 30.23925 — 0.2686 = 29.9706 amu

[f the difference between the mass of the nucleus and the total mass of its nucleons in the
nucleus
20Pbis 1.7426 amu, calculate the binding energy per nucleon of the lead nucleus.

The binding energy per nucleon equals:
@ 6.6 MeV ® 7.8797 MeV © 8.876 MeV @ 9.832 MeV

(1amu = 931.5MeV)
Model Solution:
Step (1): Calculate the total binding energy
Binding Energy (B.E) = Am x 931.5
B.E = 1.7426 x 931.5 = 1623.23 MeV
Step (2): Calculate the binding energy per nucleon
The mass number of lead is:

BE RS Fo |
AT e i i
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Study the adjacent graph which shows the relationship between the number of neutrons (N)

and the number of protons (Z) for different nuclei, then answer the following questions:
130

120

110

100 i
90 ek

70 F-E

60 :

50 ! .-

40 g-= -

N Number of Neutrons
vy
[ ]
Z
Il
N

30

20

10

0
0 10 20 30 40 50 60 70 80 90

Z. Number of Protons
(1) Which of the following nuclei has the highest binding energy per nucleon?

@ (A) ® (B) © X @ ()
Correct answer: D. (Y)
Reason:
The nucleus (Y) lies closest to the line of stability in the region of medium-mass nuclei,
which corresponds to the maximum binding energy per nucleon.

(2) Which of the following nuclei are unstable nuclei?
A.B.C.D.

@ X,Y) ® (B,A) © AX) @ (B,Y)
Correct answer: B. (B, A)
Reason:
The unstable nuclei are those that lie far from the line of stability on the graph. Nuclei (A)
and (B) deviate significantly from the stable region.

Note:
o Stable nuclei lie close to the N = Z line for light elements and above it for heavy
elements.
e Nuclear stab1lny is related to the approprlate ncutmn-tg proton ratio and the
binding energy per nucleon A - ‘ <
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NUCLEAR AND PARTICLE PHYSICS ‘ 12ARDV

The following table shows the total binding energy of some nuclei.
Nucleus  Total Binding Energy (MeV)
jLi 39.24
SZNi 545.26
1°7Ag 915.26
Arrange the nuclei in descending order of stability.

@ Ni>Ag>Li ® Ag>Ni>Li © Ni<Ag<Li @ Ag=Ni=Li

Correct answer: A

Reason:
Stability depends on binding energy per nucleon (BE/A).
Nucleus BE/A (MeV) Li 39.24 c Ni 545.26 Ag 91526 e

7 <& 62 107

As the number of nucleons in a nucleus increases, the energy required to separate the
nucleons:

(@ Increases ® Decreases (© Remains constant  (d) May increase or decrease

Correct answer: A
As the binding energy per nucleon increases, the stability of the nucleus:

@ Decreases (b) Increases (©) Doesnotchange (d) The nuclear charge increases

Correct answer: B

A nucleus contains 3 protons and 4 neutrons. If its total nuclear binding energy is 39.24
MeV, calculate the energy required to remove one nucleon.

@ 12.08 MeV ® 9.81 MeV © 5.60 MeV @ 10.20 MeV
A=3+4=7
39.24
Energy per nucleon = —— = 5.60 MeV

(‘orrect answer>'C ~

C})L,L\ u,))\
ABIR Led o
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The number of neutrons in stable nuclei is usually:
Equal to the number of protons

Less than the number of protons

Slightly greater than the number of protons

® @ e

Much greater than the number of protons

The neutron-to-proton ratio increases with increasing atomic number for a stable nucleus
whose atomic number lies between:

@ 1<Z<20 ® 356<Z<83 © 20<Z<43 @ 20<Z<83

A short-range attractive force that strongly binds nucleons together is known as:

(@ Gravitational force  (® Electrostatic force ~ (©) Nuclear force (d) Magnetic force

Which of the following nuclei is the least stable?
@ 7N ® o TR © #Na @ Py

Which of the following is NOT a property of the nuclear force?

@ Very strong @ Acts only between charged particles
(© Very short range (d Does not distinguish between protons and neutrons

Most nuclei of elements are characterized by the fact that their density is:

(@ Nearly constant (® Nearly constant in volume
(© Nearly constant in mass (d Variable

The number of neutrons in stable nuclei is:
Greater than the number of protons for light nuclei

Equal to the number of protons for light nuclei

Equal to the number of protons for medium nuclei

CRONCNO

Less than the number of protons for heavy nuclei
Which of the following correctly describes the stable nuclides $3Xand $3Y?

®  nAme 0 (h-mS G m>% o@1 A<
Which of tk;e folii)wihé répresénté an i'.sfc_j.t"l(.)pe. Of.t:flé:‘é-[gme;l’[ §§4X ”

@ & | & ige, @\ 25k(e o #u
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All nuclei with atomic number Z > 82are described as:

@  Unstable © Having a neutron-to-proton ratio (%) =k

©  Stable @ Having a neutron-to-proton ratio (—1:—) ]

[sotopes of the same element are similar in:
@ Mass number ( Atomic number and physical properties

(©  Physical properties (d Atomic number and chemical properties

The force between protons inside the nucleus is:
@ Nuclear attraction (® Nuclear attraction and electrostatic repulsion

(©) Electrostatic repulsion (d) Electrostatic attraction

In elements whose atomic number is less than (20), the neutron-to-proton ratio ;is:
@ Equal to (1) ®  Less than (1)
© Greater than (1) (d  All of the above

To make the unstable nucleus g}(’stab[e, we should:

@ Add 7 protons ®  Remove 2 neutrons
© Add one neutron (d Remove 3 neutrons

The number of neutrons in stable heavy nuclei is:
@  Greater than the number of protons ( Less than the number of protons

(©) Much less than the number of protons (@ Equal to the number of protons

o "&c@é‘”ﬂfn‘ﬁ

4 30, 1 e
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The deuterium nucleus #H(D)is formed from a proton and a neutron. m,=1.00867 U -
The following data are given: m“m,,/a
Given = 10720
proton
Quantity Proton m,, Neutron m, Deuterium nucleus m
Mass (amu) 1.00728 1.00867 2.01355
1 amu = 931.5 MeV

Calculate:

1. The mass defect (Am)

2. The binding energy of the deuterium nucleus

Solution:
Step (1): Calculate the mass defect
Am = (m, + m,) —my
Am = (1.00728 + 1.00867) — 2.01355
Am = 2.01595 — 2.01355 = 0.00240 amu
Step (2): Calculate the binding energy

B.E = Am x 931.5
B.E = 0.00240 x 931.5 = 2.24 MeV

clio udbi U cLjpall
0953 gl
i,
L vesiolds
o Iniling |19m
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If the mass defect between the nucleus and its constituents of the nucleus 39°Pb is:

Am = 2.90 x 107%7 kg

Calculate the nuclear binding energy of the nucleus in:
1. Joules (J)
2. Mega electron volts (MeV)

Given:
Am =290 x 107%7 kg
¢'=3.0x10% m/s
1eV=16x10"1]
Required:

o Binding energy (B.E)in J
« Binding energy (B.E)in MeV

Solution:
Step (1): Calculate the binding energy in joules
B.E = Amc?
B.E =2.90 x 107*7 x (3.0 x 10%)2
BE=26x10"19]
Step (2): Convert the energy from joules to mega electron volts

E—2'6XI0_10—16><109 Vg
“16x10-1° ©

B.E = 1600 MeV

oI Sl O\ Y
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