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FOREWORD 
 

 

This is the era of scientific innovation and creations. Scientific knowledge is expanding 

very rapidly day by day. Today’s society is heavily based on science and technology to 

enjoy the basic facilities of life effectively, citizens need knowledge of science. 

Therefore, it is the need of hour to produce the citizens with strong background of 

science. To produce such persons the science teachers are required with strong scientific 

knowledge. In this connection the B.Ed 4 years program in science education is being 

offered. Physics IV is one of the course of this program. In previous semesters Physics I, 

Physics II & Physics III were offered. Physics IV is a connection of this sequence. This 

course has been designed for fulfilling the content expertise of prospectus science 

teachers enrolled in B.Ed 4years in Allama Iqbal Open University. This book is very 

useful for making up the need of the advance content knowledge required for the physics 

teachers. It will be helpful to reduce the controversy that what level of knowledge of 

Physics is required.  Allama Iqbal Open University and Science Education Department 

has promised to maintain the quality and acceptability. This book is one of those series of 

books which will enable the teachers to cope with changing needs of the society and 

students.  

 

This book is not the effort of a single person rather than it is result of hard work of a 

group of experts. Dr. Muhammad Zaigham Qadeer, Dr. Muhammad Amjad, Mr. Irfan 

Ullah, Mr. Imran Amin, Mr.  Junaid Shahid, Ms. Saima Kashif and Ms. Hanifa Ubaid 

made tireless efforts for the completion of this course and to make this course beneficial 

for the future teachers. Not only the prospectus teachers of this university but also the 

student teachers of other universities may use this course for enhancing their knowledge 

required for teaching proficiencies.  It may also be helpful for Physics teacher already 

teaching Physics to refresh and update their content knowledge. I am thankful to all those 

who have contributed in the development of this course. Without their help and 

cooperation it would not have been possible to develop this course. I wish success to the 

readers and pray that Almighty Allah enables us to serve the nation in an effective 

manner. The elements of motivation and love are also considered.  We welcome 

suggestions and comments for improvements from the readers, teachers and public at 

large for the improvement of this course.        

 

 

 Prof. Dr. Zia Ul Qayyum 

 Vice Chancellor 

 Allama Iqbal Open University 
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PREFACE 
 

 

Though there is lot of books available in market, but there is no book which fulfills the 

requirements of University approved outlines. Some cover one area of content, while 

other covers another area. In this way there would be a lot of financial burden and 

dispersed focus. 

 

Further AIOU has its own requirement either to provide compiled material or textbook. 

This book is one of those series for coverage of content area requirement for B.Ed 4 Year 

and B.Ed 2.5 Year in the field of Physics. 

 

This book is written as per prescribed procedure of book development. After approval of 

content from all statuary bodies, approval for starting development of this book was 

sought. Then selection of writers and reviewers was completed. Time and again 

reminders and telephonic conversation were done with the writers to expedite the process 

of writing and review. In spite of very tedious work of writers and reviewers, 

coordinators had to look into everything i.e. Format, self assessment exercises, alignment 

of the content and addition of some essential things and removal of irreverent things. 

Great stress has been laid in making the course to facilitate the prospectus, in service and 

pre-service teachers for content knowledge regarding Physics. This course consists of 

nine units. All units have been written according to the level of teachers.  The course is 

also equipped with illustrations for better understanding of the reader. Each unit is 

equipped with necessary illustrations, activities and self assessment exercises. 

 

AIOU hope that this book will prove the best for the content knowledge regarding 

Physics. 

 

 

 Course Development Coordinator 

 Ms. Saima Kashif 
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INTRODUCTION 
 

 

This course is a comprehensive course. It contains contents related to electronics, atomic 

physics, nuclear physics and quantum optics. This course will provide basic overview of 

electronic components and their common uses.  It covers diodes, transistors, and op 

amps.  Laboratory demonstrations are given to reinforce the concepts learned from the 

lectures and homework. There are a various physical applications demonstrated in this 

course. In this course the concepts of atomic and nuclear physics have also been added. 

 

 

COURSE OUTCOMES 
 

 

After completing this course, the student will be able to: 

 describe different characteristics of transistor and sketch load lines for A.C and D.C 

circuits. 

 find out Hybrid Parameters of transistor and understand applications of transistors 

as oscillators, multi vibrators and as an amplifier. 

 design logic with the help of logic gates.   

 illustrate Pauli Exclusion Principle and its use in developing the periodic table. 

 differentiate orbital angular momentum, spin quantization and Bohr’s magnetron. 

 describe the various properties of nucleus, its  structure, atomic No., isotopes and 

binding energies 

 solve problems related to mass deficit, and nuclear magneton 

 identify different kinds of nuclear reactions.  

 explain basic concepts of plasma and its applications 

 determine basic characteristics of LASER and its applications, different types of 

laser, working of LASER 
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Introduction 

 
This unit consist up of four sections. The first section is to provide the basic idea of the 

semiconductor materials which are the vital for manufacturing the electronic devices. 

Further, the transistors are elaborated their role in as amplifiers and their configurations. 

The application of transistor as amplifiers is presented along with mathematical 

derivation to provide deep understanding of the amplification process. The transistors are 

the key electronic component that are also used in IC’s to perform a number of 

application in control systems and computers etc. 

 

Objectives 
 

After going through this chapter, the student should be able to 

 Understand the semiconductor materials. 

 Grasp the concepts of diode and pn junction. 

 Utilize the mathematical concepts to understand the amplification by transistors. 

 Understand different configuration of the transistor and their applications. 
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1.1 Transistor 
 

The semiconductor devices serve as the backbone of the electronic equipment and 

products such as amplifiers, high and low frequency communication equipment and in 

computer etc. The pn-junction is the basic component in manufacturing the Integrated 

Circuits (IC’s). The pn-juction forms the diode that is implemented for the process of 

rectification to control the flow of the current. The current flows in the circuit when the 

pn-junction has forward-biased configuration, while it blocks the current in Reverse-

biased configuration that is further elaborated in this topic. 

 

The IV-B group of the periodic table is composed of semiconductors. The 

semiconductors act as non-conductors at room temperature, while conduct current when 

connected with a power source such as batteries. The Silicon (Si) and Germanium (Ge) 

are mostly utilized in manufacturing semiconductor devices like pn-junctions, transistors, 

logic gates and amplifiers etc.  

 

The elements of group IV-B possess four electrons in the outer-most shell which are held 

loosely by the nuclear force. The process of doping is carried out to alter (change) the 

electrical characteristics of the semiconductor material. Doping is the addition of 

impurity from the group III-B (trivalent) or V-B (pentavalent) into the semiconductor 

material (Si or Ge).  

 

The semiconductor material in pure state (intrinsic) contains equal positive and negative 

charges. The n-type is formed by adding the element as impurity from group V-B is e.g 

Phosphorous (P) with the Si. The P contains five electrons in the outer most shell. The 

four electrons of the P make covalent bonds with the four electrons of Si while one 

electrons remains non-bonded which cause increase in the concentration of electrons, 

thus the material possess a negative charge.   

 

The p-type material is formed by adding impurity from the group III-B (trivalent) in Si. 

The three electrons in the valence shell of Boron (B) form covalent bonds with the 

electrons of Si while one electron of Silicon remain non-bonded that creates a vacancy 

called as “hole”. In order to fill up the vacancy the electrons from the lower shells start to 

jump towards the valence shell. The majority charge carrier are thus holes are considered 

to be positively charged . The overall charge is positive in p-type materials. 

 

1.1.1 Diode 

The diode is consist of p and n type material as shown in Figure (1.1). The p type region 

is called Anode (+) and the n-type region is called Cathode (-). The forward biased 

configuration is formed by connecting the p-type (anode) with the positive terminal of the 

battery and the n-type is connected with the negative terminal of the battery. The current 

flows when the diode is connected in forward biased.  
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Figure 1.1: Symbol of Diode 

 

The p-type has excessive number of holes and n-type has higher concentration of 

electrons. The electrons move towards the holes to fill up the vacancies created by the 

holes which result in formation of a potential difference as shown in Figure (1.2), the 

region in which these charges exist (which formed the potential difference) is called as 

Depletion region. In case of Si the potential difference is 0.7 V and for Ge the potential 

difference is 0.3 V. The potential difference which is also known as potential barrier 

stops further flow of the charges. 

 

 
Figure 1.2: Depletion Region in diode 

 

Transistor: 

Transistor is a three terminal semiconductor device. The three terminals are used to 

connect with the external circuit. A pair of terminals is usually used to control the input 

current that helps in controlling the output amplified voltage. The transistor is shown in 

Figure (1.1.2). 

 

 
 

 Figure 1.3: Pnp Transistor  
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The npn transistor is composed of a p-type that is sandwich among the n-types. Similarly, 

in case of pnp the n-type is sandwich between the p-types. The region in the centre is 

called as Base while the other regions are called as collector and emitter. In next section 

basic structure and operation of transistor is elaborated. 

 

 
 

Figure 1.4: npn Transistor 

 

Self-Assessment Questions 1 
Q.1 The silicon diode is used in the circuit as shown in the Figure.  

 i. The diode is forward or reversed biased? 

 ii. What would be the voltage drop across the diode? 

 iii. What is value of current in the circuit? 

Q.2 A Si diode is supplied with a voltage of 0.4 V. Will it conduct the current? 

Q.3 Why Silicon is mostly used in to construct the semiconductor devices? 

Q.4 MCQ’s 

 1. What is the value of potential difference across the Ge diode? 

  i. 0.3 V  ii- 0.5 V  iii- 0.7 V  iv- 0.2 V  

 2. The p-type is formed by doping: 

  i. 5B- group element  ii- 3B group element  iii- 4B group element  

 3. Diode conducts current in: 

  i. Reverse Biased ii- Forward Biased iii- Common Emitter iv- Common 

Collector  

 

1.2 Basic structure and operation of transistors 
 

A transistor is a three terminal semiconductor device. The transistor is constructed by 

sandwich a p-type among two n-types which is known as npn transistor and similarly the 

n-type is sandwich between the p-types which is known as pnp. The region in the centre 

is called as base while the others are called as emitter and collector. The base is kept very 

thin as compare to the collector and emitter. The impurity is higher in the emitter while 

the size of the collector is greater than the emitter. 

 

In Figure 1.5, npn transistor is given it can be observed that the transistor that the 

transistor configuration can be seen as emitter-base junction and collector-base junction. 
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Figure 1.5: npn transistor 

 

To design an operation transistor, the batteries VBB and VCC, are configured such that the 

junction of emitter-base is forward bias (p-type is connected with the positive terminal of 

the battery while the n-type region is connected with the negative terminal of the battery) 

while the junction collector-base is reverse biased where the VCC is much greater than the 

VBB. 

 

The npn transistor is widely used because it has electrons as the majority charge carriers 

moreover npn serves better in negative ground system  

 

 
 

Figure 1.6: pnp transistor 

 

In Figure 1.6, the pnp transistor can be observed, the polarity of the batteries is different 

from the npn so that the emitter-base junction remains forward bias and the collector-base 

junction is reverse biased. 

1.2.1 Analysis of Current Flow in npn Transistor 

As the implementation of npn is much higher than pnp so we have considered to study 

the current flow in an npn transistor In Figure 1.6 (a), an npn transistor with its 

configuration. The VBB is connected is so that the emitter-base junction is forward bias so 
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the electrons flow from emitter to base in a higher concentration. The electrons can flow 

into two directions. One by flowing through the base to the positive terminal of the input 

voltage VBB. And the other way is move thorough the base into the collector region. The 

majority of the electrons enter into the region of collector due its larger size and the Vcc 

is connected in such a way that the positive terminal is connected with the collector. The 

current IE  flows from the battery VBB to the emitter, IB flows through the base region to 

the positive terminal of the VBB which is very small because the base region is thin so the 

holes and electrons cannot mange to recombine and almost all the electrons (current) 

flows from the region of emitter to the collector. The current IC is the collector current 

that flows from collector to the base but the output is taken across the Rc so most of the 

current IC consumes as the output current. 

 

 
 

Figure 1.7: 

 

From the Figure we can derive the following expression:    

 

IE = IC + IB 

 

As the current IB is very small so, the above expression can written as: 

                                 

CE II 
 

The 


, is the gain constant of the transistor and ration of the collector and the base 

current. It is given as: 

B

c

I

I


 
 

Self Assessment Questions 2 

Q.1 Calculate value of the collector current IC where the 


=300 and IB =20 mA? 

Q.2 Why the most part of the current flows from the emitter to collector? 

Q.3 Why in most cases the npn is preferred over pnp? 
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1.3 Transistor Biasing for Amplifiers 
 

The transistor is mostly used as for the purpose of amplification. Amplification is process 

that is adopted to increase the amplitude of the output signal. 

 

In Figure 1.8 (a), the transistor as a voltage amplifier is shown. The VBB is connected in 

forward biased with the emitter Base junction while the VCC is connected in Reverse 

biased with the collector emitter junction. The circuit receives an input voltage and 

amplify it by increasing the amplitude of the signal which is received at output across RC.  

 

 
 

Figure 1.8 

 

The base current is represented as IB. A small resistance between the base and emitter is 

present which is represented by rie. 


 is the current gain of the amplifier. Using the 

Ohm’s Law (V=IR), we can write: 

 

ie

BE
B

r

V
I 

 

As we know: Bc II 
ie

BE

r

V


; 

 

The output voltage is calculated by using KVL on the output loop: 

 

CEccCC VRIV 
 

 

CCCCCE RIVV 
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The output voltage depends on the CEV
, so 0VVCE  : 

 

CCCC RIVV 0  
 

Putting value of IC in the above equation: 

CCCC RIVV 0  
 

C

ie

BE
CC R

r

V
VV


0

……………(A) 

 

The input signal is implied at the input terminal that cause change in the input voltage 

that is represented as:  

 

inBE VV 
 

 

The change in input voltage cause change in the base and collector current as well thus 

we can write as: BBB III 
 and CCc III 

. Due to change in collector current 

the output voltage also changes which is mathematically written as: 00 VV 
 . 

 

Now, putting these value in eq (A) 

 

C

ie

inBE
CC R

r

VV
VVV

)(
00





--------------------(B) 

Subtracting eq A from eq B: 

 

iecin rRVV /0  
…………………(C) 

 

The amplifier gain is represented by A which represent the ratio of the output signal and 

the input signal. 

inVVA  /0  
 

Putting eq (C) in the above equation: 

 

inie

cin

Vr

RV
A
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ie

c

r

R
A




 
The negative sign represent the phase sift of the output signal by an angle of 180

0
.  

 

1.4 Characteristics of Transistor 
 

In this section the configurations of the transistor are elaborated. The Bipolar Junction 

Transistor (BJT) utilizes both the holes and electrons as charge carrier. The above 

mentioned topic is an example of common emitter configuration that used for the 

amplification of the signal.  

 

The BJT is a three terminal device which is configured in three different ways. 

Practically, for configuration of transistor four terminals are required to sort out this issue 

one terminal is used as common. The three different configurations: 

 

1. The Common Base Configuration 

2. Common Collector Configuration 

3. Common Emitter Configuration 

 

1.4.1 Common Base Transistor 

In common base configuration the based is configured as common terminal. The input 

voltage signal is employed at base-emitter junction as given in the above topic. The 

collector-emitter junction is used to acquire the output signal.  

 

 
 

Figure 1.9: Common Base Transistor 

The emitter current IE and voltage applied between the emitter and base VEB serve as the 

input parameters. While, the voltage between the collector and Base VBC and the collector 

current IC serve as the output parameters. In order to operate the emitter current is 

required to be larger as compare to the base and collector current. That is the reason for 

greater current in the emitter. 
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In common base configuration the gain of current is equal to 1 or less than 1. There is no 

phase shift between the input and output signal. The configuration is suitable for non-

inverting amplification.  

 
 

Figure 1.10: Configuration of Common Base transistor 
 

Due to high voltage gain the designing of such configuration is crucial task. The out 

impedance is higher as compare to the input impedance. The collective resistance offered 

by the loop or circuit which include capacitor, resistance and impedance or any two of 

these elements is called as impedance. The voltage gain of such configuration is 

represented as the ratio of output voltage and input voltage as given below: 

 

in

out

V

V
A 

 
 

inE

Lc

RI

RI
A






 
 

The current gain of the amplified signal is represented as: 

 

inputoutput II /
 

 

E

C

I

I


 
The applications of common based configuration are radio frequency amplifiers, single 

stage amplifier for microphones etc.   

 

Input Characteristics of Common-Base Configuration: 

Constant output voltage is formed to analyse the input current and voltage features. The 

output voltage is kept constant while the input voltage VBE is altered for different values 
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while keeping record of the input current IE. The same method is repeated for different 

output voltages. These values are used to plot the graph between IE and VEB. 

 

 
 

Figure 1.11: Input characteristics of common-Base Configuration 
 

The Figure represents the input characteristics of the common base configuration. The 

VCB is kept constant in order to evaluate the input resistance Ri which is mathematically 

evaluated as: 

E

BE
in

I

V
R 

 
 

Output Characteristics of Common base Configuration: 

The input current is maintained as constant to evaluate the output current and voltage. To 

record the IC values at each point the emitter current is kept constant while the values of 

voltage source between collector and base VCB are varied. The same procedure is 

repeated for the different values of IE. The output characteristics are shown in the Figure 

given below:  

C

CB
out

I

V
R 
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Figure 1.12: Output Characteristics of Common Base Configuration 

1.4.2 Common emitter configuration transistor 

The emitter is implemented as common terminal between the input and output regions. 

The output of the common emitter configuration transistor is inverting so it used as 

inverting amplifier as well. The base-emitter region is used as the input region where the 

collector-emitter region behaves as the output region. The output depend on the VCE and 

IC where the input depends on the IB and VBE. 

 

 
 

Figure 1.13: Common Emitter Configuration Transistor 

 

The amplification process is mostly achieved using this configuration which can be seen 

in the previous topic. The emitter current is equal to the collector current in this case. 

 

IE = IC + IB 

 

The current gain alpha is obtained by the ratio among the collector and base current. 

While beta is obtained by ratio between the collector and base current. 
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Figure 1.14: Common Emitter Configuration Transistor 

The mathematical relationship between the two current gains can be obtained as: 

 

E

C

I

I


 

B

C

I

I


 

BEc III  
 

 

The impedance in this configuration is medium for both the input and output with 

medium gain of current and voltage as well. The configuration cause inversion of the the 

signal by 180
0
.  

 

Input Characteristics of Common Emitter Configuration 

The input characteristics by keeping the output voltage VCE constant and obtained among 

the input current IB and input voltage VBE. In order to plot the graph for the input 

characteristics keep the voltage VCE constant and alter the VBE. Then note down the input 

current values, the graph is plotted between IB and VBE. The following equation is used to 

evaluate the input resistance. 
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Figure 1.15: Input Characteristics of Common Emitter Configuration 

 

B

BE
in

I

V
R 

 
 

Output Characteristics of Common Emitter Configuration 

The output characteristics are obtained among the output current and output voltage. The 

based current is held constant while output voltage VCE is varied while the IC values are 

kept in record. The graph is plotted among the IC and VCE to perform analysis on the 

output characteristics of the common emitter configuration. 

 
 

Figure 1.16: Output Characteristics of Common Emitter Configuration 

 

CCEout IVR /
 

    

1.4.3 Common Collector Configuration of Transistor 
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The collector terminal is implemented as common for the input and output signal. As the 

emitter voltage follows the base voltage so it is also known as emitter follower 

configuration. The configuration has higher input impedance therefore it is implemented 

in impedance matching. It is commonly used in buffers as well. 

 

 
 

Figure 1.17: Common Collector Configuration of Transistor 

 

The input signal is implemented on the input terminal that resides in base-collector region 

and the output is acquired from emitter-collector region. The VEC and IE serve as the 

output parameters while VBC and IB are the input parameters in common-emitter 

configuration. 

 

The current gain is mathematically represented as: 

 

B

E
i

I

I
A 

 
 

B

BC
i

I

II
A




 
 

1
B

C
i

I

I
A

 
 

1 iA
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The common collector transistor is shown in Figure. The common collector do not cause 

any phase shift therefore it is non-inverting amplifier. Moreover, the voltage gain remains 

less than 1. The load resistance receive the collector and base currents therefore the 

current gain is higher in common collector transistors. 

 

 
 

Figure 1.18: Common Collector Configuration of Transistor 
The input voltage VBC is determined with the help of VEC therefore the input 

characteristics of common collector are different from common base configuration.  

 

BCEBEC VVV 
 

BCECEB VVV 
 

 

The output voltage is kept constant while the input characteristics of common collector 

configuration are obtained between the input current IB and the output voltage VEC. The 

graph is obtained by keeping the VEC constant and is drawn between VBC and IB. 

 

Output Characteristics of Common Collector Configuration 

At constant input current IB the output characteristics are obtained among the output 

voltage VEC and output current IE. The emitter current is zero if there is no base current 

flowing in the circuit. 



19 

 

 
 

Figure 1.19: Output Characteristics of Common Collector Configuration 

 

The transistor operates in the active region when the base current increases and reaches at 

the saturation region. In order to draw graph and perform analysis the base current is kept 

constant while the voltage between emitter and collector VEC is altered and values of IE 

kept in record. The same procedure is repeated and the graph is plotted between IE and 

VCE for constant values of IE. The output is shown in the figure given below 

 

ANSWERS 
 

Self-Assessment 1 

Q.1 The silicon diode is used in the circuit as shown in the Figure.  

 i. The diode is forward or reversed biased? 

 ii. What would be the voltage drop across the diode? 

 iii. What is value of current in the circuit? 

 

Answer 1: 

i. The diode is forward biased because the p type is connected with the positive 

terminal of the battery and the negative terminal of the battery is connected with 

the n type. 

ii. The voltage drop across the silicon is 0.7 V. 

iii. Applying the Kirchhoff voltage Law on the circuit. 

 Voltage of the battery - voltage across the Resistance - voltage across diode = 0 

 12V - IR - 0.7  = 0  

 12V- I (1K) - 0.7 =0 

 I = 11.3/1K    = 11.3 mA.  

 

Q.2 A Si diode is supplied with a voltage of 0.4 V. Will it conduct the current? 
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 Answer 2: No, the Si diode will not conduct the current because the potential 

difference in Si diode is 0.7 V. Unless, the supplied voltage is not higher than 0.7 

V, Si will not conduct the current. 

 

Q.3 Why Silicon is mostly used in to construct the semiconductor devices? 

 Answer 3: Silicon is used often in constructing the semiconductor devices because 

its electrical characteristic can be enhance by the process of doping. Moreover, 

silicon is an abundant element on earth, therefore, it is cost effective as well. 

Q.4 MCQ’s 

 Answer 4: 

1- iii  2- ii  3- ii 

 

Self Assessment 2: 

Q.1 Calculate value of the collector current IC where the 


=300 and IB =20 mA? 

 Answer 1:                      B

c

I

I


 

 CB II 
 

 

 
mAIC 6

 
 

 

 

 

Q.2 Why the most part of the current flows from the emitter to collector? 

 Answer 2: The majority of the electrons enter into the region of collector due its 

larger size and the Vcc is connected in such a way that the positive terminal is 

connected with the collector. The current IE flows from the battery VBB to the 

emitter, IB flows through the base region to the positive terminal of the VBB which 

is very small because the base region is thin so the holes and electrons cannot 

mange to recombine and almost all the electrons (current) flows from the region of 

emitter to the collector. 

Q.3 Why in most cases the npn is preferred over pnp? 

 Answer 3: The npn transistor is widely used because it has electrons as the 

majority charge carriers moreover npn serves better in negative ground system. 
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Introduction 

 
This unit understudy is based upon the in-depth knowledge about transistor and their 

designing by keeping in view the different parameters. The common emitter mode of 

transistor is well elaborated because of its significance in amplification. Further, the wave 

generation using R.C Oscillator and mono-stable vibrator is elaborated. The base of 

digital logic design that are logic gates have been including due to their significance in 

switching applications and computation processing. 

 

Objectives 
 

After going through this unit, the student should be able to: 

 Understand the characteristics of the transistors. 

 Grasp the concepts of Q-point and characterization curves and CE-mode of 

transistor. 

 Utilize the mathematical concepts to understand the amplification by transistors. 

 Understand different configuration of the Oscillators and their applications. 

 Utilize logic gates concept to design switching applications. 
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2.1 Load Line 
 

The graphical analysis of the semiconductor are performed in order to evaluate their 

operation capabilities and behaviour. The load line is plotted on the characteristic curve 

which is graphical representation of non linear semiconductor devices while keeping the 

current and voltage on axis parameters. While, the load line straighter and depicts the 

linear part of the overall non linear curve. The point of intersection between the 

characteristics curve and the load line is called as Q point. 

 

 
 

Figure 2.1: Characteristics Curve and Load Line of the Diode 

 

In Figure 2.1 a circuit is shown, the diode is connected in series with resistance and 

voltage source. The diode shows the non linear behaviour and the load line is plotted to 

evaluate the current and voltage in the diode circuit. The curved line is the current 

flowing through the diode (characteristics curve). The KVL law is applied on the circuit 

that gives the equation: 

IRVV DDD 
 

 

The line which is bisecting the characteristics curve is the load line. As the resistance, 

diode and voltage are connected in series therefore the net current flowing the circuit is 

same. Hence, the point of intersection between the characteristics curve and load line is 

the operating point or Q-point.  

 

2.2 Operating Point  
 

In the BJT the characteristic curve differs from the diode curve which is shown in 

previous section. In this section the common emitter circuit which is having a resistive 

load is shown in the Figure 2.2. The BJT curve is dependent upon the base current. A 

number of characteristics curves are plotted by varying the base current. 
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Figure 2.2: The characteristics curve for BJT (Common Emitter Mode) 

 

The straight line is the load line that is bisecting the characteristic curve. The load 

resistance limits and resist the current.  

 

In case (ideal case) the transistor passes the current without any loss the collector current 

will behave as supply current to the load resistance.  

 

The points at which the load line crosses the horizontal (x) axis the current of transistor is 

nearly zero. A very small leakage current passes at this point through the transistor which 

can be seen in Figure 2.2 as well. 

 

For the purpose of amplification the Q-point is chosen in the active region which is 

locating mostly in the located in the middle of the load line. The process of biasing the 

transistor is exercised by adjusting the base current while applying no signal. Moreover, 

different other operations are also performed to manage the temperature change in the 

transistor as the current flows through it. The signal is applied that cause variation in the 

base current which ultimately effect the collector emitter voltage.  

 

The characteristics curve is drawn among the current Ic and Vce. Upon which the load is 

plotted that is used to design the amplifier circuit. 

 

2.3 Hybrid Parameters (Common Emitter) 
 

In the Figure 2.3 the circuit with common emitter configuration shown as follows: 

 

The equivalent hybrid parameter circuit of the transistor that is configured in common 

emitter mode (CE-mode) is shown in Figure 2.3. 
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Figure 2.3: Common emitter configuration 

 

The input signal is applied between the terminals base and emitter while the output is 

received at the collector-emitter terminal. 

 

 
 

Figure 2.4: The equivalent hybrid parameter circuit of the transistor 

 

The mathematical expressions that are implemented to evaluate the input voltage (Vbe) 

and the output current (ic) are expressed as: 

 

crebiebe vhihV .. 
 

coebfeC vhihi .. 
 

 

The hybrid expression that are used to find current gain, input resistance, voltage gain 

and output resistance for the equivalence CE-mode hybrid circuit. 

 

The Gain of Current in hybrid Mode: 

The mathematical expression for the current gain in hybrid CE-mode is given as follows: 

 

).1/( Loefei rhhA 
 

 

Where: rL is equivalent to the parallel combination of RC and RL.\ 

 

The hfe is positive number in case of CE-mode transistor. 
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Ai represents the current gain. In this case of CE-mode transistor the current gain is 

negative. 

 

The Input Resistance of Hybrid Mode CE: 

The resistance is derived by examine the base terminal of the circuit that is the input 

terminal as well. 

 

Lireiei rAhhR .
 

 

))/1(/().(( Loefereie rhhhh 
 

 

The stage input resistance (Ris) which is the input resistance for the amplifier stage that 

depends upon the nature of biasing. The mathematical expression of the fixed bias circuit 

is given as: 

Biis RRR /
 

 

In case if the biasing resistance is absent then iis RR 
. 

 

Voltage Gain of the Common-mode hybrid transistor: 

The mathematical expression for the voltage gain is represented as: 

 

iiV RrAA /1
 

 

Where the Ai: is the current gain that is negative. 

 

By observing the equation it can be seen that AV is the voltage gain that is also negative. 

Therefore the output signal and input signal has a phase shift of 180
0
 or the output signal 

is inverted. 

 

)./(. 1 LiefeV rhhrhA 
 

fereoeie hhhhh .. 
 

 

Output Resistance of the Common-mode hybrid transistor: 

The amplified output is evaluated by the mathematical equation which is given as below: 

 

)/()(0 hhRhRR oeSieS 
 

 

Where: Rs is the resistance of the source. 

 

And fereoeie hhhhh .. 
. 
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The output resistance of the stage is expressed as follows: 

 

LOe rRR //0
 

 

The net voltage gain of the signal is evaluated by employing the following equation: 

 

)/().( issisVV RRRAA 
 

 

The net current gain of the signal is given as follow: 

 

)/(. isSSiie RRRAA 
 

 

2.4 Transistor as an Amplifier (Common Emitter Mode) 
 

The transistor are mostly used as for the purpose of amplification. Amplification is 

process that is adopted to increase the amplitude of the output signal. 

 

In Figure 2.5, the transistor as a voltage amplifier is shown. The VBB is connected in 

forward biased with the emitter Base junction while the VCC is connected in Reverse 

biased with the collector emitter junction. The circuit receives an input voltage and 

amplify it by increasing the amplitude of the signal which is received at output across RC.  

 

 
 

Figure 2.5: The transistor as a voltage amplifier 

 

The base current is represented as IB. A small resistance between the base and emitter is 

present which is represented by rie. 


 is the current gain of the amplifier. Using the 

Ohm’s Law (V=IR), we can write: 
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ie

BE
B

r

V
I 

 

As we know: Bc II 
ie

BE

r

V


; 

 

The output voltage is calculated by using KVL on the output loop: 

 

CEccCC VRIV 
 

 

CCCCCE RIVV 
 

 

The output voltage depends on the CEV
, so 0VVCE  : 

 

CCCC RIVV 0  
 

Putting value of IC in the above equation: 

 

CCCC RIVV 0  
 

C

ie

BE
CC R

r

V
VV


0

……………(A) 

 

The input signal is implied at the input terminal that cause change in the input voltage 

that is represented as:  

inBE VV 
 

 

The change in input voltage cause change in the base and collector current as well thus 

we can write as: BBB III 
 and CCc III 

. Due to change in collector current 

the output voltage also changes which is mathematically written as: 00 VV 
 . 

 

Now, putting these value in eq (A) 

 

C

ie

inBE
CC R

r

VV
VVV

)(
00





--------------------(B) 

Subtracting eq A from eq B: 

 

iecin rRVV /0  
…………………(C) 
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The amplifier gain is represented by A which represent the ratio of the output signal and 

the input signal. 

inVVA  /0  
Putting eq (C) in the above equation: 

 

inie

cin

Vr

RV
A








 
 

ie

c

r

R
A




 
 

The negative sign represent the phase sift of the output signal by an angle of 180
0
.  

 

2.5 Positive & Negative Feedback 
 

An electronic amplifier increases the amplitude of the input signal that is analyzed by 

means of analysis of voltage gain and current gain etc.  

There are two kinds of feedback that are implemented in amplifier. That are: 

 

1. Positive feedback 

2. Negative feedback 

 

In case of positive feedback amplifier the input and output signal have same phase angle 

there is no phase shift. In Figure 2.6, the positive feedback amplifier is shown. 

 

 
 

Figure 2.6: The Positive Feedback Amplifier 
 

While in negative feedback the there is a phase shift which is also called as out of phase. 

Usually, it is not cause loss in the output. The negative feedback amplifier is shown in 

Figure 2.6. 
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Figure 2.7: The Negative Feedback Amplifier 

 

The negative feedback is also implemented in electronic circuit because of several 

advantage and output requirement. The negative feedback helps in the process of gain 

stabilization of the amplifier. Sometimes, it is used to increment the input resistance and 

to decrease the output resistance. It is also helpful in process to stabilize the Q-point or 

operating point. Therefore, the negative feedback is used in amplifiers and power 

supplies etc. 

 

While the negative feedback cause loss in the output signal gain and increase in the 

output resistance. 
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2.6 Monostable Multi vibrator (basic) 
 

The multi-vibrators are used to generate the square waves. The output of muti vibrators is 

either symmetric or asymmetric square wave.   

 

The multi-vibarators operates in High state and in low state. The multi vibrator provide 

either a stable or quasi stable state. In this section, the mono-stable multi vibrator is 

elaborated.  

 

The monostable mutivibartors are also called one-shot vibrators because they generate 

only one state either high or low with a specific width. As the external trigger pulse is 

applied it initiates the circuit and current starts to flow in the circuit. The time cycle fo 

monostable is dependent upon the CT, RT and time constant of capacitor until is reset 

itself. The multivibrator carries it stable state until next signal in not triggered or applied. 

The monostate vibrator has only one stable state and completes the cycle under the 

employment of single input pulse or signal. 

 

The circuit diagram of the monostable multivibrator is shown in Figure 2.8. 

 

 
 

Figure 2.8: Circuit Diagram of the Monostable Multivibrator  
 

As the signal (pulse) is applied, with the help of biasing resistance the TR2 and VCC 

connects. The transistor reaches its saturation as the current flows, meanwhile, the TR1 

turns off. The represents the stable state of circuit while the output is zero. The 

mathematical expression to evaluate base saturation at TR2 is expressed as follows: 

 

TCCb RVI /)7.0( 
 

 

In case a negative signal or (pulse) is applied then the decaying end of the pulse flows to 

the base of transistor through the capacitor C1. The TR1 is turned on by blocking the 

diode. The TR1 drops to zero voltage which was at voltage VCC and provides the reverse 
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voltage of -0.7V to capacitor CT. The transistor is in low or off state because the TR2 has 

negative voltage at point X, which represents the unstable state that has an output 

equivalent to VCC. 

 

The CT timing capacitor has the negative voltages and start to discharge in order to 

charge up the VCC. The base voltage of the transistor TR2 decrease that can be evaluated 

by combination of RT and CT.  

 

When the TR2 base voltage increase the transistor start to conduct the current which 

result in off state of transistor that cause the muti-vibrator back to its previous sate. The 

mono stable multivibrators are capable of generating smaller and longer width 

rectangular or square waveform (pulses or signals). The initial or leading edge of the 

output waveform (pulse or signal) depend upon the trigger pulse (input pulse) while the 

time constant factor that is (RC) is used to control the trailing edge of the waveform. The 

RC time constant can be varied by change and fluctuating the values of R and C to 

generate the pulse of with different widths and time delays as shown in the Figure 2.9. 

 

 
 

Figure 2.9: Mono-stable Multivibrator Output Waveform with different Widths 
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2.7 Logic Gates and their Basic Applications 
 

The digital system and boolean function are implemented using the logic gates. The logic 

gate receives the inputs in True or False states and generate a single output either True or 

False. 

 

There are seven kinds of logic gates which are: 

 

1. Not Gate 2- AND Gate 3- OR Gate 4- NAND Gate 5- NOR Gate    6-XOR Gate 7- 

XNOR Gate 

 

Not Gate: 

 

The NOT Gate produces an inverse output as that of input. The boolean funtion of NOT 

Gate is represented as: 

 

YA   
Truth table 

 

 

 

 

 

 

Symbol 

 
AND Gate:  

The AND Gate produces the output only when both the inputs are high. Mathematically 

the boolean function, of the AND Gate is represented as: 

 

BAY .  
 

 
Truth Table 

  

A B Y 

0 0 0 

0 1 0 

1 0 0 

1 1 1 

A Y 

1 0 

0 1 
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OR Gate: 

The OR Gate produces an high or true output when any one of the inputs is high or true. 

The boolean function of the OR gate is represented as: 

 

BAY   
Symbol: 

 

 
 

A B Y 

0 0 0 

0 1 1 

1 0 1 

1 1 1 

 

NAND Gate 

If both input are true or high then NAND gate provides the low or false output. The 

Boolean function of the NAND gate is given as: 

 

BAY   
Symbol: 

 

 
Truth table: 

 

A B Y 

0 0 1 

0 1 1 

1 0 1 

1 1 0 

 

NOR Gate 

The NOR gate produces the true or high output when the both inputs have low or false 

state. The boolean function of the NOR gate is represented as: 

 

 
Symbol 
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Truth Table 

 

A B Y 

0 0 1 

0 1 0 

1 0 0 

1 1 0 

 

XOR Gate 

The output of XOR gate is high or true when the one of the input is high or True. It gives 

low or False output when both the inputs are low or both the inputs are high. 

The boolean function is represented as: 

 

BAY   
 

Symbol 

 
Truth Table 

 

A B Y 

0 0 0 

0 1 1 

1 0 1 

1 1 0 

 

XNOR Gate 

The output of XNOR is High or True when the both the inputs are Low or High at a time. 

The boolean function of the XNOR Gate is represented as: 

 
Symbol 

 
Truth Table 

A B Y 

0 0 1 

0 1 0 

1 0 0 

1 1 1 
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Introduction 

 
In this unit Atomic Physics-I, we shall learn discrepancies of classical physics which 

leads to the advent of modern physics. The Bohr’s Atomic theory which gives the 

concept of orbits and quantization which was authenticated by Frank-Hertz experiment. 

The Sommerfeld reviewed Bohr’s Model and gave vector atom model with concepts of 

angular and spin momentum.  

 

Objectives 
 
After studying this unit, the students should be able to: 

 Describe the structure of atom through Bohr’s Atomic Model with concept of 

electrons orbiting around nucleus in only discrete, quantized energy states. 

 Understand Frank-Hertz experiment about the existence of excited states in 

mercury atoms. 

 Describe the concept of shell, sub-shells and energy levels of electrons around 

nucleus. 

 Use spectroscopy to study the line spectrum of hydrogen atom through its emission 

and absorption spectra. 

 Describe the state of electron through its spin and angular momentum in different 

shells. 

 Illustrate the Vector Atom Model with spatial quantization and hypothesis of 

spinning electrons 
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3.1 Bohr’s Theory (Review) 
 

The Classical Physics successfully explained the macro world phenomenon, but the same 

laws were unable to explain when we deal with microscopic particles of an atom. The 

laws of classical physics could not explain the queries of scientists about the stability of 

an atom, particle or wave nature of electrons and the existence of spectral lines in atomic 

spectrum. In an effort to resolve this paradox, Niels Bohr applied quantum ideas to 

atomic structure in 1913 to obtain a model which, despite its inadequacies and later 

replacement by a quantum-mechanical description of greater accuracy and usefulness, 

still remains a convenient mental picture of the atom. Bohr’s theory of the hydrogen atom 

is worth examining both for this reason and because it provides a valuable transition to 

the more abstract quantum theory of the atom. Emission and absorption spectra form the 

basis of spectroscopy, which uses spectra to provide information about the structure and 

the composition of a substance or an object. The spectroscopy of hydrogen atom found 

anomaly in the absorption and emission spectrum which is later explained by Bohr with 

his assumption of atomic theory that an atomic electron can circle its nucleus only in 

certain orbits, and the other was that an atom emits or absorbs a photon of light when an 

electron jumps from one permitted orbit to another. Bohr used the correspondence 

principle: When quantum numbers are very large, the quantum theory must then give the 

same results as classical physics.The Franck–Hertz experiment was the first electrical 

measurement to clearly show the quantum nature of atoms. He demonstrated the 

existence of excited states in mercury atoms and confirmed the prediction of quantum 

theory that electrons occupy only discrete, quantized energy states. This experiment 

supports Bohr model of atom. Later on, Sommerfeld introduced two modification in the 

Bohr’s model: the path of electron around the nucleus is an ellipse with the nucleus at one 

of the foci and velocity of an electron moving in an elliptical orbit varies considerably at 

different parts of the orbit. The vector atom model gave the conception of spatial 

quantization and hypothesis of spinning electron. The orbital and spin motion of electron 

are quantized which gives the size, shape and orientation in space. The total angular 

momentum is equal to the vector sum of orbital angular momentum and spin angular 

momentum. The vector atom model successfully explained the Zeeman and Stark Effect, 

complex spectrum of metals and distribution of orbital electrons around nucleus.  

 

3.2 Atomic Spectra 
 

Atomic spectra is the study of atoms (and atomic ions) through their interaction with 

electromagnetic radiation. We all know about the refraction of light. When light travels 

from one medium to another, it either bends towards the normal or away from the 

normal. The phenomenon of refraction is mainly attributed to the difference in the speed 

of light in various mediums. The speed of light depends upon the nature of the medium 

through which it passes. 

 

Let us understand the phenomenon of dispersion of white light through a prism. Also, 

learn about the emission spectrum and absorption spectrum. 



41 

 

3.2.1 Emission Spectrum 
 Whenever electromagnetic radiation interacts with atoms and molecules of matter, 

the electrons in these atoms may absorb energy and jump to a higher energy state, 

losing their stability. 

 In order to regain their stability, they need to move from the higher energy state to 

the previous lower energy state. 

 To accomplish this job, these atoms and molecules emit radiation in various 

regions of the electromagnetic spectrum. 

 This spectrum of radiation emitted by electrons in the excited atoms or molecules is 

known as an emission spectrum. 

 

 
 

Emission spectrum – Iron 

 

3.2.2 Absorption Spectrum 

 We observe that when a ray of white light falls on a prism it experiences refraction 

twice. 

 Once when it travels from the rarer medium (air) to a denser medium (glass) and 

again from the denser medium (glass) to a rarer medium (air). 

 Finally, we observe a band of colors, called spectrum, formed out of a ray of white 

light. If we observe this spectrum more closely, the color having a smaller 

wavelength deviates the most and vice versa. 

 Thus, a spectrum of colors ranging from red to violet is observed where red having 

the longest wavelength suffers the least deviation. 

 This kind of spectrum is called a continuous spectrum as violet merges into blue, 

blue into green and so on. 

 

However, the emission spectrum of atoms in the gas phase, do not exhibit a continuous 

spread of wavelength from one color to others. Rather, the emitted light consists of a 

specific wavelength having dark spaces existing between them. Such kind of spectra is 

known as atomic spectra or line spectra. 

 

 
Figure 3.1: Absorption Spectrum 

https://byjus.com/chemistry/atoms-and-molecules/
https://cdn1.byjus.com/wp-content/uploads/2018/11/chemistry/2016/11/18111113/Emission-spectrum-Iron.png
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Atomic stability is not the only thing that a successful theory of the atom must account 

for. The existence of spectral lines is another important aspect of the atom that findsno 

explanation in classicalphysics. 

 

3.2.3 Emission Spectrum & Absorption Spectrum 
 An absorption spectrum is like a photographic negative of an emission spectrum. 

 For observing the absorption spectrum, electromagnetic radiations are bombarded 

on a sample that absorbs radiation of certain wavelengths. 

 The wavelength of radiation absorbed by the matter contributes to the missing 

wavelength which leaves dark spaces in the bright continuous spectrum. 

 Each element has its unique line emission spectrum. The study of the emission 

spectrum or absorption spectrum is better known as spectroscopy. 

 

 
 

Figure 3.2: Hydrogen Absorption and Emission Spectrum 

 

3.2.4 Hydrogen Spectrum  

We all know that electrons in an atom or a molecule absorb energy and get excited, they 

jump from a lower energy level to a higher energy level and they emit radiation when 

they come back to their original states. This phenomenon accounts for the emission 

spectrum through hydrogen too, better known as the hydrogen emission spectrum. 

 

 
 

Figure 3.3: Hydrogen Emission Spectrum 

https://byjus.com/chemistry/spectroscopy/
https://byjus.com/chemistry/hydrogen-emission-spectrum/
https://cdn1.byjus.com/wp-content/uploads/2018/11/chemistry/2017/09/18122529/Absorption-spectrum-vs-Emission-spectrum.png
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In the late 1800s, it was known that when a gas is excited using an electric discharge and 

the light emitted is viewed through a diffraction grating; the spectrum observed consists 

not of a continuous band of light, but of individual lines with well-defined wavelengths. 

Experiments have shown that the wavelengths of the lines were characteristic of the 

chemical element emitting the light. They were an atomic fingerprint which resulted from 

the internal structure of the atom. 

 

The hydrogen spectrum is an important piece of evidence to show the quantized 

electronic structure of an atom. The hydrogen atoms of the molecule dissociate as soon as 

an electric discharge is passed through a gaseous hydrogen molecule. It results in the 

emission of electromagnetic radiation initiated by the energetically excited hydrogen 

atoms. The hydrogen emission spectrum comprises radiation of discrete frequencies. 

These series of radiation are named after the scientists who discovered them. 

 

3.2.5 Hydrogen Spectrum Wavelength 
When a hydrogen atom absorbs a photon, it causes the electron to experience a transition 

to a higher energy level, for example, n = 1, n = 2. When a photon is emitted through a 

hydrogen atom, the electron undergoes a transition from a higher energy level to a lower, 

for example, n = 3, n = 2. During this transition from a higher level to a lower level, there 

is the transmission of light occurs. The quantized energy levels of the atoms, cause the 

spectrum to comprise wavelengths that reflect the differences in these energy levels. For 

example, the line at 656 nm corresponds to the transition n = 3 n = 2. 

 

 
 

Figure 3.4: Hydrogen Transitions 

 

3.2.6 Hydrogen Emission Spectrum: 
In the year 1885, on the basis of experimental observations, Balmer proposed the formula 

for correlating the wave number of the spectral lines emitted and the energy shells 

involved. This formula is given as: 

https://byjus.com/chemistry/hydrogen/
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This series of the hydrogen emission spectrum is known as the Balmer series. This is the 

only series of lines in the electromagnetic spectrum that lies in the visible region. The 

value, 109,677 cm
-1

, is called the Rydberg constant for hydrogen. The Balmer series is 

basically the part of the hydrogen emission spectrum responsible for the excitation of 

an electron from the second shell to any other shell. Similarly, other transitions also have 

their own series names. Some of them are listed below: 

 Transition from the first shell to any other shell – Lyman series 

 Transition from the second shell to any other shell – Balmer series 

 Transition from the third shell to any other shell – Paschen series 

 Transition from the fourth shell to any other shell – Bracket series 

 Transition from the fifth shell to any other shell – Pfund series 

 

 
 

Figure 3.5: Hydrogen spectrum series 

 

Johannes Rydberg, a Swedish spectroscopist, derived a general formula for the 

calculation of wave number of hydrogen spectral line emissions due to the transition of 

an electron from one orbit to another. The general formula for the hydrogen emission 

spectrum is given by: 

 
Where, 

 

n1 = 1,2,3,4 … 

n2 = n1 +1 

 

ν= wave number of electromagnetic radiation. The value 109,677 cm
-1

 is known as 

Rydberg constant for hydrogen. 

 

 

 

https://byjus.com/chemistry/electrons/
https://byjus.com/chemistry/wave-nature-electromagnetic-radiation/
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3.3 Energy Level of Electrons (Bohr’s Atomic Model) 
 

Neil Bohr was first physicist who presented bold mix of classical and quantum Physics. 

He felt that the quantum theory of light may explain the atomic structure. He used 

Balmer’s formula for one set of the spectral lines of hydrogen to resolve the mystery of 

atom. Bohr presented his two revolutionary ideas. The first was that an atomic electron 

can circle its nucleus only in certain orbits, and the other was that anatom emits or 

absorbs a photon of light when an electron jumps from one permitted or bitto another. 

Bohr used the correspondence principle: When quantum numbers are very large, quantum 

effects should not be conspicuous, and the quantum theory must then give the same 

results as classical physics. Applying this principle showed that the electron in a 

permitted or bit must have an angular momentum that is a multiple of h 2. A decade later 

Louis de Broglie explained this quantization of angular momentum in terms of the wave 

nature of a moving electron. Bohr received the Nobel Prize in 1922. His last important 

work came in 1939, when he used an analogy between a large nucleus and a liquid drop 

to explain why nuclear fission, which had just been discovered, occurs in certain nuclei 

but not in others. During World War II Bohr contributed to the development of the 

atomic bomb at Los Alamos, New Mexico. 

 

 
 

Figure 3.6: Niels Bohr atomic model 

 

Thomson’s atomic model and Rutherford’s atomic model failed to answer any questions 

related to the energy of an atom and its stability. In the year 1913, Niels Bohr proposed 

an atomic structure model, describing an atom as a small, positively charged 

nucleus surrounded by electrons that travel in circular orbits around the positively 

charged nucleus as planets around the sun in our solar system, with attraction provided by 

electrostatic forces, popularly known as Bohr’s atomic model. It was basically an 

improved version of Rutherford’s atomic model overcoming its limitations. On most of 

the points, he is in agreement with him, like concepts of nucleus and electrons orbiting it. 

Salient features of Niels Bohr atomic model are: 

https://byjus.com/chemistry/rutherfords-model/
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 Electrons revolve around the nucleus in stable orbits without emission of radiant 

energy. Each orbit has a definite energy and is called an energy shell or energy 

level. 

 An orbit or energy level is designated as K, L, M, N shells. When the electron is in 

the lowest energy level, it is said to be in the ground state. 

 An electron emits or absorbs energy when it jumps from one orbit or energy level 

to another. When it jumps from a higher energy level to lower energy level it emits 

energy while it absorbs energy when it jumps from a lower energy level to a higher 

energy level. 

 The energy absorbed or emitted is equal to the difference between the energies of 

the two energy levels (E1, E2) and is determined by Plank’s equation. 

 

ΔE = E2-E1 = hv 

 

 Where, 

 ΔE = energy absorbed or emitted 

 h= Plank’s constant 

 v= frequency of electromagnetic radiation emitted or absorbed 

 

 The angular momentum of an electron revolving in energy shells is given by: 

mevr = nh/2π 

 Where, 

 n= number of corresponding energy shell; 1, 2, 3 ….. 

 me= mass of the electron 

 v= velocity 

 r=radius  

 h= Plank’s constant 

 

3.3.1 Limitations of Bohr Atomic Model Theory 

 It violates the Heisenberg Uncertainty Principle. The Bohr atomic model theory 

considers electrons to have both a known radius and orbit i.e. known position and 

momentum at the same time, which is impossible according to Heisenberg. 

 The Bohr atomic model theory made correct predictions for smaller sized atoms 

like hydrogen, but poor spectral predictions are obtained when larger atoms are 

considered. 

 It failed to explain the Zeeman effect when the spectral line is split into several 

components in the presence of a magnetic field. 

 It failed to explain the Stark effect when the spectral line gets split up into fine lines 

in the presence of an electric field. 

 

3.3.2 Bohr Radius (ao or rBohr) 

The value of the Bohr radius is 

5.2917721067 * 10
-11

m 

https://byjus.com/chemistry/heisenberg-uncertainity-principle/
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Bohr Radius in Different Units 

Refer the table given below for the value of Bohr Radius in various units 

 

ao in Bohr radius 

SI units 5.29×10
−11

 m 

Imperial or US units 2.08×10
−9

 in 

Natural units 2.68×10
−4 

/eV 

3.27×10
24

 ℓP 

 

Bohr Radius Formula 

The Bohr radius in SI unit is given by- 

 

a0=4πε0(h2π)2mee2=(h2π)mecα 

 

Where, 

 ao is the Bohr radius. 

 me is the rest mass of electron. 

 εo is the permittivity of the free space 

 (h2π) = ħ is the reduced Planck constant. 

 c is the velocity of light in vacuum. 

 α is the fine structure constant. 

 e is the elementary charge. 

The Bohr radius can be expressed in Gaussian units as – 

 

a0=(h2π)2mee2 

 

Use 

Although the Bohr model is no longer used in physics, the Bohr radius is highly used due 

to its promising presence in calculating other fundamental physical constants. 

For example 

 Atomic unit 

 Fine structure constant 

 

 

 

 

https://byjus.com/physics/value-of-electron/
https://byjus.com/physics/fine-structure-constant/
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3.4 Frank Hertz Experiment 
 

The Bohr model of the hydrogen atom was successful in that it correctly explained the 

spectrum of radiation from these atoms to high accuracy. The model, in essence, 

indicated the presence of discrete electronic energy levels in atoms, which could be 

computed on the hypothesis that the angular momentum of the orbiting electrons was 

quantized. A combination of the concept of quantized energy levels with the idea that a 

quanta of radiation can only be emitted (with frequency given by the Einstein 

relation ) when an atom changes its energy to a more tightly bound state, 

completed the explanation of the spectrum of atomic hydrogen. There are, however, other 

ways to get more direct evidence of the existence of discrete energy levels in atomic 

systems. 

 

In this experiment we shall examine the effect of bombarding atoms of mercury with 

electrons. Since atoms are believed to have discrete energy levels one would expect that 

in collisions with electrons, the transfer of energy to the atom should occur in discrete 

amounts. One possible mechanism would be inelastic scattering in which a discrete 

amount of the incident electron energy is absorbed by the whole atom which is thus 

raised to an excited state. The kinematics of such a collision allow that almost all the 

energy of the incident electron can be absorbed by the atomic system, provided the atom 

does not become ionized.  

 

Franck and Hertz first attempted to verify these ideas in 1914. Namely that the atomic 

systems have discrete energy levels which can be excited by collisions with bombarding 

electrons and that the energy differences in the levels correspond with the spectroscopic 

results. We shall repeat the Franck-Hertz experiment using mercury vapor. The spectral 

line observed in mercury discharges, which corresponds to the energy levels we shall 

observe, has a wavelength of 2537Å. Of course, there are many other lines in the mercury 

spectrum but it is extremely difficult to excite these energy differences in the mercury 

atom with a Franck-Hertz set-up. 

 

3.4.1 Equipment 

A diagram of equipment to be used is shown in Figure 1. It consists of a thermionic tube 

with a cathode, an anode and a third electrode which is called the collector or counter 

electrode. The tube also contains a small blob of mercury. The metal casing surrounding 

the tube is grounded. This mercury is heated to 180deg.C to maintain a mercury vapor 

pressure in the tube. The pressure is, of course, temperature dependent and the amount of 

pressure is critical to the experiment. If the vapor density is too low, there may be too few 

mercury atoms to produce observable effects. At too high a pressure the reduction in the 

mean free path and thermal agitation becomes troublesome.  
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Figure 3.7: Franck Hertz Experiment 

 

The anode is connected to a variable voltage source (0 to +50 Volts) with respect to the 

cathode. The counter electrode is maintained at 0.5 - 1.5 Volts negative with respect to 

the anode. The counter electrode voltage can be adjusted by a voltage divider, and a 1.5 

volt battery. 

 

The cathode-anode system acts basically as a diode. Some of the electrons can pass 

through the anode, a grid-like structure, and can, if energetic enough, overcome the 0.5 - 

1.5 Volts retarding potential to hit the counter electrode. This counter current can be 

measured using the Keithley Electrometer which is a very sensitive device suitable for 

measuring the small current involved. 
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We must, however, consider how the presence of the mercury vapor modifies the behavior of 

the system. Electrons accelerated from the cathode to the anode will collide with the mercury 

atoms. When the electrons acquire sufficient energy to inelastically excite a mercury atom, 

the electron can lose most of its energy. It then may have insufficient energy to overcome the 

0.5 - 1.5 Volts required of it to reach the counter electrode. Therefore, as one increases the 

anode voltage, one should see a sharp dip in the counter current at the energy at which such 

collisions can occur. At higher voltages the counter current starts to rise again but eventually 

the electrons gain sufficient energy to suffer two or more inelastic collisions. Thus, the 

observed current-voltage curve should be steadily rising with a superimposed series of dips; 

the separation of two dips will correspond to the difference in energy of the ground state and 

first excited state in the mercury atoms. 

 

3.4.2 Procedure  

 The circuit in the figure will already have been set up for you, and the tube will 

have been warmed up. Make sure that the oven temperature is about 180deg. C. 

Record this temperature. The ground of the electrometer should be the same as the 

ground of the metal casing enclosing the thermionic tube. 

 Start with an anode voltage of 0V. Keeping the Keithley Electrometer at its most 

sensitive scale, slowly raise the voltage until you get a definite signal on the 

electrometer. Record this voltage 

  Continue raising the anode voltage gradually. The electrometer responds to these 

changes slowly, so make sure to give it time to react. At each local maximum and 

minimum in current, record the voltage and its corresponding current.  

 Raise the anode voltage to a maximum of 50V (do not exceed this voltage). When 

you have reached this level, turn your voltage back down to zero and wait at 

least five minutes for the equipment to recover. Check the temperature again and 

make sure that it is staying relatively constant.  

 Repeat this procedure (2-4) two more times. During your last run, take at least one 

data point between the maximum and minimum. 

 

3.4.3 Data Analysis 

 Graph Current vs. Voltage for each data set.  

 From your graphs, determine the amount of energy, in eV, transferred from an 

electron to a mercury atom in an inelastic collision.  

 Compare this to the energy predicted from the 2537Å spectral line. Now using the 

energy determined above, and the 2537Å spectral line, estimate Planck's constant 

(with associated uncertainty).  

 A certain minimum energy is required to extract an electron from a metal; this is 

called the "work function" of the metal. The work function for the anode is higher 

than that of the cathode, resulting in a so-called "contact-potential difference" 

between anode and cathode. Its effect is to shift the entire Current vs. 

Voltage curve (why?). Estimate the contact potential difference.  

 Explain the features of the observed counter current. These features depend on a 

variety of physical phenomena, e.g., temperature, vapor pressure, accelerating 

voltage, space charge, etc.  
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3.5 Angular Momentum of Electron 
 

Quantum numbers are numbers allocated to all the electrons in an atom and they describe 

certain characteristics of the electron. The characteristics of the orbital are used to define 

the state of an electron completely and are expressed in terms of three numbers 

as Principal quantum number, Azimuthal quantum number and Magnetic quantum 

number and Spin Quantum number. In this piece of article, we will be discussing 

Azimuthal quantum number. 

 

 
 

Figure 3.7: Azimuthal Quantum Number 

 

Other than principal quantum number (n), spectroscopic notation, magnetic quantum 

number (m) and the spin quantum number (s) – the azimuthal quantum number is another 

set of quantum numbers which describe the unique quantum state of an electron. It can be 

defined as, 

 

The quantum number associated with the angular momentum of an atomic electron. 

 

It is also termed as the orbital angular momentum quantum number, orbital quantum 

number or second quantum number, and is symbolized as ℓ. This number describes the 

shape of the orbital and alsodetermines the orbital angular momentum. An example of the 

angular quantum momentum number would be a p orbital that is associated with an 

azimuthal quantum number equal to 1. 

 

Brief History 

Arnold Sommerfeld posited the term azimuthal quantum number from the Bohr model of 

the atom. The Rutherford-Bohr model or Bohr model, depicts the atom as a small, 

positively charged nucleus surrounded by electrons that travel in circular orbits around 

the nucleus – similar in structure to the solar system, but with attraction provided by 

electrostatic forces rather than gravity. 

 

The Bohr model has its existence from spectroscopic analysis of the atom in combination 

with the Rutherford atomic model. Angular Momentum was found to be ‘0’ at the lowest 

level of quantum. Orbits with zero angular momentum were termed as ‘pendulum’ orbits. 

https://byjus.com/physics/bohr-model-of-the-hydrogen-atom/
https://byjus.com/physics/bohr-model-of-the-hydrogen-atom/
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Azimuthal or Subsidiary Quantum Number 

 

Azimuthal quantum number describes the shape of orbital. It is denoted by . Values of are 

from zero to n-1. 

For s-orbital, ℓ = 0 

For p-orbita, ℓ = 1 

For d-orbital, ℓ = 2 

For f-orbital, ℓ = 3 

 

With the help of the value of azimuthal quantum number we can determine the total 

number of energy sub-levels in a given energy level. 

 

Angular Momentum Quantum Numbers 

 Intrinsic (or spin) angular momentum quantum number, or simply spin quantum 

number 

 Orbital angular momentum quantum number (the subject of this article) 

 Magnetic quantum number, related to the orbital momentum quantum number 

 Total angular momentum quantum number. 

 

Angular Momentum of Electron:  

Angular momentum of an electron by Bohr is given by mvr or nh/2π (where v is the 

velocity, n is the orbit in which electron is, m is mass of the electron, and r is the radius 

of the nth orbit). 

 

Bohr’s atomic model laid down various postulates for the arrangement of electrons in 

different orbits around the nucleus. According to Bohr’s atomic model, the angular 

momentum of electron orbiting around the nucleus is quantized. He further added that 

electrons move only in those orbits where angular momentum of an electron is an integral 

multiple of h/2. This postulate regarding the quantization of angular momentum of an 

electron was later explained by Louis de Broglie. According to him, a moving electron in 

its circular orbit behaves like a particle wave 

 

De Broglie’s Explanation to the Quantization of Agular Momentum of Electron: 
The behaviour of particle waves can be viewed analogously to the waves travelling on a 

string. Particle waves can lead to standing waves held under resonant conditions. When a 

stationary string is plucked, a number of wavelengths are excited. On the other hand, we 

know that only those wavelengths survive which form a standing wave in the string, that 

is, which have nodes at the ends. 

https://byjus.com/physics/magnetic-quantum-number/
https://byjus.com/chemistry/bohrs-atomic-model-and-its-limitations/
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Figure 3.8: Quantization of Angular Momentum of Electron 
 

Thus, in a string, standing waves are formed only when the total distance travelled by a 

wave is an integral number of wavelengths. Hence, for any electron moving in k
th
 circular 

orbit of radius rk, the total distance is equal to the circumference of the orbit, 2πrk. 

2πrk = kλ 

 

Let this be equation (1). 

Where, 

λ is the de Broglie wavelength. 

We know that de Broglie wavelength is given by: 

λ = h/p 

Where, 

p is electron’s momentum 

h = Planck’s constant 

Hence, 

λ = h/mvk 

Let this be equation (2). 

Where mvk is the momentum of an electron revolving in the k
th
 orbit. Inserting the value 

of λ from equation (2) in equation (1) we get, 

2πrk = kh/mvk 
mvkrk = kh/2π 

Hence, de Broglie hypothesis successfully proves Bohr’s second postulate stating the 

quantization of angular momentum of the orbiting electron. We can also conclude that the 

quantized electron orbits and energy states are due to the wave nature of the electron. 

  

https://byjus.com/physics/de-broglie-equation-wave-nature/
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3.6 Vector Atom Model 
 

In classical mechanics the total angular momentum (orbital plus spin) is an important 

quantity because its rate of change is equal to the net torque applied to the system. 

Similarly, in wave mechanics, the total angularmomentum  , found from the vector 

addition  

          
 

plays an important role. Because the vector model applies to many-electron, as well as 

one-electron, atoms, we here introduce the following notation: Quantum numbers 

specifying states of individual electrons will be denoted as previously, by small letters; 

quantum numbers representing atomic states will be denoted by capital letters. In the 

special case of a one-electron atom, the electronic state is the atomic state, and capital 

letters will be used. 

 

If an atom has an orbital angular momentum and a spin angular momentum due to one or 

more of its electrons, it is predicted that, as is true classically, these angular moments will 

combine to produce a total angular momentum. Interaction between the orbital and spin 

angular moments in single-electron atoms allows energy levels to be divided into 

doublets, often in the absence of external magnetic fields. In this section, we investigate 

how the orbital and spin angular moments combine to see how this results in energy-level 

splitting. 

 

Single-Electron Atoms 

We only address atoms with a single electron outside the neutral nucleus (e.g. alkalis). 

The total angular momentum    is given for an atom with orbital angular momentum L 

and spin angular momentum   . 

          
 

Because L, Lz, S, and Szare quantized, the total angular momentum and its z component 

Jzare also quantized. If j and mjare the appropriate quantum numbers for the single 

electron we are considering, quantized values of J and Jzare, in analogy with the single 

electron of the hydrogen atom 

 

           

 

     ħ 
 

Because ml is integral and msis half-integral, mjwill always be half-integral. Just as the 

value of ml ranges from -l tol, the value of mjranges from -jto j, and therefore j will be 

half-integral. The quantization of the magnitudes of L, S, and J are all similar. 

 

           



55 

 

           

           

 
Figure 1When forming the total angular momentum from the orbital and spin angular 

momenta, the addition must be done vectorially,          . We show schematically the 

addition of     and S with     and       to form vectors   with quantum numbers 

     and   . 

 

 
Figure 2When forming the total angular momentum from the orbital and spin angular 

momenta, the addition must be done vectorially,          . We show schematically the 

addition of     and S with     and       to form vectors   with quantum numbers 

     . 

 

The total angular momentum quantum number for the single electron can only have the 

values 
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which, because s=1/2, can only be l+1/2or l-1/2(but j must be 1/2 if l= 0). The 

relationships of J, L, and S are shown in Figure 2. For anyvalue of 1, the quantum number 

j is 3/2 or 1/2, depending on whether L and S are aligned or antialigned. The notation 

commonly used to describe these states is 

 

    

 
 

Figure 3: The hydrogen atom in the frame of reference of the electron. In this case, the 

orbiting proton creates a magnetic field at the position of the electron. 
 

wheren is the principal quantum number, j is the total angular momentum quantum 

number, and    is an uppercase letter (S, P, D, and so on) representing the orbital angular 

momentum quantum number. The single electron of the hydrogen atom can feel an 

internal magnetic field          due to the proton, because in the rest system of the 

electron, the proton appears to be circling the electron (see Figure 3). A careful 

examination of this effect shows that the spins of the electron and the orbital angular 

momentum interact, an effect called spin-orbit coupling. As usual the dipole potential 

energy Vsl is equal to -            . The spin magnetic moment is proportional to -  , and 

   internal is proportional to    , so that               , where α is the angle between   and 

   . The result of this effect is to make the states with          slightly lower in energy 

than for         , because α is smaller when         . The same applies for the 

atom when placed in an external magnetic field. The same effect leads us to accept j and 

mjas better quantum numbers than mland ms, even for singleelectron atoms like hydrogen. 

We mean “better” because j and mjare more directly related to a physical observable. A 

given state having a definite energy can no longer be assigned a definite Lzand Sz, but it 

can have a definite Jz. The wave functions now depend on      , and mj. The spin-orbit 

interaction splits the 2P level into two states, 2P3/2 and 2P1/2, with 2P1/2 being lower in 

energy. 
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Figure 4 (a) The vectors    and   precessaround   . The totalangular momentum J can have 

a fixed value in only one direction in space—not shown in thisfigure. (b) However, with 

anexternal magnetic field Bext alongthe z axis,   will precess aroundthe z direction ( Jzis 

fixed), andboth    and S precess around   . Wehave shown the case where    and  are 

aligned. 

 

There are additional relativistic effects, not discussed here, that give corrections to the 

spin-orbit effect. In the absence of an external magnetic field, the total angular 

momentum has a fixed magnitude and a fixed z component. Remember that only Jzcan be 

known; the uncertainty principle forbids Jxor Jyfrom being known at the same time as Jz. 

 

The vectors    and   will process around   (see Figure 4a). In an external magneticfield, 

however,  will precess about Bext, while    and   still precess about   as shown in Figure 

4b. The motion of    and   then becomes quite complicated.  
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Self Assessment Exercise 
 

1. The orbital angular momentum of an electron in 2s orbital is:  

 a)  0.5h/π  

 b)  0  

 c)  h/2π 

 d)  √2h/π  

 

2. For a d-electron, the orbital angular momentum is : 

  
 

3. The angular momentum of an electron present in the excited state of hydrogen 

is 1.5h/π . The electron is present in: 

 a)  Third orbit  

 b)  Second orbit  

 c)  Fourth orbit  

 d)  Fifth orbit 

 

4. In a many-electron atom, the total orbital angular momentum (L) and spin (S) 

are good quantum numbers instead of the individual orbital (l1, l2) and spin 

(s1, s2) angular momenta in the presence of 

 1. inter-electron repulsion 

 2. spin-orbit interaction 

 3. hyperfine coupling 

 4. external magnetic field. 

  

5. For Hydrogen-like species, the incorrect statement is: 

 A) The energy of the bound electron is determined by spin quantum number, s. 

 B)  The azimuthal quantum number ‘l’ specifies the magnitude of orbital angular 

momentum of electron. 

 C)  Energy of the electron is determined by 'l'. 

 D)  Every orbital has same angular momentum.  

 

6. Using the Balmer equation, find the frequency of the radiation corresponding to 

n=3. 
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7. What is the frequency of the spectral line produced when an electron moves from 

n=5 to n=2 in a Hydrogen atom? 

8. What value of n does the line at 656.3 nm in the Balmer series correspond to? 

9. A photon with a wavelength of 397nm is emitted from an electron in energy level 7 

of a Hydrogen atom. What is the new energy level of the electron? 

10. Find the frequency in Hertz of radiation with an energy of 2.179x 10
-18

 J per 

photon. 

11. What frequency of light would be needed to make an electron in a Hydrogen atom 

jump from n=1 to n=3 ? 

12. A spectral line is measured to have a wavelength of 1000nm. Is this within the 

Balmer series? 

13. Explain Angular moment of electron in detail. 

14. Write the formula which gives orbital angular momentum of electron.  

 

Problem Solutions 

1. Solution: 

  
 For s orbital,   = 0. 

 Therefore: 

 Orbital angular momentum = 0. 

2. Solution: 

 Since for a d-electron, l = 2, 

  
3.  Solution: 

 1.5h/π = 3 x h/2π 

 Therefore n = 3 and the electron is in the third orbit of excited state. 

  

5.  B 

 

6. Using the Balmer equation, find the frequency of the radiation corresponding 

to n=3. 
 The Balmer Equation is: ν= 3.2881 x 10

15
s

-1
 (1/2

2
 - 1/n

2
) 

 We simply plug in the given value for n: ν= 3.2881 x 10
15

s
-1

 (1/2
2
 - 1/3

2
) 

 The answer is ν=4.5668 s
-1

 

 

7. What is the frequency of the spectral line produced when an electron moves 

from n=5 to n=2 in a Hydrogen atom? 
 We use equation number 4: Ephoton =RH (1/ni

2
 – 1/nf

2
) 

 We simply plug in the given values for n and the Rhydberg constant for Hydrogen: 

 Ephoton =2.179 x 10
-18

 J (1/5
2
 – 1/2

2
) 

 Ephoton = 4.5759x 10
-19

 J 

 Next, we rearrange equation 2 to solve for frequency (v): 
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 v=E/h 

 Then plug in the values for E and h: 

 v= (4.5759x 10
-19

 J)/(6.62607 x 10
-34

 Js) 

 v= 6.905x10
14

s
-1

 

8. What value of n does the line at 656.3 nm in the Balmer series correspond to? 

 We then substitute equation 1 into equation 2 to get this equation: 

 E=hc/λ 

 We convert the wavelength of the photon to meters, and then plug it into the 

equation 

 E=(6.62607 x 10
-34

 Js)( 2.99792458 x 10
8 
ms

1
)/(6.563x10

-7
m) 

 E=3.20267344 x 10
-19

J 

 We then use this value to find the frequency (v). 

 v = (3.20267344 x 10
-19

J) /(6.62607 x 10
-34

 Js) 

 v= 4.567917995 x 10
14

 

 We then use equation 6 to find the energy level: 

 4.567917995 x 10
14

= 3.2881 x 10
15

s
-1

 (1/2
2
 - 1/n

2
) 

 n= 3 

 

9. A photon with a wavelength of 397nm is emitted from an electron in energy 

level 7 of a Hydrogen atom. What is the new energy level of the electron? 

 We use equation number 3 (En = -RH/n
2
)to find the number of joules when n=7: 

 E7= (2.179 x 10
-18

 J)/7
2
 

 E7= -4.4469388 x 10
-20

 J 

 We then substitute equation 1 into equation 2 to get this equation: 

 E=hc/λ 

 We convert the wavelength of the photon to meters, and then plug it into the 

equation 

 Ephoton= (6.62607 x 10
-34

 Js)( 2.99792458 x 10
8 
ms

-1
)/(3.97 x10

-7
m) 

 Ephoton= 5.00358898x10
-19

 J 

 We then subtract the energy of the photon emitted from the energy level the 

electron was originally in; this will give us the energy of the new energy level: 

 En final=En initial-Ephoton 

 Plug the values previously calculated into the equation: 

 En final = (-4.4469388 x 10
-20

J) – (5.00358898x10
-19

 J) 

 En final = -5.4482829x10
-19

J 

 To figure out the energy level (n), we can plug our En final into equation number 3: 

 En = -RH/n
2
 

 -5.4482829x10
-19

J = (-2.179 x 10
-18

 J)/n
2
 

 We solve for n, and get: 

 n=2 

 

10. Find the frequency in Hertz of radiation with an energy of 2.179x 10
-18

 J per 

photon. 

 We rearrange equation 2: 

 v=E/h 
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 Plug in the values: 

 v=(2.179 x 10
-18

 J)/(6.62607 x 10
-34

 Js) 

 v= 3.289 x 10
15

 s
-1

 

 

11. What frequency of light would be needed to make an electron in a Hydrogen 

atom jump from n=1 to n=3? 

 Using equation3(En = -RH/n
2
), we calculate the energy when n=1 and when n=3. 

 E1 = -2.179x10
-18

J 

 E3= -2.42x10
-19

J 

 We next use equation5 to find the frequency of the photon that must be absorbed. 

 νphoton = (Ei - Ef)/h 

 νphoton= [(-2.179x10
-18

J) – (-2.42x10
-19

J)] / (6.62607 x 10
-34

 Js) 

 νphoton=2.923301 x 10
15

s
-1

 

 

12. A spectral line is measured to have a wavelength of 1000nm. Is this within the 

Balmer series? 

 No, the Balmer series does not extend into the infrared. 
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Introduction 

 
In this unit we will study Orbital angular momentum, discuss the basic concepts of Spin 

quantization, understand the Bohr’s Magnetron.  This unit will also give us an overview 

about X-ray spectrum, (Continuous and discrete), explanation of  Moseley’s law,  Pauli 

exclusion principle and the method of drawing Pauli exclusion table.  

 

Objectives 
 

After going through this unit, students will be able to: 

 Describe Orbital angular momentum. . 

 Describe the basic concepts of Spin quantization  

 Explain the Bohr’s Magnetron. 

 Discuss X-ray spectrum, (Continuous and discrete) 

 State and Explain Moseley’s law, 

 Discuss  Pauli exclusion principle 

  Draw Pauli exclusion table 

 Enlist the uses of Pauli exclusion principle 
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4.1 Orbital Angular Momentum 
 

In Quantum Mechanics there are several angular momentum operators: the total angular 

momentum (usually denoted by J), the orbital momentum (usually denoted by L) and the 

intrinsic, or spin angular momentum (usually denoted by S). This last one (spin) has no 

classical analogue. Confusingly; the term “angular momentum” can refer to either the 

total angular momentum or to the orbital momentum.  

 

The classical definition of the orbital angular momentum, L=r x p can be carried directly 

to QM by reinterpreting r and p as the operators associated with the position and linear 

momentum. 

 

The spin operator, S represents another type of angular momentum, associated with 

“intrinsic rotation” of a particle around an axis; Spin is an intrinsic property of a particle 

(nearly all elementary particles have spin), that is unrelated to its spatial motion. The 

existence of spin angular momentum is inferred from experiment, such as the Stern-

Gerlach experiment, in which particles are observed to possess angular momentum that 

cannot be accounted for by orbital angular momentum that cannot be accounted for by 

orbital angular momentum alone.  

 

The total angular momentum J combines both spin and orbital angular momentum of a 

particle (or a system), namely J = L+ S. 

 

Consider the particle of mass m, momentum p and position vector r (with respect to a fix 

origin, r = 0). In classical mechanics, the particle’s orbital angular momentum is given by 

a vector L, define by  

     L = r x p 

This vector points in a direction that is perpendicular to the plane containing r and p, and 

has a magnitude L = r p sinα, where α is the angle between r and p. In Cartesian 

coordinates, the components of L are 

 

Lx = ypz - zpy 

Ly = zpz – xpz 2) 

Lz = xpy – ypz 

 

The corresponding QM operations representing LX, Ly and LZ are obtain by replacing x, 

y, z and px, py, and pz with the corresponding QM operators, giving 
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In more compact form, this can be written as:  

 

 
 

Using the commutation relation derived for x and p, the commutation relations between 

the different components of L are readily derived. For example: 

 

 
 

Since y and px commute with each other and with z and pz, the first term reads: 

 

Similarly the second commutator gives 

 

 

 

The 3
rd

 and 4
th
 commutators vanish; we thus find that 

 

 

 

In the similar way, it is straight forward to show that  

 

and  

 

 

 

The three equations are equivalent to the vectorial commutation relation: 

 

 

 

Note that, this can only be true for operators; since for regular vectors, clearly L x L = 0. 

 

The fact that the operators representing the different components of the angular 

momentum does not commute, implies that it is impossible to obtain define value of all 

components of angular momentum when measure simultaneously. This means that if the 

system is in eigen-state of one component of angular momentum, it will in general not be 

an eigenstate of either of another two components. 

 

We define the operator representing the square of magnitude of orbital angular 

momentum by: 

 

L
2
 = Lx

2 
+ Ly

2 
+ Lz

2
.     (12) 
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It is easy to show that L
2
 does commute with each of three components: Lx , Ly or Lz . For 

example (using [Lx
2
, Lx] = 0): 

 

Similarly  

 

[L
2
, Ly] = [L

2
, Lz] = 0     (14) 

 

Which can be summarized as [L
2
, L] = 0    (15) 

 

Physically this means that one can find simultaneous Eigen-functions of L
2
 and one of the 

component of L, implying that both the angular momentum and one of its components 

can be precisely determined. Once these are known, they fully specify the angular 

momentum.  

 

In order to obtain the Eigen values of L
2 
and one of the components of L , it is convenient 

to express the angular momentum operators in spherical polar coordinates:  r, θ, ϕ, rather 

than the Cartesian coordinates  x, y, z. the spherical coordinates are related to the 

Cartesian ones via  

 

x = r sin θ cos ϕ; 

y = r sin θ sin ϕ;     (16) 

z = r cos θ ; 

 

After some algebra, ones get: 

 

 

 

 

 

 

 

We thus find that operators Lx, Ly , Lz and L
2
 depend on θ and ϕ only, that is they are 

independent on the radial coordinate r. All these operators therefore commute with any 

functions of r,  

 

[Lx, f (r) ] = [Ly, f (r) ] = [Lz, f (r) ] = [L
2
, f (r) ] = 0  (18) 

 

Also, obviously, if a wave function depends only on r (but not on θ, ϕ) it can be 

simultaneously an eigenfunction of Lx, Ly, Lz and L
2
. In all cases, the corresponding 

eigenvalues will be 0. (This is the only exception to the rule that eigenvalues of one 
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component (e.g., Lx) cannot be simultaneously eigenfunctions of the two other 

components of L). 

 

4.2 Spin Quantization 
 

Physical characteristics that are quantized—such as energy, charge and angular 

momentum—are of such importance that names and symbols are given to them. The 

values of quantized entities are expressed in terms of quantum numbers, and the rules 

governing them are of the utmost importance in determining what nature is and does. 

This section covers some of the more important quantum numbers and rules—all of 

which apply in chemistry, material science, and far beyond the realm of atomic physics, 

where they were first discovered. Once again, we see how physics makes discoveries 

which enable other fields to grow. 

 

The energy states of bound systems are quantized, because the particle wavelength can fit 

into the bounds of the system in only certain ways. This was elaborated for the hydrogen 

atom, for which the allowed energies are expressed as En∝1/n2, where n = 1, 2, 3, …. 

We define n to be the principal quantum number that labels the basic states of a system. 

The lowest-energy state has n = 1, the first excited state has n=2, and so on. Thus the 

allowed values for the principal quantum number are n = 1, 2, 3, …. This is more than 

just a numbering scheme, since the energy of the system, such as the hydrogen atom, can 

be expressed as some function of n, as can other characteristics (such as the orbital radii 

of the hydrogen atom). 

 

The fact that the magnitude of angular momentum is quantized was first recognized by 

Bohr in relation to the hydrogen atom; it is now known to be true in general. With the 

development of quantum mechanics, it was found that the magnitude of angular 

momentum L can have only the values 

 

L =        
 

  
,  ( =0,1,2,…,   ) 

 

where l is defined to be the angular momentum quantum number. The rule for l in atoms 

is given in the parentheses. Given n, the value of l can be any integer from zero up to n − 

1. For example, if n = 4, then l can be 0, 1, 2, or 3.Note that for n = 1, l can only be zero. 

This means that the ground-state angular momentum for hydrogen is actually zero, 

not
 

  
 as Bohr proposed.he picture of circular orbits is not valid, because there would be 

angular momentum for any circular orbit. A more valid picture is the cloud of probability 

shown for the ground state of hydrogen in Figure. The electron actually spends time in 

and near the nucleus. The reason the electron does not remain in the nucleus is related to 

Heisenberg’s uncertainty principle—the electron’s energy would have to be much too 

large to be confined to the small space of the nucleus. Now the first excited state of 

hydrogen has    , so that l can be either 0 or 1. Similarly, for    , l can be 0, 1, or 2. 

It is often most convenient to state the value of l, a simple integer, rather than calculating 

the value of L from above equation. 
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Figure 4.1 

 

As recognized in the Zeeman effect, the direction of angular momentum is quantized. We 

now know this is true in all circumstances. It is found that the component of angular 

momentum along one direction in space, usually called the z-axis, can have only certain 

values of Lz. The direction in space must be related to something physical, such as the 

direction of the magnetic field at that location. This is an aspect of relativity. Direction 

has no meaning if there is nothing that varies with direction, as does magnetic force. The 

allowed values of Lz are  

 

 
 

whereLz is the z-component of the angular momentum and ml is the angular momentum 

projection quantum number. The rule in parentheses for the values of ml is that it can 

range from −l to l in steps of one. For example, if l = 2, then ml can have the five values –

2, –1, 0, 1, and 2. Each ml corresponds to a different energy in the presence of a magnetic 

field, so that they are related to the splitting of spectral lines into discrete parts. 

 

4.2.1 Intrinsic Spin Angular Momentum Is Quantized in Magnitude and Direction 

There are two more quantum numbers of immediate concern. Both were first discovered 

for electrons in conjunction with fine structure in atomic spectra. It is now well 

established that electrons and other fundamental particles have intrinsic spin, roughly 

analogous to a planet spinning on its axis. This spin is a fundamental characteristic of 

particles, and only one magnitude of intrinsic spin is allowed for a given type of particle. 

Intrinsic angular momentum is quantized independently of orbital angular momentum. 

Additionally, the direction of the spin is also quantized. It has been found that the 

magnitude of the intrinsic (internal) spin angular momentum, S, of an electron is given 

bywhere s is defined to be the spin quantum number. This is very similar to the 

quantization of L given inL =        
 

  
except that the only value allowed for s for 

electrons is 1/2. 
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The direction of intrinsic spin is quantized, just as is the direction of orbital angular 

momentum. The direction of spin angular momentum along one direction in space, again 

called the z-axis, can have only the valuesfor electrons. Sz is the z-component of spin  

 

angular momentum and msis the spin projection quantum number. For electrons, s can 

only be 1/2, and ms can be either +1/2 or –1/2. Spin projection ms = +1/2 is referred to as 

spin up, whereas ms = −1/2 is called spin down. 

 
 

Figure 4.2 

 

4.3 Bohr Magneton 
 

Magnetic moment of an electron is caused by its orbital or spin orbital momentum. The 

physical constant which represents this magnetic moment which is caused by either its 

orbital or spin angular momentum is called Bohr magneton. It is represented by the 

symbol mB. In SI units it is defined by the equation 

 

In CGS unit it is defined by the equation 

 

Here e represents the elementary charge,  represents reduced Planck's constant, me is the 

reduced mass of electron, and c represents speed of light. 

 

The magnetic moment of electron is approximately equal to one Bohr magneton and the 

value of one Bohr magneton is equal to 9.274 × 10
–24

J/T. 

 

In order to derive the equation for Bohr magneton we consider an electron which moves 

around a circular having radius r with a velocity v.The time period for this orbit is given 

by the equation 
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Due to the motion of electron in circular orbit a current is developed given by 

 

 

Here the magnetic moment is given by the equation m =IA 

 

 

Here, A is area of the circular loop. 

 

Divide and multiply by the mass of electron 

 

Here, mevr represents the angular momentum L 

 

 
 

For electron moving around circular orbit the angular momentum will be quantized 

given by the equation 

 

 
 

Substituting value of L in (1) gives us the formula 

 

 
 

 

The quantity is called Bohr magneton ( m B ) 
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Thus, value of Bohr magneton is equal to 9.274 × 10
–24

J/T. 

 

Self Assessment Questions 1 
 

Q.1 Discuss the orbital angular momentum 

Q.2 Briefly explain Spin quantization 

Q.3 Explain Bohar’s Magneton in detail. 

 

4.4 X-Ray Spectrum 
 

X-radiation is a kind of electromagnetic radiation. X-rays are waves of x-radiation. X-

rays have a shorter wavelength, and therefore more energy, than ultraviolet radiation. 

They have a much shorter wavelength than visible light (the light that we can see). 

Radiation with shorter wavelengths (more energy) than the x-ray is called gamma 

radiation (γ-rays). These are all parts of the electromagnetic spectrum. 

 

4.4.1 Continuous and characteristic x-ray spectra. 

 

 
 

It has long been known that the x-rays emitted from an x-ray tube contain radiation 

characteristic of the material of the x-ray target superimposed upon a continuous 

spectrum. As early as 1896 WINKELMANN and STRAUBEL had noticed a scattered 

radiation which was characteristic of fluor spar; and later the characteristic x-rays 
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scattered by different elements were studied systematically ina series of classic 

researches. However, the actual separation of different wave-lengthsinto a spectrum was 

not possible until FRIEDRICH, KNIPPING and LAUE showed that crystals act asthree 

dimensional diffraction gratings. Proceeding rapidly on the basis of this discovery W. L. 

BRAGG and W. H. BRAGG developed the single crystal ionization x-ray spectrometer 

which consisted of an x-ray tube source, a crystal with one face acting as a two 

dimensional reflectinggrating and an ionization chamber. Suitableslits were provided 

together with a means ofrotating crystal and ionization chamber through known angles. 

The first x-ray spectrum was obtained with this instrument! revealing characteristic 

radiation to be made up of spectral lines characteristic of the target material. These lines 

were superimposed on an apparently heterogeneous continuous background of radiation. 

It is with this continuous x-ray spectrum that we shall be concerned. DUANE and HUNT 

applied the BRAGG type ionization spectrometer to a study of thex-rays emitted by a 

tungsten target x-ray tube having a constant potential of about 37000 volts from a battery 

source applied across it. The characteristictungsten lines are not excited at this voltage 

and the L lines are of too long a wave-length to appear. The result obtained is shown in 

Fig. 2, indicating clearly that a constant potential applied to an x-ray tube does not 

produce homogeneous radiation but a heterogeneous continuous spectrum. 
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4.4.2 General Features of the Continuous Spectrum 

 

 
 

Following the initial work we have just described there was considerable interest in the 

continuous x-ray spectrum. An excellent account of the investigations in this connection 

up through a period ten years following the pioneer work of DUANE and HUNT is given 

in a review article by KULENKAMPFF .  That article should be referred to for details on 

work up through 1925. In all that follows it is the intent of the present author to 

summarize the most important developments up to 1925 and then to add some details on 

the work which has taken place trom 1925 up to the present time. The early results most 

often cited in books and summary articles are those obtained by ULREY. One example is 

shown in Fig. 3. The applied potential was 35000 volts which is sufficient to excite the K 

characteristic radiation of Mo so that two strong lines are seen superimposed on the 

continuous spectrum. However, 35000 volts is not sufficient to excite the K lines of 
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Wand the L lines wouldbe off the diagram to longer wave-lengths; as a result, the curve 

for W is without the superposition of characteristic lines.An inspection of Figs. 2 and 3 

reveals the general features of the continuous spectrum. The most conspicious feature is 

the sharp short wave-length cut-off. The short wave-length limit was discovered by 

DUANE and HUNT when they showed that there is a minimum wave-length that can be 

produced by any given difference of potential. If V is the potential difference, e the 

charge on the electron, vo the frequency corresponding to the minimum wave-length and 

h is PLANCK'S constant then one might expect the maximum energy which an electron 

could give up to be e V and the corresponding quantum of maximum frequency or 

minimum wave-length to be hvo given by 

 

    vo 

 

Using their measured values of V and voand assuming the best known value for e, 

DUANE and HUNT made several determinations of h in agreement with values of h 

obtained from other types of experiments. Fig. 3 shows the short wave-length limit to be 

independent of target material as long as the voltage is a constant. 

 

4.4.3 Discrete Spectrum 

A physical quantity is said to have a discrete spectrum if it takes only distinct values, 

with gaps between one value and the next. 

 

The classical example of discrete spectrum (for which the term was first used) is the 

characteristic set of discrete spectral lines seen in the emission spectrum and absorption 

spectrum of isolated atoms of a chemical element, which only absorb and emit light at 

particular wavelengths. The technique of spectroscopy is based on this phenomenon. 

 

Discrete spectra are contrasted with the continuous spectra also seen in such experiments, 

for example in thermal emission, in synchrotron radiation, and many other light-

producing phenomena.Discrete spectra are seen in many other phenomena, such as 

vibrating strings, microwaves in a metal cavity, sound waves in a pulsating star, and 

resonances in high-energy particle physics. 

 

The general phenomenon of discrete spectra in physical systems can be mathematically 

modeled with tools of functional analysis, specifically by the decomposition of the 

spectrum of a linear operator acting on a functional space. 

 

4.5 Introduction to Moseley’s Law 
 

Soon after Rutherford’s scattering theory had been confirmed by experiment (about 

1913), the one-to-one association of an atomic number Z with each element was 

solidified by the work of Henry Moseley (1887- 1915). He used Bohr’s model of atomic 

structure to determine the energy emitted when low-level electrons change orbitals. This 

energy has a strong dependence on an atomic number so that by measuring the energy of 

the x-rays characteristic of an element, its atomic number Z can be unambiguously 

https://byjus.com/physics/bohr-model-of-the-hydrogen-atom/
https://byjus.com/physics/bohr-model-of-the-hydrogen-atom/
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determined. In today’s lab, you will measure the x-ray spectra of a number of elements 

and also identify several unknown elements by looking at their characteristic x-ray 

spectra. 

 

Moseley’s law is an empirical law concerning the characteristic x-rays that are emitted by 

atoms. The law was discovered and published by the English physicist Henry Moseley in 

1913. 

 

A widespread simplification is an idea that the effective charge of the nucleus decreases 

by 1 when it is being screened by an unpaired electron that remains behind in the K-shell. 

In any case, Bohr’s formula for Moseley’s K-alpha X-ray transitions became: 

 

 
 

4.6 Pauli’s Exclusion Principle and Uses 
  

The filling of electron into the orbitals of different atoms takes place according to the 

Aufbau principle, which is based on the Pauli's exclusion principle and the Hund's rule of 

maximum multiplicity. 

 

The distribution of quantum numbers among the electrons in a given atom is governed by 

Pauli's Exclusion principle, which states that 'it is impossible for any two electrons in a 

given atom to have all the four quantum numbers identical' i.e., in an atom, two electrons 

can have maximum three quantum numbers (n, l and m) the same and the fourth (s) will 

definitely be having a different value. Thus if s = +1/2 for one electron, s should be equal 

to -1/2 for the other electron. In other words the two electrons in the same orbital should 

have opposite spins. 

 

4.6.1 Uses of the principle 

The greatest use of the principle is that it is helpful in determining the maximum number 

of electrons that a main energy level can have. Let us illustrate this point by considering 

K and L shells. 

  

K-shell: For this shell n = 1. For n = 1, l = 0 and m = 0. Hence s can have a value either 

+1/2 or -1/2. The different values of n, l, m and s given above give the following two 

combinations of the four quantum numbers, keeping in view the exclusion principle. 

Combination (i) is for one electron and combination (ii) is for the other electron. 

 

n = 1, l = 0, m = 0 

s = +1/2 (1st electron) 
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n = 1, l = 0, m = 0, 

s = -1/2 (2nd electron) 

 

(Two electrons in l = 0 sub-shell i.e., 1s-orbital) 

 

These two combinations show that in K shell there is only one sub-shell corresponding to 

l = 0 value (s-sub-shell) contains only two electrons with opposite spins. 

 

L-shell: For this shell n = 2. For n = 2 the different values of l, m and s give the following 

eight combinations of four quantum numbers. 

 

n= 2, l = 0, m = 0, s = +1/2 

n = 2, l = 0, m = 0, s = -1/2 

n = 2, l = 1, m = 0, s = +1/2 

n = 2, l = 1, m = 0, s = -1/2 

n = 2, l = 1, m = +1, s =  +1/2 

n = 2, l = 1, m = +1, s =  -1/2 

n = 2, l = 1, m = -1, s =  +1/2 

n = 2, l = 1, m = -1, s =  -1/2 

 

Eight combinations given above show that L shell is divided into two sub-shells 

corresponding to l = 0 (s sub-shell) and l = 1 (p sub-shell) and this shell cannot contain 

more than 8 electrons, i.e., its maximum capacity for keeping the electrons is eight. 

 

4.6.2 Table of Pauli’s Exclusion Principle 
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Self Assessment Questions 2 
 

Q.1 Discuss the uses of Pauli's exclusion principle. 

Q.2 Draw the table of Pauli's exclusion. 

Q.3 Explain Continue and discrete X-Ray Spectrum. 
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Summary 
  

 The orbital angular momentum of electrons in atoms associated with a given 

quantum state is found to be quantized in the form L =        
 

  
,   

 A physical quantity is said to have a discrete spectrum if it takes only distinct 

values, with gaps between one value and the next. 

 Pauli’s Exclusion principle states that ‘it is impossible for any two electrons in a 

given atom to have all the four quantum numbers identical’.  

 This spin is a fundamental characteristic of particles, and only one magnitude of 

intrinsic spin is allowed for a given type of particle. Intrinsic angular momentum is 

quantized independently of orbital angular momentum. 
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Introduction 

 
In this unit, we shall describe a brief history of atomic theories to understand the structure 

of atom and its constituent electron, nucleus, proton, neutron and its elementary particles. 

We shall study the Basic properties of a nucleus like Mass Number, Atomic Number, 

Isotopes, Nuclear forces, Nuclear Radii and Nuclear Density. We shall also describe the 

Binding energies of nucleus and Mass deficit with the help of Einstein Theory of 

Relativity. 

 

Objectives 
 

After studying this unit, the students should be able to:  

 Describe the structure of an atom in terms of a positive nucleus and negative 

electrons and describe how the scattering of α-particles by thin metal foils provides 

evidence for the nuclear atom. 

 Describe the various properties of nucleus: Charge, Nuclear Mass, Nuclear Size, 

Nuclear Density, Nuclear Spin, Magnetic Dipole Moment, Electro Quadrupole 

Moment, Statistics and Parity. 

 Define Isotopes and role of neutrons in the instability of nucleus, 

 Define the terms unified mass scale, mass defect and calculate binding energy 

using Einstein’s equation.  

 Illustrate graphically the variation of binding energy per nucleon with the mass 

number 

 Students should know the nature of the nuclear force, so they can compare its 

strength and range with those of the electromagnetic force.  
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5.1 Need of Atomic Energy 
 

Pakistan is the sixth most populous country of the world. To meet the growing energy 

needs of the country, electricity is being produced at KENUP Karachi and CHENPUP I 

and II at Mianwali. The scientists traced the treasures of energy saved by nature in the 

nucleus of an atom. The Einstein famous equation E=mc2 resolved the mystery of mass 

deficit and help out to calculate the binding energy per nucleon. The Scientists revealed 

that if energy equivalent to the binding energy of nucleus is given to the heavy unstable 

nucleus than the atom is converted to its daughter nuclei with release of enormous 

amount of nuclear energy. The scientists also ponder about the nuclear forces which held 

nucleon together in the presence of repulsive forces of protons. They also identified short 

range nuclear forces i-e Strong Nuclear force and Weak forces. Later, Pakistani Physicist 

Dr, Abdus Salam along with other Physicists proved that the weak forces and magnetic 

forces are actually one force of same nature called Electromagnetic force. He won Noble 

Prize and Pride for Pakistan on the discovery of electromagnetic force through unification 

of two forces weak force and magnetic force.  

 

The leading Scientist of the world are keen to explore the mysteries of the universe and 

understand the nature of matter—what are its basic constituents of matter and how do 

they interact to form the elements and what are their properties? The focus of the Nuclear 

Physics (NP) is to solve this mystery by discovering, exploring, and understanding all 

forms of nuclear matter. Nuclear physicists seek to understand not just the familiar forms 

of matter we see around us, but also exotic forms such as those that existed in the first 

moments of creation of universe after the Big Bang and that exist today inside neutron 

stars. The aim is to understand why matter takes on the specific forms now observed in 

nature and how that knowledge can benefit society in the areas of commerce, medicine, 

and national security. 

 

The quest to understand the properties of different forms of nuclear matter requires long-

term support for both theoretical and experimental research efforts. Theoretical 

approaches are based on calculations of the interactions of quarks and gluons, which form 

protons and neutrons, using today’s most advanced computers. Other theoretical research 

models the forces between protons and neutrons and seeks to understand and predict the 

structure of nuclear matter. Experiments in nuclear physics use large accelerators that 

collide particles at nearly the speed of light, producing short-lived forms of matter for 

investigation. Nuclear physicists also use low-energy, precision nuclear experiments, 

many enabled by new quantum sensors, to search for a deeper understanding of 

fundamental symmetries and nuclear interactions. Comparing experimental observations 

and theoretical predictions tests the limits of our understanding of nuclear matter and 

suggests new directions for experimental and theoretical research. 

 

The Nuclear Physics also manages the production, distribution, and development of 

production techniques for radioactive and stable isotopes in short supply and critical to 

the nation. Isotopes are commodities of strategic importance for the world. They are 
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essential for energy exploration and innovation, medical applications, national security, 

and basic research.  

 

Activity 1.1   
Arrange a debate among two groups of students who are in favour and against the use of 

Nuclear Energy. For example, the incidents of Chernobyl in Russia, Wind Mills in USA 

which spread radiations and there is no emission of carbon gases which is major cause of 

environmental pollution. 

 

5.2 Structure of Atom and its Constituents 
 

According to modern theory, matter is made of tiny particles called atoms, which are in 

turn made up of subatomic particles. Atoms of a given element are identical in many 

respects and different from atoms of other elements. Atoms combine in fixed proportions 

with other atoms to form molecules and compounds. 

 

The theory has evolved over time, from the philosophy of atomism to modern quantum 

mechanics. Here's a brief history of atomic theory: 

 

5.2.1 The Atom and Atomism 

Atomic theory originated as a philosophical concept in ancient India and Greece. The 

word "atom" comes from the ancient Greek word atomos, which means indivisible. 

According to atomism, matter consists of discrete particles. However, the theory was one 

of many explanations for matter and wasn't based on empirical data. In the fifth century 

BCE, Democritus proposed that matter consists of indestructible, indivisible units called 

atoms. Dalton's Atomic Theory  

 

Atomic theory originated as a philosophical concept in ancient India and Greece. The 

word "atom" comes from the ancient Greek word atomos, which means indivisible. 

According to atomism, matter consists of discrete particles. However, the theory was one 

of many explanations for matter and wasn't based on empirical data. In the fifth century 

BCE, Democritus proposed that matter consists of indestructible, indivisible units called 

atoms. The Roman poet Lucretius recorded the idea, so it survived through the Dark Ages 

for later consideration. 

 

It took until the end of the 18th century for science to provide concrete evidence of the 

existence of atoms. In 1789, Antoine Lavoisier formulated the law of conservation of 

mass, which states that the mass of the products of a reaction is the same as the mass of 

the reactants. Ten years later, Joseph Louis Proust proposed the law of definite 

proportions, which states that the masses of elements in a compound always occur in the 

same proportion. 

 

5.2.2 Dalton Atomic Theory 

These theories didn't reference atoms, yet John Dalton built upon them to develop the law 

of multiple proportions, which states that the ratios of masses of elements in a compound 

https://www.thoughtco.com/elementary-and-subatomic-particles-4118943
https://www.thoughtco.com/what-is-a-chemical-element-604297
https://www.thoughtco.com/definition-of-law-of-definite-proportions-605295
https://www.thoughtco.com/what-is-a-molecule-definition-examples-608506
https://www.thoughtco.com/john-dalton-biography-4042882
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are small whole numbers. Dalton's law of multiple proportions drew from experimental 

data. He proposed that each chemical element consists of a single type of atom that could 

not be destroyed by any chemical means. His oral presentation (1803) and publication 

(1805) marked the beginning of the scientific atomic theory. 

 

In 1811, Amedeo Avogadro corrected a problem with Dalton's theory when he proposed 

that equal volumes of gases at equal temperature and pressure contain the same number 

of particles. Avogadro's law made it possible to accurately estimate the atomic masses of 

elements and made a clear distinction between atoms and molecules. 

 

Another significant contribution to atomic theory was made in 1827 by botanist Robert 

Brown, who noticed that dust particles floating in water seemed to move randomly for no 

known reason. In 1905, Albert Einstein postulated that Brownian motion was due to the 

movement of water molecules. The model and its validation in 1908 by Jean Perrin 

supported atomic theory and particle theory. 

 

Dalton's Atomic Theory held up well to a lot of the different chemical experiments that 

scientists performed to test it. In fact, for almost 100 years, it seemed as if Dalton's 

Atomic Theory was the whole truth. However, in 1897, a scientist named J. J. Thomson 

conducted some research that suggested that Dalton's Atomic Theory was not the entire 

story. He suggested that the small, negatively charged particles making up the cathode 

ray were actually pieces of atoms. He called these pieces "corpuscles," although today we 

know them as electrons. Thanks to his clever experiments and careful reasoning, J. J. 

Thomson is credited with the discovery of the electron. 

 

5.2.3 Discovery of Electron 

The electron was discovered by J.J. Thomson in 1897. The existence of protons was also 

known, as was the fact that atoms were neutral in charge. Since the intact atom had no net 

charge and the electron and proton had opposite charges, the next step after the discovery 

of subatomic particles was to figure out how these particles were arranged in the atom. 

This is a difficult task because of the incredibly small size of the atom. Therefore, 

scientists set out to design a model of what they believed the atom could look like. The 

goal of each atomic model was to accurately represent all the experimental evidence 

about atoms in the simplest way possible. 

 

Following the discovery of the electron, J.J. Thomson developed what became known as 

the "plum pudding" model in 1904. Plum pudding is an English dessert similar to a 

blueberry muffin. In Thomson's plum pudding model of the atom, the electrons were 

embedded in a uniform sphere of positive charge like blueberries stuck into a muffin. The 

positive matter was thought to be jelly-like or a thick soup. The electrons were somewhat 

mobile. As they got closer to the outer portion of the atom, the positive charge in the 

region was greater than the neighboring negative charges and the electron would be 

pulled back more toward the center region of the atom. 
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Figure 5.1: The “Plum Pudding” Model.  

 

However, this model of the atom soon gave way to a new model developed by New 

Zealander Ernest Rutherford (1871 - 1937) about five years later. Thomson did still 

receive many honors during his lifetime, including being awarded the Nobel Prize in 

Physics in 1906 and a knighthood in 1908. 

 

5.2.4 Discovery of Nucleus 

In 1911, Rutherford and coworkers Hans Geiger and Ernest Marsden initiated a series of 

groundbreaking experiments that would completely change the accepted model of the 

atom. They bombarded very thin sheets of gold foil with fast moving alpha particles. 

Alpha particles, a type of natural radioactive particle, are positively charged particles 

with a mass about four times that of a hydrogen atom. 

 

 
 

Figure 5.2: Scattering of Alpha Particles in Gold Foil Experiment 

 

The experimental setup for Rutherford's gold foil experiment: A radioactive element that 

emitted alpha particles was directed toward a thin sheet of gold foil that was surrounded 

by a screen which would allow detection of the deflected particles. (B) According to the 

plum pudding model (top) all of the alpha particles should have passed through the gold 

foil with little or no deflection. Rutherford found that a small percentage of alpha 
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particles were deflected at large angles, which could be explained by an atom with a very 

small, dense, positively-charged nucleus at its center (bottom). 

 

According to the accepted atomic model, in which an atom's mass and charge are 

uniformly distributed throughout the atom, the scientists expected that all of the alpha 

particles would pass through the gold foil with only a slight deflection or none at all. 

Surprisingly, while most of the alpha particles were indeed undeflected, a very small 

percentage (about 1 in 8000 particles) bounced off the gold foil at very large angles. 

Some were even redirected back toward the source. No prior knowledge had prepared 

them for this discovery. In a famous quote, Rutherford exclaimed that it was "as if you 

had fired a 15-inch [artillery] shell at a piece of tissue and it came back and hit you." 

 

Rutherford needed to come up with an entirely new model of the atom in order to explain 

his results. Because the vast majority of the alpha particles had passed through the gold, 

he reasoned that most of the atom was empty space. In contrast, the particles that were 

highly deflected must have experienced a tremendously powerful force within the atom. 

He concluded that all of the positive charge and the majority of the mass of the atom 

must be concentrated in a very small space in the atom's interior, which he called the 

nucleus. The nucleus is the tiny, dense, central core of the atom and is composed of 

protons and neutrons. 

 

Rutherford's atomic model became known as the nuclear model. In the nuclear atom, the 

protons and neutrons, which comprise nearly all of the mass of the atom, are located in 

the nucleus at the center of the atom. The electrons are distributed around the nucleus and 

occupy most of the volume of the atom. It is worth emphasizing just how small the 

nucleus is compared to the rest of the atom. If we could blow up an atom to be the size of 

a large professional football stadium, the nucleus would be about the size of a marble. 

 

Rutherford's model proved to be an important step towards a full understanding of the 

atom. However, it did not completely address the nature of the electrons and the way in 

which they occupied the vast space around the nucleus. It was not until some years later 

that a full understanding of the electron was achieved. This proved to be the key to 

understanding the chemical properties of elements. 

 

5.2.5 The Quantum Mechanical Model 

The quantum mechanical model is based on quantum theory, which says matter also has 

properties associated with waves. According to quantum theory, it’s impossible to know 

the exact position and momentum of an electron at the same time. This is known as the 

Uncertainty Principle. 

 

The quantum mechanical model of the atom uses complex shapes of orbitals (sometimes 

called electron clouds), volumes of space in which there is likely to be an electron. So, 

this model is based on probability rather than certainty. 
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Four numbers, called quantum numbers, were introduced to describe the characteristics 

of electrons and their orbitals: 

 Principal quantum number: n 

 Angular momentum quantum number: l 

 Magnetic quantum number:  

 Spin quantum number:  

 

 
 

Figure 5.3: Orbitals of electrons 

 

5.2.5.1 The Principal Quantum Number 

The principal quantum number n describes the average distance of the orbital from the 

nucleus — and the energy of the electron in an atom. It can have positive integer (whole 

number) values: 1, 2, 3, 4, and so on. The larger the value of n, the higher the energy and 

the larger the orbital. Chemists sometimes call the orbitals electron shells. 

 

5.3.5.2 The Angular Momentum Quantum Number 

The angular momentum quantum number l describes the shape of the orbital, and the 

shape is limited by the principal quantum number n: The angular momentum quantum 

number l can have positive integer values from 0 to n–1. For example, if the n value is 3, 

three values are allowed for l: 0, 1, and 2. 

 

The value of 1 defines the shape of the orbital, and the value of n defines the size. 

 

Orbitals that have the same value of n but different values of l are called subshells. 

 

5.2.5.3 The Magnetic Quantum Number (ML) 

This number describes how the various orbitals are oriented in space. The value of this 

number depends on the value of l. The values allowed are integers from –l to 0 to +l. For 

example, if the value of l = 1 (p orbital), you can write three values for this number: –1, 
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0, and +1. This means that there are three different p subshells for a particular orbital. 

The subshells have the same energy but different orientations in space. 

 

The second row (b) of the figure shows how the p orbitals are oriented in space. Notice 

that the three p orbitals correspond to magnetic quantum number values of –1, 0, and +1, 

oriented along the x, y, and z axes. 

 

5.2.5.4 The Spin Quantum Number (MS) 

This number describes the direction the electron is spinning in a magnetic field — either 

clockwise or counterclockwise. Only two values are allowed: +1/2 or –1/2. For each 

subshell, there can be only two electrons, one with a spin of +1/2 and another with a spin 

of –1/2. 

 

 
 

Figure 5.4: Clockwise and Anticlockwise Spin of Electrons 

 

5.3 Atomic Nucleus 
 

The nucleus (plural, nuclei) is a positively charged region at the center of the atom. It 

consists of two types of subatomic particles packed tightly together. The particles are 

protons, which have a positive electric charge, and neutrons, which are neutral in electric 

charge. Outside of the nucleus, an atom is mostly empty space, with orbiting negative 

particles called electrons whizzing through it, 

 

5.3.1 Nucleus Size 

The nucleus of the atom is extremely small. Its radius is only about 1/100,000 of the total 

radius of the atom. If an atom were the size of a football stadium, the nucleus would be 

about the size of a pea! Electrons have virtually no mass, but protons and neutrons have a 

lot of mass for their size. As a result, the nucleus has virtually all the mass of an atom. 

Given its great mass and tiny size, the nucleus is very dense. If an object the size of a 
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penny had the same density as the nucleus of an atom, its mass would be greater than 30 

million tons! 

 

5.3.2 Atomic Mass Unit (AMU) 

As was written, almost all of the mass of an atom is located in the nucleus, with a very 

small contribution from the electron cloud. The mass of the nucleus is associated with the 

atomic mass number, which is the total number of protons and neutrons in the nucleus of 

an atom. The mass number is different for each different isotope of a chemical element. 

The mass number is written either after the element name or as a superscript to the left of 

an element’s symbol. For example, the most common isotope of carbon is carbon-12, or 

12C. 

 

The size and mass of atoms are so small that the use of normal measuring units, while 

possible, is often inconvenient. Units of measure have been defined for mass and energy 

on the atomic scale to make measurements more convenient to express. The unit of 

measure for mass is the atomic mass unit (amu). One atomic mass unit is equal to 1.66 x 

10-24 grams. 

 

Besides the standard kilogram, it is a second mass standard. It is the carbon-12 atom, 

which, by international agreement, has been assigned a mass of 12 atomic mass units (u). 

The relation between the two units is one atomic mass unit is equal: 

 

1u = 1.66 x 10-24 grams. 

 

One unified atomic mass unit is approximately the mass of one nucleon (either a single 

proton or neutron) and is numerically equivalent to 1 g/mol. 

 

5.3.3 Mass Deficit 

For 12C the atomic mass is exactly 12u, since the atomic mass unit is defined from it. For 

other isotopes, the isotopic mass usually differs and is usually within 0.1 u of the mass 

number. For example, 63Cu (29 protons and 34 neutrons) has a mass number of 63 and 

an isotopic mass in its nuclear ground state is 62.91367 u. 

 

There are two reasons for the difference between mass number and isotopic mass, known 

as the mass defect: 

1. The neutron is slightly heavier than the proton. This increases the mass of nuclei 

with more neutrons than protons relative to the atomic mass unit scale based on 

12C with equal numbers of protons and neutrons. 

2. The nuclear binding energy varies between nuclei. A nucleus with greater binding 

energy has a lower total energy, and therefore a lower mass according to Einstein’s 

mass-energy equivalence relation E = mc2. For 63Cu the atomic mass is less than 

63 so this must be the dominant factor. 

 

Note that, it was found the rest mass of an atomic nucleus is measurably smaller than the 

sum of the rest masses of its constituent protons, neutrons and electrons. Mass was no 

https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/fundamental-particles/what-is-electron-properties-of-electron/electron-cloud/
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/atomic-nuclear-structure/atomic-mass-number/
https://www.nuclear-power.net/nuclear-engineering/thermodynamics/thermodynamic-properties/what-is-mass-and-weight/standard-kilogram/
https://www.nuclear-power.net/nuclear-power/nuclear-energy/mass-defect/
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/binding-energy/nuclear-binding-energy/
https://www.nuclear-power.net/laws-of-conservation/law-of-conservation-of-energy/conservation-of-mass-energy-mass-energy-equivalence/
https://www.nuclear-power.net/laws-of-conservation/law-of-conservation-of-energy/conservation-of-mass-energy-mass-energy-equivalence/
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/fundamental-particles/neutron/
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longer considered unchangeable in the closed system. The difference is a measure of the 

nuclear binding energy which holds the nucleus together. According to the Einstein 

relationship (E=mc2), this binding energy is proportional to this mass difference and it is 

known as the mass defect. 

 

 
 

Figure 5.5: Mass Deficit 

 

5.3.4 Radius and Density of Atomic Nucleus: 

Typical nuclear radii are of the order 10−14 m. Assuming spherical shape, nuclear radii 

can be calculated according to following formula: 

 

r = r0 . A1/3 

where r0 = 1.2 x 10-15 m = 1.2 fm 

 

If we use this approximation, we therefore expect the geometrical cross-sections of nuclei 

to be of the order of πr2 or 4.5×10−30 m² for hydrogen nuclei or 1.74×10−28 m² for 

238U nuclei. 

 

Nuclear density is the density of the nucleus of an atom. It is the ratio of mass per unit 

volume inside the nucleus. Since atomic nucleus carries most of atom’s mass and atomic 

nucleus is very small in comparison to entire atom, the nuclear density is very high. 

 

The nuclear density for a typical nucleus can be approximately calculated from the size of 

the nucleus and from its mass. For example, natural uranium consists primarily of isotope 

238U (99.28%), therefore the atomic mass of uranium element is close to the atomic 

mass of 238U isotope (238.03u). Its radius of this nucleus will be: 

 

r = r0 . A1/3 = 7.44 fm. 

 

Assuming it is spherical, its volume will be: 

 

V = 4πr3/3 = 1.73 x 10-42 m3. 

 

 

https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/binding-energy/nuclear-binding-energy/
https://www.nuclear-power.net/nuclear-power/nuclear-energy/emc2-meaning/
https://www.nuclear-power.net/nuclear-power-plant/nuclear-fuel/uranium/uranium-238/
https://www.nuclear-power.net/nuclear-power-plant/nuclear-fuel/uranium/natural-uranium/
https://www.nuclear-power.net/nuclear-power-plant/nuclear-fuel/uranium/uranium-238/
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The usual definition of nuclear density gives for its density: 

 

ρnucleus = m / V = 238 x 1.66 x 10-27 / (1.73 x 10-42) = 2.3 x 1017kg/m3. 

 

Thus, the density of nuclear material is more than 2.1014 times greater than that of water. 

It is an immense density. The descriptive term nuclear density is also applied to situations 

where similarly high densities occur, such as within neutron stars. Such immense 

densities are also found in neutron stars. 

 

5.3.5 Nuclear Radii 

A convenient unit for measuring distances on the scale of nuclei is the femtometer ( 1015 

m). This unit is often called the fermi; the two names share the same abbreviation. Thus, 

 

1 femtometer 1 fermi 1 fm=1015m. 

 

Wecanlearnaboutthesizeandstructureofnucleibybombardingthemwithabeam of high 

energy electrons and observing how the nuclei deflect the incident electrons. The 

electrons must be energetic enough (at least 200 MeV) to have de Broglie wave lengths 

that are smaller than the nuclear structures they are to probe. The nucleus, like the atom, 

is not a solid object with a well-defined surface. 

 

Furthermore, although most nuclides are spherical, some are not ablyellip soidal. 

Nevertheless, electron-scattering experiments (as well as experiments of other kinds) 

allow us to assign to each nuclide an effective radius given by 

 

r =r0A
1/3

, 
 

in which A is the mass number and r0 1.2 fm. We see that the volume of a nucleus, which 

is proportional to r
3
, is directly proportional to the mass number A and is independent of 

the separate values of Z and N. That is, we can treat most nuclei as being as p here with a 

volume that depends on the number of nucleons, regardless of their type. 

 

Equation does not apply to halo nuclides, which are neutron-rich nuclides that were first 

produced in laboratories in the 1980s. These nuclides are larger than predicted by Eq. 42-

3, because some of the neutrons form a halo around as spherical core of the protons and 

there soft he neutrons. Lithium is to pes give an example. When a neutron is added to 8 

Li to form 9 Li, neither of which are halo nuclides, the effective radius increases by about 

4%. However, when two neutrons are added to 9Li to form the neutron-rich isotope 11Li 

(the larges tofu the lithium isotopes), they do not join that existing nucleus but instead for 

manhole around it, increasing the effective radius by about 30%. Apparently, this halo 

configuration involves less energy than a core containing all 11nucleons. 

 

5.3.6 Atomic Masses 

Atomic masses are now measured to great precision, but usually nuclear masses are not 

directly measurable because stripping off all the electrons from an atom is difficult. As 
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we briefly discussed in Module 37-6, atomic masses are often reported in atomic mass 

units, a system in which the atomic mass of neutral 12C is defined to be exactly12u. 

 

Precise atomic masses are available in tables on the web and are usually provided in 

home work problems. However, sometimes we need only an approximation of the mass 

of either a nucleus alone or a neutral atom. The mass number A of a nuclide gives such an 

approximate mass in atomic mass units. For example, the approximate mass of both the 

nucleus and the neutral atom for 197Au is 197u, which is close to the actual atomic mass 

of 196.966552u. 

 

As we saw in Module 37-6, 1u 1.660 538 86 1027kg.  

 

Wealsosawthatifthetotalmassoftheparticipantsinanuclearreactionchanges by an amount m, 

there is an energy release or absorption given by Eq. 37-50 (Q m c 
2
). As we shall now 

see, nuclear energies are often reported in multiples of 1 MeV. Thus, a convenient 

conversion between mass units and en- ergyunitsisprovidedbyEq.37-46: 

 

c
2
 931.494 013MeV u. (42-5) 

 

where M is the actual mass of the atom in atomic mass units and A is the mass number for 

that atom’s nucleus. 

 

5.4 Nuclear Binding Energies 
 

The mass M of a nucleus is less than the total mass m of its individual protons 

andneutrons. That meansthatthemassenergyMc
2
ofanucleusislessthanthe total mass energy 

(mc 
2
) of its individual protons and neutrons. The difference between these two energies 

is called the binding energy of the nucleus: 

Ebe (mc 
2
) Mc

2
 (binding energy). (42-7) 

 

Caution: Binding energy is not an energy that resides in the nucleus. Rather, it is a 

difference in mass energy between a nucleus and its individual nucleons: If we were able 

to separate a nucleus in to its nucleons, we would have to transfer a total energy equal to 

Ebe to those particles during the separating process. Although we cannot actually tear 

apart a nucleus in this way, the nuclear binding energy is still a convenient measure of 

how well a nucleus is held together, in the sense that it measure show difficult the 

nucleus would be to take a part. 

 

A better measure is the binding energy per nucleon Eben, which is the ratio of the 

binding energy Ebe of a nucleus to the number A of nucleons in that nucleus: 

 

We can think of the binding energy per nucleon as the average energy needed to separate 

a nucleus into its individual nucleons. A greater binding energy per nucleon means a 

more tightly bound nucleus. 
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Figure 42-7 is a plot of the binding energy per nucleon Eben versus mass number A for a 

large number of nuclei. Those high on the plot are very tightly 
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bound; that is, we would have to supply a great amount of energy per nucle on to break 

apart one of those nuclei. The nuclei that are lower on the plot, at the left and right sides, 

are less tightly bound, and less energy per nucleon would be required to break the mapart. 

These simple statements about Fig. 42-7 have profound consequences. The nucleons in a 

nucleus on the right side of the plot would be more tightly bound if that nucleus were to 

split in to two nuclei that lien earth top of the plot. Such a process, called fission, occurs 

naturally with large (high mass number A) nuclei such as uranium, which can undergo 

fission spontaneously (that is, without an external cause or source of energy). The process 

can also occur in nuclear weapons, in which many uranium or plutonium nuclei are made 

to fission all at once, to create an explosion. 

 

The nucleons in any pair of nuclei on the left side of the plot would be more tightly 

bound if the pair were to combine to form a single nucleus that lies near the top of the 

plot. Such a process, called fusion, occurs naturally in stars. Were this not true, the Sun 

would not shine and thus life could not exist on Earth. As we shall discuss in the next 

chapter, fusion is also the basis of thermonuclear weapons (with an explosive release of 

energy) and anticipated power plants (with a sustained and controlled release of energy). 

 

 

 

  

Figure 42-7: The binding 

energy per nucleon for some 

representative nuclides. The 

nickel nu- clide62Ni has the 

highest binding energy per 

nucleon (about 8.794 60 

MeV/nucleon) of any known 

stable nuclide. Note that the 

alpha particle (4He) has a 

higher binding energy per nu- 

cleon than its neighbors in the 

periodic table and thus is also 

particularly stable. 
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5.5 Forces of Nature 
 

There are threeforces of nature: 

 The Electromagnetic Force 

 Strong Nuclear Force 

 Weak force 

 

5.5.1 The Electromagnetic Force 

At the atomic level, we say that two electrons exert electromagnetic forces on each other 

according to Coulomb’s law. At a deeper level, this interaction is described by a highly 

successful theory called quantum electrodynamics (QED). From this point of view, we 

say that each electron senses the presence of the other by exchanging photons with it. The 

Electromagnetic Force At the atomic level, we say that two electrons exert 

electromagnetic forces on each other according to Coulomb’s law. At a deeper level, this 

interaction is described by a highly successful theory called quantum electrodynamics 

(QED). From this point of view, we say that each electron senses the presence of the 

other by exchanging photons with it. 

 

5.5.2 The Weak Force 

A theory of the weak force, which acts on all particles, was developed by analogy with 

the theory of the electromagnetic force. The messenger particles that transmit the weak 

force between particles, however, are not (massless) photons but massive particles, 

identified by the symbols W and Z.The theory was so successful that it revealed the 

electromagnetic force and the weak force as being different aspects of a single 

electroweak force. This accomplishment is a logical extension of the work of Maxwell, 

who revealed the electric and magnetic forces as being different aspects of a single 

electromagnetic force. The electroweak theory was specific in predicting the properties of 

the messenger particles. In addition to the massless photon, the messenger of the 

electromagnetic interactions, the theory gives us three messengers for the weak 

interactions: Particle Charge Mass W e 80.4 GeV/c 2 Z 0 91.2 GeV/c 2 Recall that the 

proton mass is only 0.938 GeV/c 2 ; these are massive particles! The 1979 Nobel Prize in 

physics was awarded to Sheldon Glashow, Steven Weinberg, and Abdus Salam for their 

electroweak theory.The theory was confirmed in 1983 by Carlo Rubbia and his group at 

CERN, and the 1984 Nobel Prize in physics went to Rubbia and Simon van der Meer for 

this brilliant experimental work. Some notion of the complexity of particle physics in this 

day and age can be found by looking at an earlier particle physics experiment that led to 

the Nobel Prize in physics—the discovery of the neutron. This vitally important 

discovery was a “tabletop” experiment, employing particles emitted by naturally 

occurring radioactive materials as projectiles; it was reported in 1932 under the title 

“Possible Existence of a Neutron,” the single author being James Chadwick. The 

discovery of the W and Z messenger particles in 1983, by contrast, was carried out at a 

large particle accelerator, about 7 km in circumference and operating in the range of 

several hundred billion electron-volts. The principal particle detector alone weighed 20 

MN. The experiment employed more than 130 physicists from 12 institutions in 8 

countries, along with a large support staff. 
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Figure 5.6: Weak Interaction among Nucleons 

 

5.5.3 The Strong Force 

A theory of the strong force–that is, the force that acts between quarks to bind hadrons 

together—has also been developed. The messenger particles in this case are called gluons 

and, like the photon, they are predicted to be mass less. The theory assumes that each 

“flavor” of quark comes in three varieties that, for convenience, have been labeled red, 

yellow, and blue. Thus, there are three up quarks, one of each color, and so on. The anti 

quarks also come in three colors, which we call anti red, anti yellow, and anti blue. You 

must not think that quarks are actually colored, like tiny jelly beans. The names are labels 

of convenience, but (for once) they do have a certain formal justification, as you will see. 

The force acting between quarks is called a color force and the underlying theory, by 

analogy with quantum electrodynamics (QED), is called quantum chromo dynamics 

(QCD). Apparently, quarks can be assembled only in combinations that are color-neutral. 

There are two ways to bring about color neutrality. In the theory of actual colors, red 

yellow blue yields white, which is color-neutral, and we use the same scheme in dealing 

with quarks. Thus we can assemble three quarks to form a baryon, provided one is a 

yellow quark, one is a red quark, and one is a blue quark. Anti red anti yellow anti blue is 

also white, so that we can assemble three anti quarks (of the proper anti colors) to form 

an anti baryon. Finally, red an tired, or yellow anti yellow, or blue anti blue also yields 

white. Thus, we can assemble a quark–anti quark combination to form a meson. The 

color-neutral rule does not permit any other combination of quarks, and none are 

observed. The color force not only acts to bind together quarks as baryons and mesons, 

but it also acts between such particles, in which case it has traditionally been called the 

strong force. Hence, not only does the color force bind together quarks to form protons 

and neutrons, but it also binds together the protons and neutrons to form nuclei. 
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Figure 5.7: 

 

5.5.4 The Higgs Field and Particle 

The Standard Model of the fundamental particles consists of the theory for the electroweak 

interactions and the theory for the strong interactions. A key success in the model has been to 

demonstrate the existence of the four messenger particles in the electroweak interactions: the 

photon, and the Z and W particles. However, a key puzzle has involved the masses of those 

particles. Why is the photon mass less while the Z and W particles are extremely massive? In 

the 1960s, Peter Higgs and, independently, Robert Brout and François Englert suggested that 

the mass discrepancy is due to a field (now called the Higgs field) that permeates all of space 

and thus is a property of the vacuum. Without this field, the four messenger particles would 

be mass less and indistinguishable–they would be symmetric. The Brout–Englert–Higgs 

theory demonstrates how the field breaks that symmetry, producing the electroweak 

messengers with one being mass less. It also explains why all other particles, except for the 

gluon, have mass. The quantum of that field is the Higgs boson. Because of its pivotal role for 

all particles and because the theory behind its existence is compelling (even beautiful), 

intense searches for the Higgs boson were conducted on the Tevatron at Brookhaven and the 

Large Hadron Collider at CERN. In 2012, tantalizing experimental evidence was announced 

for the Higgs boson, at a mass of 125 GeV/c2. 

 

 
 

Figure 5.7: Higgs Field 



99 

 

5.5.5 Unification of Forces 

The unification of the fundamental forces of nature into a single force–which occupied 

Einstein’s attention for much of his later life–is very much a current focus of research. 

We have seen that the weak force has been successfully combined with electromagnetism 

so that they may be jointly viewed as aspects of a single electroweak force. Theories that 

attempt to add the strong force to this combination–called grand unification theories 

(GUTs)–are being pursued actively. Theories that seek to complete the job by adding 

gravity–sometimes called theories of everything (TOE)–are at a speculative stage at this 

time. String theory (in which particles are tiny oscillating loops) is one approach. 

 

5.6 Self Assessment Questions 
 

1. Identify the force that holds nucleons together in the presence of repulsive forces 

among protons.  

2. Sketch a graph of Binding Energy per nucleon and distinguish between stable and 

unstable nuclei.  

3. Calculate the mass deficit in protium and deuterium atoms. 

4. An alpha particle with kinetic energy Ki = 5.30 MeV happens, by chance, to be 

headed directly toward the nucleus of a neutral gold atom. What is its distance of 

closest approach d (least center-to-center separation) to the nucleus? Assume that 

the atom remains stationary.  

5. What is the binding energy per nucleon for 120Sn?  

6. All nuclides as made up of a neutron– proton mixture that we can call nuclear 

matter. What is the density of nuclear matter?  

7. A certain nuclide is said to be particularly stable. Does its binding energy per 

nucleon lie slightly above or slightly below the binding energy curve. 

8.  Suppose the alpha particle in a Rutherford scattering experiment is replaced with a 

proton of the same initial kinetic energy and also headed directly toward the 

nucleus of the gold atom. (a) Will the distance from the center of the nucleus at 

which the proton stops be greater than, less than, or the same as that of the alpha 

particle? (b) If, instead, we switch the target to a nucleus with a larger value of Z, is 

the stopping distance of the alpha particle greater than, less than, or the same as 

with the gold target?  

9. . A 5.0-MeV alpha particle approaches a gold nucleus with an impact parameter of 

2.6x1013 m. Through what angle will it be scattered? 

10. Sketch a graph of the binding energy per nucleon versus mass number, indicating 

the nuclei that are the most tightly bound, those that can undergo fission with a 

release of energy, and those that can undergo fusion with a release of energy.  

11.  Identify the force that holds nucleons together. 
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Answers 

 

Question No.  

 

 

1. Strong Nuclear Force between Proton-Proton, Neutron-Neutron and 

Proton- Neutron. The nucleon Protons and Neutrons are composed of 

Quarks. The quarks up and quarks down exchange energy in the form of 

gluons i-e muons and bosons. 

2. Binding Energy Curve given in Unit at Figure 42-7 

3. Protium Zero and Deuterium= 0.002388 a.m.u. 

4. 10 
-14 

m 

5. Binding Energy of Tin= 8.5045 MeV 

6. Nucleus Density = ρ = 2.3 x 1017kg/m3. 

7. Helium 

8. (a) 10
-2 

(b)  Increase 

9. 70 degree 

10. 10 Figure 42.7 shows graph of Binding Energy per nucleon and 

distinguish between stable and unstable nuclei. The nucleons in a 

nucleus on the right side of the plot would be more tightly bound if that 

nucleus were to split in to two nuclei that lien earthen top of the plot. 

Such a process, called fission, occurs naturally with large (high mass 

number A) nuclei such as uranium, which can undergo fission 

spontaneously (that is, without an external cause or source of energy). 

The nucleons in any pair of nuclei on the left side of the plot would be 

more tightly bound if the pair was to combine to form a single nucleus 

that lies near the top of the plot. Such a process, called fusion, occurs 

naturally in stars.  
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Introduction 

 
In this unit, we will describe different aspects of atomic and nuclear physics such as 

radioactivity, half-life, mean life and chain disintegration. We will also discuss the 

properties, nature and types of radiation such as             
 

Radioactivity was not invented by man. It was discovered just over a century ago, in 

1896, by the French physicist Henri Becquerel. He was attempting to find out whether the 

rays emitted by fluorescent uranium salts were the same as the X-rays discovered in 1895 

by the German physicist Wilhelm Roentgen. He thought that the uranium salts, after 

being excited by light, emitted these X-rays. Imagine his surprise when, in Paris in March 

1896, he discovered that photographic film had been exposed without exposure to 

sunlight! He concluded that uranium emitted invisible radiation, different from X-rays, 

spontaneously and inexhaustibly. The phenomenon he discovered was named 

radioactivity (from the Latin radius, meaning ray).  

 

Objectives 
After going through this unit, the students will be able to: 

 Explain that some nuclei are unstable, give out radiation to get rid of excess energy 

and are said to be radioactive. 

 Describe that the three types of radiation are             
 State, for radioactive emissions: 

 their nature 

 their relative ionizing effects 

 their relative penetrating abilities 

 Explain the meaning of half-life of a radioactive material. 

 Explain that an element may change into another element when radioactivity 

occurs. 

 Explain laws of radioactive decay.  

 Describe mean life of radio element.  

 Describe the chain disintegration. 
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6.1 Radioactivity 
 

Scientists were interested to know the smallest always particle of matter. Greek 

Philosopher Democritus in 585 BC postulated that matter is built from small particles 

called atoms. 

 

The word atom is derived from the Greek word “otomos”, meaning "indivisible." At one 

time, atoms were thought to be the smallest particles of matter. Today we know that 

atoms are composite systems and contain even smaller particles: protons, neutrons and 

electrons. The simplest atom is that of hydrogen, nucleus of which is a single proton. We 

describe an element with respect to its nucleus and use the following quantities:  

 

The atomic number Z is equal to the number of protons in the nucleus. The neutron 

number N is equal to the number of neutrons in the nucleus. The atomic mass number 

A is equal to the number of nucleons (protons + neutrons) in the nucleus i.e., A= Z+N. 

 

The mass of neutron is nearly equal to that of proton. But proton is about 1836 times 

heavier than an electron. So the mass of an atom is nearly equal to the sum of masses of 

protons and neutrons. 

 

Generally, an atom is represented by the symbol. For example,   
  nuclide of hydrogen 

atom having only one proton is   
 . Where, Isotopes are atoms of an element which have 

same number of protons but different number of neutrons in their nuclei. 

 

6.2 Laws of Radioactive Decay  
 

 
 

Figure: 6.1 
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In 1896, Becquerel accidentally discovered that uranium salt crystals emit an invisible 

radiation that can darken a photographic plate. He also observed that the radiation had the 

ability to ionize a gas. Subsequent experiments by other scientists showed that other 

substances also emitted radiations. The most significant investigations of this type were 

conducted by Marie Curie and her husband Pierre. They discovered two new elements 

which emitted radiations. These were named polonium and radium. This process of 

emission of radiations by some elements was called natural radioactivity by Marie Curie. 

Subsequent experiments performed by Henry Becquerel suggested that radioactivity was 

the result of the decay or disintegration of unstable nuclei. Three types of radiation are 

usually emitted by a radioactive substance. They are: alpha ( ) particles; beta ( ) 

particles; and gamma ( ) rays. The radioactive source is placed inside the magnetic field. 

The alpha ( ) particles and beta ( ) particles bend in opposite direction in the magnetic 

field while -radiation does not change its direction.  

 

Subsequent experiments performed by Henry Becquerel suggested that radioactivity was 

the result of the decay or disintegration of unstable nuclei.  

 

The spontaneous emission of radiation by unstable nuclei is called natural 

radioactivity. And the elements which emit such radiations are called radioactive 

elements. 

 

When a radioactive material undergoes α, β or γ-decay, the number of nuclei undergoing 

the decay, per unit time, is proportional to the total number of nuclei in the sample 

material. So, 

 

If N = total number of nuclei in the sample and ΔN = number of nuclei that undergo 

decay in time Δt then, 

 

ΔN/ Δt ∝ N 

Or, ΔN/ Δt = λN … (1) 

 

Where λ = radioactive decay constant or disintegration constant. Now, the change in the 

number of nuclei in the sample is, dN = – ΔN in time Δt. Hence, the rate of change of N 

(in the limit Δt → 0) is, 

dN/dt = – λN 

Or, dN/N = – λ dt 

 

Now, integrating both the sides of the above equation, we get, 

 

      
 

  
= λ    

 

  
 … (2) 

Or, ln N – ln N0 = – λ (t – t0) … (3) 
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Where, N0 is the number of radioactive nuclei in the sample at some arbitrary time t0 and 

N is the number of radioactive nuclei at any subsequent time t. Next, we set t0 = 0 and 

rearrange the above equation (3) to get, 

 

ln (N/N0) = – λt 

Or, N(t) = N0e
– λt

 … (4) 

 

Equation (4) is the Law of Radioactive Decay. 

 

6.1.1 The Decay Rate 

In radioactivity calculations, we are more interested in the decay rate R ( = – dN/dt) than 

in N itself. This rate gives us the number of nuclei decaying per unit time. Even if we 

don’t know the number of nuclei in the sample, by simply measuring the number of 

emissions of α, β or γ particles in 10 or 20 seconds, we can calculate the decay rate. Let’s 

say that we consider a time interval dt and get a decay count ΔN (= –dN). The decay rate 

is now defined as, 

R = – dN/dt 

 

Differentiating equation (4) on both sides, we get, 

 

R = λ N0 e−λt 

 

Or, R = R0e−λt … (5) 

 

Where, R0 is the radioactive decay rate at the time t = 0, and R is the rate at any 

subsequent time t. Equation (5) is the alternative form of the Law of Radioactive Decay. 

Now we can rewrite equation (1) as follows, 

 

R = λN … (6) 

 

where R and the number of radioactive nuclei that have not yet undergone decay must be 

evaluated at the same instant. 

 

6.3 Half Life 
 

Why use a term like half-life rather than lifetime? The answer can be found by examining 

which shows how the number of radioactive nuclei in a sample decreases with time. The 

time in which half of the original number of nuclei decay is defined as the half-life, T 

½ .Half of the remaining nuclei decay in the next half-life. Further, half of that amount 

decays in the following half-life. Therefore, the number of radioactive nuclei decreases 

from N to N/2 in one half-life, then to N/4 in the next, and to N/8 in the next, and so on. 

If N is a large number, then many half-lives (not just two) pass before all of the nuclei 

decay. Nuclear decay is an example of a purely statistical process. A more precise 

definition of half-life is that each nucleus has a 50% chance of living for a time equal to 

one half-life T ½. Thus, if N is reasonably large, half of the original nuclei decay in a time 



107 

 

of one half-life. If an individual nucleus makes it through that time, it still has a 50% 

chance of surviving through another half-life. Even if it happens to make it through 

hundreds of half-lives, it still has a 50% chance of surviving through one more. The 

probability of decay is the same no matter when you start counting. This is like random 

coin flipping. The chance of heads is 50%, no matter what has happened before. 

 

 
Figure: 6.2 

 

Radioactive decay reduces the number of radioactive nuclei over time. In one half-life T 

½, the number decreases to half of its original value. Half of what remains decays in the 

next half-life, and half of those in the next, and so on. This is an exponential decay, as 

seen in the graph of the number of nuclei present as a function of time. 

 

There is a tremendous range in the half-lives of various nuclides, from as short as      s 

for the most unstable, to more than      years for the least unstable, or about 46 orders 

of magnitude. Nuclides with the shortest half-lives are those for which the nuclear forces 

are least attractive, an indication of the extent to which the nuclear force can depend on 

the particular combination of neutrons and protons. The concept of half-life is applicable 

to other subatomic particles, as will be discussed in Particle Physics. It is also applicable 

to the decay of excited states in atoms and nuclei. The following equation gives the 

quantitative relationship between the original number of nuclei present at time zero No 

and the number (N) at a later time: 

 

Where   = 2.71828…. is the base of the natural logarithm, and   is the decay constant 

for the nuclide. The shorter the half-life, the larger is the value of   , and the faster the 

exponential       decreases with time. The relationship between the decay constant   

and the half-life T1/2 is 
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To see how the number of nuclei declines to half its original value in one half-life, let T= 

T ½ in the exponential in the equation.  This gives

 For integral numbers of half-lives, you can 

just divide the original number by 2 over and over again, rather than using the 

exponential relationship. For example, if ten half-lives have passed, we divide by 2 ten 

times. This reduces it to N/1024. For an arbitrary time, not just a multiple of the half-life, 

the exponential relationship must be used. 

 

6.4 Mean Life 
 

Given our radioactive element, if half of its atoms have decayed after one half life, then we 

can expect there to be some kind of well defined average life expectancy: the mean life of the 

atoms, which is somewhat longer than their half life. It turns out that the mean life equals the 

half life divided by the natural logarithm of 2 (about 0.693). The mean life also turns out to 

exactly equal the number τ that appears in the exponential term e−t/τ involved with describing 

decay or growth, called the time constant. The label "time constant" is just a name for τ; the 

fact that the mean life happens to equal τ is a kind of neat coincidence that allows us to think 

of the mean life in the following, alternative, way. 

 

We said above that the speed of any decay process can be described by the time it takes 

for the remaining amount of the element to fall to a half, or a third, or any fraction at all. 

One special choice of that number is e, and the length of time after which the amount 

remaining has been reduced to 1/e of the original also happens to equal the mean life of 

the decay. This is one reason why the number e is so special. Besides the fact that e has 

friendly properties that simplify the mathematics of growth and decay, it also quantifies 

such an everyday idea as the average life expectancy of the atoms. 

 

 
Figure: 6.3 
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When we plot the amount of a radioactive element as a function of time, we find that it 

drops with a characteristic "exponential decay curve" that helps to show this half life idea 

more mathematically. Here is a question: suppose that the element did not decay 

exponentially (i.e. with a half life), but instead decayed linearly, meaning its rate of decay 

was always equal to its initial rate (giving rise to a simple "first half in one minute and 

the second half in the next minute—and then, all gone" sort of idea). In such an idealised 

case, how long would it take to completely vanish? That is, suppose we have 1000 atoms 

of a radioactive element, and initially there are 10 atoms decaying per second. If it was to 

keep decaying at this rate (it won't, but imagine that it did), then how long would it take 

to completely vanish? The answer is of course 100 seconds. Now it turns out that this is 

precisely equal to the mean life of the real element. (Which means that we know straight 

away that the real element's half life is 69.3 seconds.) 

 

This way of looking at the concept of mean life also appeals to our intuition: it says that if 

the atoms behaved in the nice, linear way that we humans love to think in, then the time 

needed for them all to decay would be exactly equal to the mean life of the actual, real 

world, element. You can see that the number e is tied in to simple ideas of linearity, and 

that's another reason why it is such a powerful number in mathematical analysis. 

 

This same idea applies to the growth of the daughter element. Suppose for simplicity that 

the daughter is not itself radioactive. Initially there are no daughter atoms, and gradually 

they grow as the parent element decays. Their growth must eventually flatten out, and 

this takes infinite time, for the same reason that it takes infinite time for the parent 

element to fully decay. We ask the question: if the growth of the daughter continued at its 

initial rate, (which it doesn't, remember!), then how long would it take for the sample to 

be completely composed of daughter atoms? Again, this time interval turns out to be the 

mean life of the parent. 

 

That last way of applying the mean life to growth produces a way of speaking that is not 

always well understood by those who use it. Suppose we have a single atom of a 

radioactive element, sitting in front of us, waiting to decay. We ask: what is the 

probability that after some time t, it has decayed? On the average, we can expect that 

after one mean life τ has elapsed, there's a reasonable chance that the atom will have 

decayed. Although it might take a million times that period before it actually does decay, 

we feel confident that after perhaps two or three mean lives have passed, the atom will 

almost certainly have decayed. 

 

We cannot really plot this probability as a function of time, because that would require 

knowing when the atom will decay (since then the probability equals one). So, the best 

we can do is to make a generic plot that correctly describes the whole population of 

decaying atoms, since the atom in front of us behaves just like the other atoms of the 

element. In that case, we expect that the probability will grow, tending towards one as t 

goes to infinity. Remember: this is an average sort of prediction; any individual atom will 

certainly attain one at some point. But it's the best we can do.  
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The actual expression for this probability turns out to be 1 − e−t/τ, which indeed tends 

toward one as t tends to infinity. (It's actually the same curve as that describing the 

growth of the daughter element.) Now, what is the value of this (generic) probability 

when t=1: what is the chance that the atom has decayed after one unit of time? Well, the 

answer is 1 − e−1/τ. . . which might not communicate very much! So as we did before, 

let's ask another, related, question. If the probability of decaying within time t continued 

to increase at its initial rate, (which it doesn't really!), then how long would it take for the 

atom to decay—after how long would this probability reach one? Again, this time 

interval turns out to be the mean life τ. But if our linear, simplified, atom reaches decay 

probability one after a time τ, then it must reach probability 1/τ after a unit time. 

 

 
Figure: 6.4 

 

In our example above with 1000 atoms and initially 10 decays per second, we concluded 

the mean life was τ = 100 seconds. So, if the chance that any particular atom had decayed 

was to keep increasing uniformly at its initial rate, then after one second, the chance that 

it had decayed would be 1/100. This makes sense: 1/100 of the initial 1000 atoms is the 

10 atoms we measured to have decayed. So we say "the atom has a probability of decay 

of 1/100 per second". Remember, this doesn't mean that after 100 seconds it will 

definitely have decayed! This would only be true if the atom were to behave in a simple, 

linear, way.  

 

The fact that the atom's probability of having decayed is "slowing down", is just like a 

pushed trolley that starts out with a speed of 1/100 metre per second, but decelerating due 

to friction at just the right rate so as to match our atom. If there were no friction so that it 

moved at constant speed, then it would take 100 seconds to travel a metre. It doesn't do 

this of course—it never quite reaches a metre distance because it continuously slows 

down; but 1/100 m/s refers to its initial rate of distance increase. And likewise for our 

generic atom that represents the whole population of atoms, "1/100 per second" refers to 

its initial rate of "decay-probability increase". In an average sense for the whole 
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population, that decay probability will never quite reach one, although it will eventually 

reach one for any particular atom. 

 

This whole discussion of growth can also be applied to the daughter element, because 

that grows with precisely the same time constant τ. If it continued to grow at its initial 

rate, then after a time τ the sample would be completely composed of daughter atoms. 

 

You can see that we can juggle these numbers and get a feel for the details of an 

element's decay or growth. But for these more refined ideas, it's certainly a whole lot 

easier to think in terms of the mean life, than the half life. Even so, both the mean life and 

the half life give us an intuitive feel for radioactive decay, and each has its own domain 

of usefulness. 

 

Self Assessment Questions 01 
 

1. A radioactive isotope has a half-life of 2 minutes. 

 What can be deduced from this statement? 

a) After 
 

 
 minute, 

 

 
 of the isotope remains 

b) After 1 minute, 
 

 
 of the isotope remains. 

c) After 4 minutes, none of the isotope remains. 

d) After 4 minutes, 
 

 
 of the isotope remains. 

  

2. The half-life of radioactive carbon is 5600 years. What will be the time after which 

the activity has reduced to one-quarter? 

a) 8400 years 

b) 2800 years 

c) 1400 years 

d) 11200 years 

 

3. The neutral atoms of all isotopes of the same element contain the same number of 

__________. 

a) electrons and protons. 

b) neutrons only. 

c) electrons and neutrons. 

d) neutrons and protons. 

 

4. A nuclide of the element plutonium is      
    

What is the number of neutrons in its nucleus? 

a) 148  

b) 336 

c) 242 

d) 94 
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5. The half-life of a radioactive material is 24 years. The activity of a sample falls to a 

fraction of its initial value after 72 years. What is the fraction? 

a) 
 

 
 

b) 
 

 
 

c) 
 

 
  

d) 
 

 
 

 

6. The half-life period of a radioactive element is 100 days. After 400 days, one gm of 

the element will be reduced to __________ gm. 

a) 
 

 
 

b) 
 

 
 

c) 
 

 
 

d) 
 

  
 

 

7. The results of the Rutherford experiment provide evidence for the presence of the 

nucleus within the atom. What were scattered in this experiment? 

 a) gold nuclei 

 b) beta-particles 

 c) gamma rays 

 d) alpha-particles  

 

8. Which statement is true for all three types of radioactive emission (alpha-particles, 

beta-particles and gamma-rays)? 

 a) They ionise gases.  

 b) They are completely absorbed by a thin aluminium sheet. 

 c) They are deflected by electric fields. 

 d) They emit light. 

 

6.5 Chain Disintegration 
 

In nuclear science, the decay chain refers to a series of radioactive decays of different 

radioactive decay products as a sequential series of transformations. It is also known as a 

"radioactive cascade". Most radioisotopes do not decay directly to a stable state, but 

rather undergo a series of decays until eventually a stable isotope is reached. 

 

Decay stages are referred to by their relationship to previous or subsequent stages. A 

parent isotope is one that undergoes decay to form a daughter isotope. 

 

Uranium, radium, and thorium occur in three natural decay series, headed by uranium-

238, thorium-232, and uranium-235, respectively. In nature, the radionuclides in these 

three series are approximately in a state of secular equilibrium, in which the activities of 
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all radionuclides within each series are nearly equal. Two conditions are necessary for 

secular equilibrium. First, the parent radionuclide must have a half-life much longer than 

that of any other radionuclide in the series. Second, a sufficiently long period of time 

must have elapsed, for example ten half-lives of the decay product having the longest 

half-life, to allow for ingrowth of the decay products (see the companion fact sheet on 

Ionizing Radiation). Under secular equilibrium, the activity of the parent radionuclide 

undergoes no appreciable changes during many halflives of its decay products. The 

radionuclides of the uranium-238, thorium-232, and uranium-235 decay series are shown 

in Figures N.1, N.2, and N.3, along with the major mode of radioactive decay for each. 

Radioactive decay occurs when an unstable (radioactive) isotope transforms to a more 

stable isotope, generally by emitting a subatomic particle such as an alpha or beta 

particle. Radionuclides that give rise to alpha and beta particles are shown in these 

figures, as are those that emit significant gamma radiation. Gamma radiation is not a 

mode of radioactive decay (such as alpha and beta decay). Rather, it is a mechanism by 

which excess energy is emitted from certain radionuclides, i.e., as highly energetic 

electromagnetic radiation emitted from the nucleus of the atom. For simplicity, only 

significant gamma emissions associated with the major decay modes are shown in 

Figures N.1 through N.3; that is, radionuclides listed are those for which the radiation 

dose associated with gamma rays may pose a health concern. The gamma component is 

not shown for those radionuclides whose gamma emissions do not generally represent a 

concern. Of the two conditions noted above for secular equilibrium, the first is generally 

met for the uranium-238, thorium-232 and uranium-235 decay series in naturally 

occurring ores. While the second condition may not be met for all ores or other deposits 

of uranium and thorium (given the extremely long half-lives for the radionuclides 

involved and the geological changes that occur over similar time scales), it is reasonable 

to assume secular equilibrium for naturally occurring ores to estimate the concentrations 

of the various daughter radionuclides that accompany the parent. The state of secular 

equilibrium in natural uranium and thorium ores is significantly altered when they are 

processed to extract specific radionuclides. After processing, radionuclides with half-

lives less than one year will reestablish equilibrium conditions with their longer-lived 

parent radionuclides within several years. For this reason, at processing sites what was 

once a single, long decay series (for example the series for uranium-238) may be present 

as several smaller decay series headed by the longer-lived decay products of the original 

series (that is, headed by uranium-238, uranium-234, thorium-230, radium-226, and lead-

210 in the case of uranium-238). Each of these sub-series can be considered to represent a 

new, separate decay series. Understanding the physical and chemical processes associated 

with materials containing uranium, thorium, and radium is important when addressing 

associated radiological risks. In the fact sheets developed for uranium, radium, and 

thorium, the contributions of radionuclides having half-lives less than one year were 

included in the risk coefficients. (Each fact sheet identifies which radionuclides are 

included in these coefficients.) In some situations, it may be necessary to add the 

radiological risk identified for a given radionuclide to that of its parent radionuclide to 

properly represent the total risk. For example, the radiological risk for thorium-232 is 

comprised of the risk for thorium-232 plus the risk for radium-228. Decay series 

information should be used together with the information in these fact sheets to ensure 
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that the radiological risks associated with uranium, radium, and thorium are properly 

estimated and represented. 

 

 
 

Figure: 6.5: Natural Decay Series: Uranium-238 
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Figure 6.6: Natural Decay Series: Uranium-235 
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Figure 6.7: Natural Decay Series: Thorium-232 
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6.6 Alpha, Beta Decay  
 

Many nuclei are radioactive; that is, they decompose by emitting particles and in doing 

so, become a different nucleus. In our studies up to this point, atoms of one element were 

unable to change into different elements. That is because in all other types of changes we 

have talked about only the electrons were changing. In these changes, the nucleus, which 

contains the protons which dictate which element an atom is, is changing. All nuclei with 

84 or more protons are radioactive and elements with less than 84 protons have both 

stable and unstable isotopes. All of these elements can go through nuclear changes and 

turn into different elements. 

 

In natural radioactive decay, three common emissions occur. When these emissions were 

originally observed, scientists were unable to identify them as some already known 

particles and so named them 

 alpha particles (α), 

 beta particles, (β), and 

 gamma rays (γ) 

 

using the first three letters of the Greek alphabet. Some later time, alpha particles were 

identified as helium-4 nuclei, beta particles were identified as electrons, and gamma rays 

as a form of electromagnetic radiation like x-rays except much higher in energy and even 

more dangerous to living systems. 

 

6.5.1 The Ionizing and Penetration Power 

With all the radiation from natural and man-made sources, we should quite reasonably be 

concerned about how all the radiation might affect our health. The damage to living 

systems is done by radioactive emissions when the particles or rays strike tissue, cells, or 

molecules and alter them. These interactions can alter molecular structure and function; 

cells no longer carry out their proper function and molecules, such as DNA, no longer 

carry the appropriate information. Large amounts of radiation are very dangerous, even 

deadly. In most cases, radiation will damage a single (or very small number) of cells by 

breaking the cell wall or otherwise preventing a cell from reproducing. 

 

The ability of radiation to damage molecules is analyzed in terms of what is called 

ionizing power. When a radiation particle interacts with atoms, the interaction can cause 

the atom to lose electrons and thus become ionized. The greater the likelihood that 

damage will occur by an interaction is the ionizing power of the radiation. 

 

Much of the threat from radiation is involved with the ease or difficulty of protecting 

oneself from the particles. How thick of wall do you need to hide behind to be safe? The 

ability of each type of radiation to pass through matter is expressed in terms of 

penetration power. The more material the radiation can pass through, the greater the 

penetration power and the more dangerous they are. In general, the greater mass present 

the greater the ionizing power and the lower the penetration power. 
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Comparing only the three common types of ionizing radiation, alpha particles have the 

greatest mass. Alpha particles have approximately four times the mass of a proton or 

neutron and approximately 8,000 times the mass of a beta particle. Because of the large 

mass of the alpha particle, it has the highest ionizing power and the greatest ability to 

damage tissue. That same large size of alpha particles, however, makes them less able to 

penetrate matter. They collide with molecules very quickly when striking matter, add two 

electrons, and become a harmless helium atom. Alpha particles have the least penetration 

power and can be stopped by a thick sheet of paper or even a layer of clothes. They are 

also stopped by the outer layer of dead skin on people. This may seem to remove the 

threat from alpha particles but only from external sources. In a situation like a nuclear 

explosion or some sort of nuclear accident where radioactive emitters are spread around 

in the environment, the emitters can be inhaled or taken in with food or water and once 

the alpha emitter is inside you, you have no protection at all.  

 

 
Figure 6.8 

 

Beta particles are much smaller than alpha particles and therefore, have much less 

ionizing power (less ability to damage tissue), but their small size gives them much 

greater penetration power. Most resources say that beta particles can be stopped by a one-

quarter inch thick sheet of aluminum. Once again, however, the greatest danger occurs 

when the beta emitting source gets inside of you. 
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Gamma rays are not particles but a high energy form of electromagnetic radiation (like x-

rays except more powerful). Gamma rays are energy that has no mass or charge. Gamma 

rays have tremendous penetration power and require several inches of dense material 

(like lead) to shield them. Gamma rays may pass all the way through a human body 

without striking anything. They are considered to have the least ionizing power and the 

greatest penetration power. 

 

The safest amount of radiation to the human body is zero. It isn't possible to be exposed 

to no ionizing radiation so the next best goal is to be exposed to as little as possible. The 

two best ways to minimize exposure is to limit time of exposure and to increase distance 

from the source. 

 

Alpha Decay 
The nuclear disintegration process that emits alpha particles is called alpha decay. An 

example of a nucleus that undergoes alpha decay is uranium-238. The alpha decay of U -

238 is 

 
 

In this nuclear change, the uranium atom transmuted into an atom of thorium and, in the 

process, gave off an alpha particle. Look at the symbol for the alpha particle: Where does 

an alpha particle get this symbol? The bottom number in a nuclear symbol is the number 

of protons. That means that the alpha particle has two protons in it which were lost by the 

uranium atom. The two protons also have a charge of +2. The top number, 4, is the mass 

number or the total of the protons and neutrons in the particle. Because it has 2 protons, 

and a total of 4 protons and neutrons, alpha particles must also have two neutrons. Alpha 

particles always have this same composition: two protons and two neutrons. 

 

Another alpha particle producer is thorium-230. 

 

 
Beta Decay 
Another common decay process is beta particle emission, or beta decay. A beta particle is 

simply a high energy electron that is emitted from the nucleus. It may occur to you that 

we have a logically difficult situation here. Nuclei do not contain electrons and yet during 

beta decay, an electron is emitted from a nucleus. At the same time that the electron is 

being ejected from the nucleus, a neutron is becoming a proton. It is tempting to picture 

this as a neutron breaking into two pieces with the pieces being a proton and an electron. 

That would be convenient for simplicity, but unfortunately that is not what happens; more 

about this at the end of this section. For convenience sake, though, we will treat beta 

decay as a neutron splitting into a proton and an electron. The proton stays in the nucleus, 

increasing the atomic number of the atom by one. The electron is ejected from the 

nucleus and is the particle of radiation called beta. 
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To insert an electron into a nuclear equation and have the numbers add up properly, an 

atomic number and a mass number had to be assigned to an electron. The mass number 

assigned to an electron is zero (0) which is reasonable since the mass number is the 

number of protons plus neutrons and an electron contains no protons and no neutrons. 

The atomic number assigned to an electron is negative one (-1), because that allows a 

nuclear equation containing an electron to balance atomic numbers. Therefore, the 

nuclear symbol representing an electron (beta particle) is 

 

 
 

6.7 Measuring Ionizing Radiation 
 

Ionizing radiation is radiation that has enough energy to remove electrons from atoms or 

molecules (groups of atoms) when it passes through or collides with some material. The 

loss of an electron with its negative charge causes the atom (or molecule) to become 

positively charged. The loss (or gain) of an electron is called ionization and a charged 

atom (or molecule) is called an ion. 

 

The curie or Ci is the non-SI unit for radioactive decay measuring the radioactivity of a 

substance. However, today the official SI unit for radioactive decay is the Becquerel. The 

curie specifies the amount of ionizing radiation energy that is emitted from an unstable 

isotope as it decays. Named after Marie Curie, a chemist and the first female to win a 

Nobel prize after coining the term radioactivity, the Ci also measures the amount of 

disintegrations per second coming from a decaying element such as Uranium. Originally, 

the curie was a comparison of the activity of a sample to the activity of one gram of 

radium, which was measured at 37 billion disintegrations per second. For example, a 

radioactive sample undergoing 74 billion disintegrations per second has an activity of 2 

curies. 

 

The ability to measure the activity of a substance is practical and has many applications. 

For example, measuring the activity of a substance can help determine the half life of a 

sample. One useful application involving half life is radioactive dating, which is used to 

determine the age of rocks and other materials, which is how the age of the Earth is 

known. The curie is a fairly large unit of measurement, thus it is commonly prefixed to 

represent a wide range of different activity level, for example: 

 

PicoCuries (pCi): are 1 million millionth of a curie (1×10
−12

 Ci). PicoCuries are used in 

measuring the typically small amount of radioactivity in air and water. 

 

Mega Curies (MCi) are 1 million curies (1×10
6 

Ci). Mega Curies are used in measuring 

the very large amount of radioactivity released from nuclear weapons. 
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Radiation-Related Quantities 
The following table shows radiation quantities in SI and non-SI units. 

 

 
 

Roentgen: Is the measurement of energy produced by Gamma or X-Ray radiation in a 

cubic centimeter of air. It is abbreviated with the capital "R". One milliroentgen, 

abbreviated "mR" is one-thousandth of a roentgen. One microroentgen, abbreviated “uR” 

is one-millionth of a roentgen.  

 

RAD: Radiation Absorbed Dose. Original measuring unit for expressing the absorption 

of all types of ionizing radiation (alpha, beta, gamma, neutrons, etc) into any medium. 

One rad is equivalent to the absorption of 100 ergs of energy per gram of absorbing 

tissue.  

 

REM: Roentgen Equivalent Man is a measurement that correlates the dose of any 

radiation to the biological effect of that radiation. Since not all radiation has the same 

biological effect, the dosage is multiplied by a "quality factor" (Q). For example, a person 

receiving a dosage of gamma radiation will suffer much less damage than a person 

receiving the same dosage from alpha particles, by a factor of three. So alpha particles 

will cause three times more damage than gamma rays. Therefore, alpha radiation has a 

quality factor of three.  

 

The difference between the rad and rem is that the rad is a measurement of the radiation 

absorbed by the material or tissue. The rem is a measurement of the biological effect of 

that absorbed radiation. For general purposes most physicists agree that the Roentgen, 

Rad and Rem may be considered equivalent. 

 

System International (SI) Units 

The System International (S.I. unit) units for radiation measurements are “gray” (Gy) and 

“sivert” (Sv) for absorbed dose and equivalent dose respectively.  
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Self Assessment Questions 02 

 

Q.1 Choose the correct answer from the following choices: 

 i.  Isotopes are atoms of same element with different 

  (a) atomic mass  (b) atomic number 

  (c) number of protons (d) number of electrons 

 ii.  One of the isotopes of uranium is    
   . The number of neutrons in this 

isotope is 

  (a) 92  (b) 146 (c) 238 (d) 230 

 iii.  Which among the following radiations has more penetrating power? 

  (a) a beta particle (b) a gamma ray (c) an alpha particle 

  (d) all have the same penetrating ability 

 iv.  What happens to the atomic number of an element which emits one alpha 

particle? 

  (a) increases by 1 (b) stays the same (c) decreases by 2 (d) decreases by 1 

 v.  The half-life of a certain isotope is 1 day. What is the quantity of the isotope 

after 2 days? 

  (a) one-half (b) one-quarter (c) one-eighth (d) none of these 

 vi.  Most of the space in an atom is 

  (a). filled with positive charge (b). filled with negative charge (c). empty  

  (d). filled with neutrons 

 

Q.2 What is difference between Atomic Mass and Atomic Number? 

Q.3 Explain in laws of radioactive decay. 

Q.4 Enlist the properties of Alpha, Beta and Gamma decay. 

Q.5 What do you know about the Units of radiations? 

Q.6 Discuss the half life and mean life in detail. 
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Summary 
 

 The atomic number Z is equal to the number of protons in the nucleus.  

 The neutron number N is equal to the number of neutrons in the nucleus.  

 The atomic mass number A is equal to the number of nucleons (protons + neutrons) 

in the nucleus i.e., A= Z+N. 

 The spontaneous emission of radiation by unstable nuclei is called natural 

radioactivity. And the elements which emit such radiations are called radioactive 

elements. 

 Three types of radiation are usually emitted by a radioactive substance. They are: 

alpha ( ) particles; beta ( ) particles; and gamma ( ) rays. 

 The time in which half of the original number of nuclei decays is defined as the 

half-life, T ½. 

 It turns out that the mean life equals the half life divided by the natural logarithm of 

2 (about 0.693). 

 The ability of radiation to damage molecules is analyzed in terms of what is called 

ionizing power. 

  Gamma Rays have more penetrating power then Alpha and Beta. 

 The curie or Ci is the non-SI unit for radioactive decay measuring the radioactivity 

of a substance. 

 The System International (S.I. unit) units for radiation measurements are “gray” 

(Gy) and “sivert” (Sv) for absorbed dose and equivalent dose respectively.  

 

Answers 

 

 

  

SELF ASSEMENT 01 

1.  d 2.  d 

3.  a 4.  a 

5.  c 6.  d 

7.  d 8.  a 

SELF ASSEMENT 02 

1.  a 2.  b 

3.  b 4.  d 

5.  b 6.  c 
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Introduction 

 
Throughout nuclear physics and nuclear chemistry, a nuclear reaction is known 

contextually as the mechanism in which two nuclei, or otherwise a nucleus of an atom 

and a subatomic particle (such as a proton, neutron, or high-energy electron) collide 

outside the atom to create one or more nuclides that are different from the nuclides that 

began the process (parent nuclei). Therefore a nuclear reaction must cause at least one 

nuclide to be converted into another. If a nucleus interacts with another nucleus or 

particle and separates without altering the structure of any nuclide, the process is simply 

referred to as a form of nuclear scattering instead of a nuclear reaction. In this unit you 

will learn the nuclear reactions, the Q value of a nuclear reaction, exothermic and 

endothermic reactions, fission reactions and their occurrence and working of nuclear 

reactors. It will also provide us an overview of Fusion reactions, their occurrence and 

fusion in Sun & stars.  

 

Objectives 
 

After studying this unit students will able to:  

 Understand the nuclear reactions 

 Comprehend the Q value of a nuclear reaction 

 Describe the exothermic and endothermic reactions. 

 Understand Fission reactions and their occurrence. 

 Describe the working of nuclear reactors. 

 Understand Fusion reactions and their occurrence. 

 Comprehend Fusion in sun and stars. 
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7.1 Nuclear Reactions 
 

The decay of unstable nuclei by the spontaneous emission of a particle of α or β, 

accompanied often by emission. There was nothing done to cause this pollution, and 

nothing can be done to regulate it. Let us now consider several processes in which 

nuclear particles are rearranged as a consequence of a nucleus being bombarded by a 

particle, rather than by a random natural process. In 1919 Rutherford proposed that a 

large particle with enough kinetic energy could penetrate a nucleus. The result would be 

either a new nucleus with greater atomic number and mass number, or the initial nucleus 

would be decaying. Rutherford bombarded nitrogen with alpha particles from normal 

nuclear sources and according to the equation produced an oxygen nucleus and a proton. 

 

   
     

       
     

  

 

Nuclear reactions follow the conventional concepts of electric charge, inertia, angular 

momentum, and energy conservation (including kinetic and rest energies). The 

conservation law that classical physics does not foresee is the conservation of the total 

number of nucleons. Proton and neutron numbers need not be kept separately. 

 

When two nuclei interact, charge conservation requires the sum of the initial atomic 

numbers to be equal to the sum of the final atomic numbers. From conservation of the 

total number of nucleons, the sum of the initial mass numbers is also equal to the sum of 

the final mass numbers. But in general, the initial mass of rest is not equal to the final 

mass of rest, indicating the fact that the collisions may be inelastic. 

 

7.2 Q-value or Reaction Energy 
 

The difference between the remaining masses before and after the reaction corresponds to 

the reaction energy depending on the mass-energy relation      . If the initial 

particles A and B interact with the final particles C and D, the reaction energy Q is 

defined 

 
                

  

 

7.3 Exothermic and Endothermic Reactions 
 

If Q is positive, the total mass is reduced, and the total kinetic energy is increasing. Such 

a reaction is called an exoergic reaction, or an exothermic reaction (borrowing a word 

from chemistry). If Q is negative the mass increases and the kinetic energy decreases and 

it is assumed that the reaction is endoergic or endothermic. Note that an endoergic 

reaction cannot occur at all unless the initial kinetic energy is at least as great as    , this 

energy is called the threshold energy for the reaction. 
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Activity 7.1 

When lithium is bombarded by a proton, two alpha particles are produced. Find the 

reaction energy Q. 

 

Solution: 

The reaction can be represented as 

 

  
      

       
     

  
 

We find the initial and final masse 

 
      

                          
               

        
                              

           

 

We see that 

                      
 

The mass decreases by 0.018624 u; the reaction energy is 
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The total mass is decreasing, so the overall kinetic energy is increasing. The two 

separating particles' final total kinetic energy is 17.35 MeV greater than the proton's 

initial total kinetic energy and the lithium nucleus. 

 

Activity 7.2 

Find the reaction energy for Rutherford’s experiment,  

 
   

     
       

     
  

Solution: 

We use the rest masses found in Table to evaluate the reaction energy Q, The initial and 

total masses each include nine electron masses. 

 
      

                                  
                 

       
                                  

             

 

We see that 

                       
 

The total rest mass increases by          ; the reaction energy is 

 

                                   
 

The amount of energy in the reaction is consumed. For a head-on collision with zero 

overall momentum, for this reaction to occur the required cumulative initial kinetic 

energy is 1.192 MeV However, this reaction would be caused by the bombing alpha 

particles on stationary   
   . The energy in this case has to be greater than 1.192 MeV. 

They can't give up all the kinetic energy, because otherwise the actual cumulative kinetic 

energy will be zero and the momentum would not be conserved. It turns out that the 

initial energy must be at least 1.533 MeV to conserve momentum. 

 

Self-Assessment 7.1 

1. Find the Q value for the reaction. 

 
  

     
        

     
  

 

 Is this reaction exoergic or endoergic? 

Answer: 2.79 MeV; exoergic. 

 

2. Consider the reaction 

   
     

      
      

   
 

Produced by bombarding a solid lithium target with particles. Show that this reaction is 

endoergic, and find the amount by which the total initial kinetic energy exceeds the total 

final value. 

Answer: 2.125 MeV. 
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For a charged particle such as a proton or an particle to penetrate the nucleus of another 

atom, it usually must have enough initial kinetic energy to overcome the potential-energy 

barrier caused by the repulsive electrostatic forces. For example, suppose we treat the 

proton and the 
7
Li nucleus as spherically symmetric charges with radius given by  

 

     
    

 

and with a distance of about 3.5 ×10
-15

 m between their centers. Then the repulsive 

potential energy U of the proton (charge +e) and the lithium nucleus (charge +3e) at this 

distance is 

 

  
 

    

     

 
 

              

    

               

            
 

                                   

 

Even though energy is released in this reaction, for the reaction to occur the proton must 

have a minimum or threshold energy of about 1.2 MeV. 

 

Nuclei absorption of neutrons forms a major class of nuclear reactions. In a nuclear 

reactor, heavy nuclei bombarded by neutrons will undergo a sequence of neutron 

absorptions alternating with beta-decay, in which mass number A increases by as much 

as 25. In this way some of the transuranic elements (elements with Z greater than 92, 

which do not occur in nature) are formed. Many transuranic elements have been found 

which have Z as high as 116. 

 

Different reactions are used in scientific technique of neutron activation analysis. Some 

nuclei absorb neutrons when stable nuclei are bombarded by neutrons, and then undergo 

β-decay. The energies of the β- and γ emissions focus on and provide a means of 

identifying the unstable parent nuclide. It will detect the presence of amounts of elements 

which are much too small for traditional chemical analysis. 

 

7.4 Nuclear Fission 
 

Nuclear fission is a process of decay in which an unstable nucleus splits into two 

fragments of equal mass rather than releasing one single particle. Fission was discovered 

in 1939, when neutrons blasted Uranium (Z=92) by Otto Hahn and Fritz Strassman. The 

resulting radiation did not match any known radioactive nuclide’s. Meticulous chemical 

analysis led to the startling conclusion that radioactive barium isotopes (Z=56) and 

krypton (Z=36) had been found. They correctly concluded that the uranium nuclei split 

into two large fragments which we called fragments of fission. Normally, a few free 

neutrons emerged along with fragments of fission. The energy emitted during fission, 

approximately 200 MeV per nucleus, emerged as the fission's kinetic energy. 
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Both the typical (99.3 per cent) isotope and the rare (0.7 per cent) isotope (as well as 

many other nuclides) can be separated by neutron bombardments, slow neutrons, but only 

neutrons with at least 1.2 MeV of energy Fission resulting from the absorption of 

neutrons is called induced fission. Any nucleus can also undergo spontaneous fission, 

which occurs without the initial absorption of neutrons. Among fission products, more 

than 100 different nuclides representing more than 20 different components have been 

reported.  

 

Figure indicates the distribution of mass numbers for nucleon fission fragments. The 

fission reactions are often exoergic since the fission fragments have greater binding 

energy per nucleon than the initial nucleus. The overall kinetic energy of the fission 

fragments is immense, roughly 200 MeV (compared to the standard energy of a few 

MeVs).  

 
Figure 7.1 

 

Fragments of fission still have too many neutrons to be stable. The value for stable 

nuclides is approximately 1.3 at A=100 and 1.4 at A=150. The fragments have roughly 

the same N/Z as 
235

U, roughly 1.55. They react to this surplus of neutrons by releasing 

two or three free neutrons and performing a series of    decays (each of which raises Z 

by one and reduces N by one) until a stable N/Z value is reached. 

 

7.4.1 Chain Reactions 

The fission of the uranium nucleus, caused by neutron bombardment, releases more 

neutrons that can cause further fission; a chain reaction is thus possible. The reaction may 

be made to proceed gradually and in a controlled fashion, as in a nuclear reactor, or in an 

explosive fashion, as in a bomb. The energy released in a chain reaction is immense, 
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much greater than any chemical reaction. For example, when uranium is oxidized or 

"burned" to uranium dioxide, the combustion heating is expressed as an energy per atom, 

which is approximately 11 eV per uranium atom. Fission, on the other hand, releases 

about 200 MeV per atom, 20 million times as much energy. 

 

Self-Assessment Questions 7.2 
 

1. In this example, the calculated mass includes only the mass of the fissionable 

nuclide    
   . If the reactor fuel has been enriched to 3% by isotope separation of 

the natural of uranium nuclides, what total mass of uranium is required per day?  

 

2. If the nucleus of a lead atom were broken into two identical nuclei, the total mass 

of the resultant nuclei would be: 

A. the same as before  

B.  greater than before 

C.  less than before 

D.  converted into radiation 

E.  converted into kinetic energy 

 

3. Consider the following energies: 

1. minimum energy needed to excite a hydrogen atom 

2. energy needed to ionize a hydrogen atom  

3. energy released in 235U fission 

4. energy needed to remove a neutron from a 12C nucleus 

  Rank them in order of increasing value. 

A. 1, 2, 3, 4  

B. B. 1, 3, 2, 4  

C. C. 1, 2, 4, 3  

D. D. 2, 1, 4, 3  

E. E. 2, 4, 1, 3 

 

4. The binding energy per nucleon: 

A. increases for all fission events  

B. B. increases for some, but not all, fission events  

C. C. decreases for all fission events  

D. D. decreases for some, but not all, fission events  

E. E. remains the same for all fission events 

 

5. When uranium undergoes fission as a result of neutron bombardment, the energy 

released is due to: 

A. oxidation of the uranium  

B.  kinetic energy of the bombarding neutrons  

C.  radioactivity of the uranium nucleus  

D.  radioactivity of the fission products  

E. a reduction in binding energy 



134 

 

6. The energy supplied by a thermal neutron in a fission event is essentially its: 

A. excitation energy  

B.  binding energy 

C.  kinetic energy  

D.  rest energy  

E. electric potential energy 

    

7. The barrier to fission comes about because the fragments: 

A. attract each other via the strong nuclear force 

B. repel each other electrically  

C. produce magnetic fields  

D. have large masses  

E. attract electrons electrically 

 

8. 235
U is readily made fissionable by a thermal neutron but 

238
U is not because: 

A. the neutron has a smaller binding energy in 
236

U  

B. the neutron has a smaller excitation energy in 
236

U 

C.  the potential barrier for the fragments is less in 
239

U 

D. the neutron binding energy is greater than the barrier height for 
236

U and less 

than the barrier height for 
239

U  

E. E. the neutron binding energy is less than the barrier height for 
236

U and 

greater than the barrier height for 
239

U 

 

9. An explosion does not result from a small piece of 235U because: 

A. it does not fission  

B. the neutrons released move too fast  

C. 238
U is required  

D. too many neutrons escape, preventing a chain reaction from starting  

E. a few neutrons must be injected to start the chain reaction 

 

10. When 
236

U fissions the fragments are: 

A. always 
140

Xe and 
94

Sr 

B. always identical 

C. never 
140

Xe and 
94

Sr 

D. never identical 

E. none of the above 

 

11. Fission fragments usually decay by emitting: 

A. alpha particles 

B. electrons and neutrinos 

C. positrons and neutrinos 

D. only neutrons 

E. only electrons 
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12. When 
236

U fissions, the products might be: 

A. 146
Ba, 

89
Kr, and a proton 

B. 146
Ba, 

89
Kr, and a neutron 

C. 148
Cs and 

85
Br 

D. 133
I, 

92
Sr, and an alpha particle 

E. two uranium nuclei 

 

13. Consider all possible fission events. Which of the following statements is true? 

A. Light initial fragments have more protons than neutrons and heavy initial 

fragments have fewer protons than neutrons 

B. Heavy initial fragments have more protons than neutrons and light initial 

fragments have fewer protons than neutrons 

C. All initial fragments have more protons than neutrons 

D. All initial fragments have about the same number of protons and neutrons 

E. All initial fragments have more neutrons than protons 

 

14. Which one of the following represents a fission reaction that can be activated by 

slow neutrons? 

A. 238
U92 + 

1
n0 → 

90
Kr36 + 

146
Cs55 + 

2
H1 + 

1
n0 

B. 239
Pu94 + 

1
n0 → 

96
Sr38 + 

141
Ba56 + 3

1
n0 

C. 238
U92 → 

234
Th90 + 

4
He2 

D. 3
H1 + 

2
H1 → 

4
He2 + 

1
n0 

E. 107
Ag47 + 

1
n0 → 

108
Ag47 → 

108
Cd48 + 

0
e−1 

 

15. In the uranium disintegration series: 

A. the emission of a β− particle increases the mass number A by one and 

decreases the atomic number Z by one 

B. the disintegrating element merely ejects atomic electrons 

C. the emission of an α particle decreases the mass number A by four and 

decreases the atomic number Z by two 

D. the nucleus always remains unaffected 

E. the series of disintegrations continues until an element having eight 

outermost orbital electrons is obtained 

 

16. Separation of the isotopes of uranium requires a physical, rather than chemical, 

method because: 

A. mixing other chemicals with uranium is too dangerous 

B. the isotopes are chemically the same 

C. the isotopes have exactly the same number of neutrons per nucleus 

D. natural uranium contains only 0.7% 235U 

E. uranium is the heaviest element in nature 
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7.5 Nuclear Reactors 
 

A nuclear reactor is a device that uses a controlled nuclear chain reaction to release energy. 

Within a nuclear power plant, this energy is used to produce steam, which powers a turbine 

and transforms an electrical generator. On average, each 
235

U nucleus fission releases about 

2.5 free neutrons, meaning that 40 percent of the nucleus fission is required to sustain a chain 

reaction. The probability of neutron absorption by the nucleus is much higher for low-energy 

neutrons (less than 1 eV) than for higher-energy (1 MeV) neutrons emitted during fission. 

The released neutrons are slowed down by colliding with the nucleus in the surrounding 

material, called the moderator, so that they can induce further fission. 

 

In nuclear power stations, the moderator is often water, occasionally graphite. The 

reaction rate is controlled by inserting or removing control rods made of elements (often 

cadmium) whose nucleus absorbs neutrons without any additional reactions. The isotope 
238

U can also absorb neutrons, leading to 
239

U a chain reaction of its own, but not with 

sufficient probability.  

 

Thus, the uranium used in reactors is "enriched" by increasing the proportion of 
235

U 

from a natural value of 0.7%, usually to 3% or so, by isotope separation. In a nuclear 

power plant, fission energy appears to be the kinetic energy of fission fragments, and its 

immediate effect is to heat the fuel elements and the surrounding water. This heat 

produces steam to power the turbines, which in effect power the generators (Figure 7.2). 

The steam generator is a heat exchanger that carries heat from this highly radioactive 

water and produces non-radioactive steam to operate the turbines.  

 

 
Figure 7.2 
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Figure 7.3 

 

A standard nuclear power plant has an electrical generating capacity of 1000 MW (or 

turbines are heat engines and are subject to the performance limitations of the second 

thermodynamics law). In modern nuclear power plants, the overall efficiency is around 

one-third, so that 3000 MW of thermal power from the fission reaction is required to 

produce 1000 MW of electrical power. 

 

Nuclear fission reactors have many other practical applications. These include the 

development of artificial radioactive isotopes for medical and other research, the 

development of high-intensity neutron beams for nuclear structure study, and the 

production of fissionable transuranic elements such as 
239

Pu plutonium from the natural 

uranium isotope 
238

U. The last one is the function of the generator reactors, which can 

actually generate more fuel than they use. 

 

Activity 7.3 

How much uranium has to undergo fission per unit time to provide 3000 MW of thermal 

power? 

 

Solution 

Each second, we need 3000 MJ, or each fission provides 200 MeV. From these numbers, 

we can find the number of fissions per second. Then, using the mass of a uranium atom, 

we can find the total mass of U needed per unit time. 

 

Each fission provides an amount of energy: 
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The number of fissions needed per second is: 

 
         

          
          

 

Each uranium atom has a mass of about: 

 
                                

 

so the mass of uranium needed per second is: 

 
                                        

 

The total consumption of uranium per day (86,400 seconds) is: 

 

                               
 

For comparison, note that the 1000 MW coal-fired power plant burns 14,000 tons (about 

   kg) of coal per day. Combustion of one carbon atom yields about 2 eV of energy, 

while fission of one uranium nucleus yields 200 MeV,     times as much. 

 

7.5.1 Hazards of Nuclear Reactors 

We stated earlier that about 15 MeV of the energy from the fission of the nucleus comes 

from the beta decay of the fission fragments rather than from the kinetic energy of the 

fragments themselves. It is a major issue with the operation and health of reactors. 

However after the chain reaction has been completely halted by the injection of the 

control rods into the heart, the heat continues to build and the decay cannot be stopped. In 

the case of a reactor with 3000 MW of thermal power, this thermal power is initially very 

high, more than 200 MW. In the case of a complete loss of cooling water, this volume of 

power is more than sufficient to cause a catastrophic meltdown of the reactor core and, 

potentially, the penetration of the containment vessel.  

 

The challenge of performing a "cold shutdown" after an incident at the Three Mile Island 

Nuclear Power Plant in Pennsylvania in March 1979 was the result of a constant heat 

transition due to decay. The Chornobyl accident of 26 April 1986 resulted from a 

combination of fundamentally unstable architecture and many human errors committed 

during the emergency core cooling system test. Too many control rods have been 

withdrawn to compensate for the decrease in power caused by the build-up of neutron 

absorbers, such that the power level has risen from 1% of normal to 100 times normal in 

4 seconds; the steam explosion has burst pipes in the core cooling system and blown the 

heavy concrete cover off the reactor vessel. The graphite moderator caught fire and 

burned for a few days. The cumulative amount of the radioactive material released into 

the atmosphere was measured to be approximately 10
8
 Ci(curie ). 
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7.6 Nuclear Fusion 
 

In a nuclear fusion reaction, two or more small light nucleus are fused to create a larger 

nucleus. Fusion reactions release energy for the same purpose as the fission reactions. 

The binding energy per nucleon after the reaction is higher than the nuclear fission. We 

see that binding energy per nucleon increases with A to the point that the fusion of almost 

every two light nucleus to create a nucleus with A less than 60 is likely to be an exoergic 

reaction. 

 

Below are three examples of fusion reactions, 

 

  
    

      
         

 

  
    

       
     

 

   
     

       
    

     
  

 

In the first reaction, two protons are fused to form a deuteron, a    or a positron, and an 

electron neutrino. For the second, the proton and the deuteron (   
  of the proton and the 

neutron bound together) merge to form the light isotope of helium    
 . In the last, two 

   
  nucleus are joined together to form the ordinary helium     

   and two protons. 

 

Positrons created during the first stage of this process collide with electrons; mutual 

annihilation takes place and their energy is converted into radiation. Consequently, the 

net result of the series is the combination of four hydrogen nuclei into the helium nucleus 

and gamma radiation. The net energy release that can be determined from the mass 

balance is 26.7 MeV. 

 

These fusion reactions, generally known as the proton-proton chain, take place between 

the sun and other stars. Every gram of the mass of the sun comprises approximately 

4.5×10
23

 protons. When all these protons were mixed into helium, the energy emitted 

would be about 130,000 kWh. Unless the sun was to continue to radiate at its present 

pace, it would take about 75 billion years to exhaust its supply. 

 

In order to fuse two nuclei, they must be joined together within the range of nuclear 

force, usually in the order of 2.0×10
-15

m. We must resolve the electrical repulsion of their 

positive charges in order to do this. For two protons with a distance of 2.0×10
-15

m apart, 

the resulting potential energy is on the order of 1.1×10
-13

J or 0.7 MeV; this number 

reflects the initial kinetic energy that the fusing nucleus will have. 

 

These energies are usable at extremely high temperatures. The average translational kinetic 

energy of a gas molecule at temperature T is 3/2 kT, where k is the constant of Boltzmann. In 

order for this energy to be equal to 1.1 ×10
-13

J, the temperature must be on the order of 5×10
9 

K. Not all the nuclei must have this energy, but the temperature must be at the order of 
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millions of kelvins if any appreciable fraction of the nuclei is to have enough kinetic energy 

to overcome electrical repulsion and achieve fusion. Within the stars, fusion chain reactions 

with such high temperatures occur. Because of these intense temperature conditions, these 

reactions are called thermonuclear reactions. The uncontrolled thermonuclear reaction occurs 

in a hydrogen bomb with immense destructive force. 

 

Rigorous efforts are underway in several facilities to achieve controlled fusion reactions 

that theoretically constitute an immense new energy resource. In one type of experiment, 

the plasma is heated to an extremely high temperature by electrical discharge, while the 

magnetic fields are properly formed. In another experiment, the pellets of the substance 

to be combined are heated by a high-intensity laser beam. No one has yet managed to 

conduct fusion reactions under controlled conditions to create a net surplus of usable 

energy. Methods for achieving fusion that do not require high temperatures are also being 

studied; they are called cold fusion. A few researchers have reported that they have 

achieved cold fusion in an electrolytic phase, but the findings have not been verified by 

other investigators. 

 

7.7 The Liquid-Drop Model 
 

The liquid-drop model, first introduced in 1928 by the Russian physicist George Gamow 

and later applied by Niels Bohr. is indicated by the observation that all the nuclei have 

exactly the same density. The single nucleons are similar to liquid molecules, which are 

held together by short-range interactions and surface-tension effects. This simple picture 

can be used to obtain a formula for the approximate total binding energy of the nucleus. 

We are going to give five contributions 

 

 We also noticed that nuclear forces exhibit saturation; an individual nucleon 

interacts with only a few of its nearest neighbors. This interaction gives a binding 

energy term that is proportional to the number of nucleons. This is written as cA, 

where c is an experimentally defined constant. 

 The nucleons on the exterior of the nucleus are less closely bound than those on the 

inside since they have no neighbors outside the surface. This decrease in binding 

energy gives a negative energy term proportional to the surface area of 4πR
2
. As R 

is proportional to A 
1/3

, this term is proportional to A
2/3

, we write it as       , 

where d is another constant. 

 Each of the Z protons repels each of the other protons (Z-1). The cumulative 

repulsive electrical potential energy is equal to and inversely proportional to the 

radius R of Z(Z-1) and therefore to the radius A
1/3

. This energy term is negative 

since the nucleons are less closely bound than they would have been without 

electrical repulsion. This correction is written as –        
 

  , where e is 

constant. 

 To remain in a stable, low-energy state, the nucleus should have an equilibrium 

between the energies associated with neutrons and protons. This means that N is 

near to Z for small A, and N is larger than Z (but not too much higher) for larger A. 
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A negative energy term corresponding to the |N-Z| difference is required. If this 

term is proportional to (N-Z)
2
/A, the better agreement with the binding energies 

measured shall be obtained. If we use N = A-Z to express this energy in A and Z 

terms, this correction is           , where f is constant. 

 Finally, the nuclear force favors pairing of protons and of neutrons. This energy 

term is positive (more binding) if both Z and N are even, negative (less binding) if 

both Z and N are odd, and zero otherwise. The best fit to the data occurs with the 

        form for this term.  

 

The total estimated binding energy is the sum of these five terms: (nuclear binding 

energy) 

             
      

 
 
 

  
       

 
        

 

The constants and chosen to make this formula best fit the observed binding energies of 

nuclides, are c = 15.75 MeV d = 17.80 MeV  e = 0.7100 MeV  f= 23.69 MeV g = 39 

MeV . The constant c is the binding energy per nucleon due to the saturated nuclear 

force. This energy is almost 16 MeV per nucleon, about double the total binding energy 

per nucleon in most nuclides. If we estimate the binding energy    using above Equation, 

we can solve it to estimate the mass of any neutral atom: 

 

  
          

  

  
 

 

is called the semiempirical mass formula. The name is apt; it is empirical in the sense that 

the constants have to be determined empirically (experimentally), yet it does have a 

sound theoretical basis.   

 

The liquid-drop model and the mass formula derived from it are quite successful in 

correlating nuclear masses, and we will see later that they are a great help in 

understanding decay processes of unstable nuclides. Some other aspects of nuclei, such as 

angular momentum and excited states, are better approached with different models. 

 

Activity 7.4 

For the nuclide     
  , (a) calculate the five terms in the binding energy and the total 

estimated binding energy, and (b) find the neutral atomic mass using the semi empirical 

mass formula. 

 

Solution 

Use the liquid-drop model of the nucleus and its five contributions to the binding energy 

1. With and Z=28, A=62 and N=34, the five terms in 
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The pairing correction (term 5) is by far the smallest of all the terms; it is positive 

because both Z and N are even. The sum of all five terms is the total estimated binding 

energy,            . 

2. Now 

  
          

  

  
 

 

We use            , we have 

   
                               

        

          
 

 

The binding energy of     
   calculated in part (a) is only about 0.6% larger than the true value 

of 545.3 MeV, and the mass calculated in part (b) is only about 0.005% smaller than the 

measured value of 61.928349 u. The semi empirical mass formula can be quite accurate! 

 

Self-Assessment Questions 7.3 
 

1. Which one of the following is NOT needed in a nuclear fission reactor? 

A. Moderator 

B. Fuel 

C. Coolant 

D. Control device 

E. Accelerator 

 

2. The function of the control rods in a nuclear reactor is to: 

A. increase fission by slowing down the neutrons 

B. decrease the energy of the neutrons without absorbing them 

C. increase the ability of the neutrons to cause fission 

D. decrease fission by absorbing neutrons 

E. provide the critical mass for the fission reaction 

 

3. A nuclear reactor is operating at a certain power level, with its multiplication factor 

adjusted to unity. The control rods are now used to reduce the power output to one-

half its former value. After the reduction in power the multiplication factor is 

maintained at: 

A. 1/2 

B. 1/4 

C. 2 
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D. 4 

E. 1 

 

4. The purpose of a moderator in a nuclear reactor is to: 

A. provide neutrons for the fission process 

B. slow down fast neutrons to increase the probability of capture by uranium 

C. absorb dangerous gamma radiation 

D. shield the reactor operator from dangerous radiation 

E. none of the above 

 

5. In a neutron-induced fission process, delayed neutrons come from: 

A. the fission products 

B. the original nucleus just before it absorbs the neutron 

C. the original nucleus just after it absorbs the neutron 

D. the moderator material 

E. the control rods 

 

6. In a nuclear reactor the fissionable fuel is formed into pellets rather than finely ground 

and the pellets are mixed with the moderator. This reduces the probability of: 

A. non-fissioning absorption of neutrons 

B. loss of neutrons through the reactor container 

C. absorption of two neutrons by single fissionable nucleus 

D. loss of neutrons in the control rods 

E. none of the above 

 

7. In a subcritical nuclear reactor: 

A. the number of fission events per unit time decreases with time 

B. the number of fission events per unit time increases with time 

C. each fission event produces fewer neutrons than when the reactor is critical 

D. each fission event produces more neutrons than when the reactor is critical 

E. none of the above 

 

8. In the normal operation of a nuclear reactor: 

A. control rods are adjusted so the reactor is subcritical 

B. control rods are adjusted so the reactor is critical 

C. the moderating fluid is drained 

D. the moderating fluid is continually recycled 

E. none of the above 

 

9. In a nuclear power plant, the power discharged to the environment: 

A. can be made zero by proper design 

B. must be less than the electrical power generated 

C. must be greater than the electrical power generated 

D. can be entirely recycled to produce an equal amount of electrical power 

E. is not any of the above 
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10. The binding energy per nucleon: 

A. increases for all fusion events 

B. increases for some, but not all, fusion events 

C. remains the same for some fusion events 

D. decreases for all fusion events 

E. decreases for some, but not all, fusion events 

 

11. To produce energy by fusion of two nuclei, the nuclei must: 

A. have at least several thousand electron volts of kinetic energy 

B. both be above iron in mass number 

C. have more neutrons than protons 

D. be unstable 

E. be magic number nuclei 

 

12. Which one of the following represents a fusion reaction that yields large amounts 

of energy? 

A. 238
U92 + 

1
n0 → 

90
Kr36 + 

146
Cs55 + 

2
H1 + 

1
n0 

B. 239
Pu92 + 

1
n0 → 

96
Sr38 + 

141
Ba56 + 3

1
n0 

C. 238
U92 → 

234
Th90 + 

4
He2 

D. 3
H1 + 

2
H1 → 

4
He2 + 

1
n0 

E. 107
Ag47 + 

1
n0 → 

108
Ag47 → 

108
Cd48 + 

0
e−1 

 

13. The barrier to fusion comes about because protons: 

A. attract each other via the strong nuclear force 

B. repel each other electrically 

C. produce magnetic fields 

D. attract neutrons via the strong nuclear force 

E. attract electrons electrically 

 

14. High temperatures are required in thermonuclear fusion so that: 

A. some nuclei are moving fast enough to overcome the barrier to fusion 

B. there is a high probability some nuclei will strike each other head on 

C. the atoms are ionized 

D. thermal expansion gives the nuclei more room 

E. the uncertainty principle can be circumvented 

 

15. For a controlled nuclear fusion reaction, one needs: 

A. high number density n and high temperature T 

B. high number density n and low temperature T 

C. low number density n and high temperature T 

D. low number density n and low temperature T 

E. high number density n and temperature T = 0K 

 

16. Most of the energy produced by the Sun is due to: 

A. nuclear fission 
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B. nuclear fusion 

C. chemical reaction 

D. gravitational collapse 

E. induced emfs associated with the Sun’s magnetic field 

 

17. Nuclear fusion in stars produces all the chemical elements with mass numbers less 

than: 

A. 56 

B. 66 

C. 70 

D. 82 

E. 92 

 

18. Nuclear fusion in the Sun is increasing its supply of: 

A. hydrogen 

B. helium 

C. nucleons 

D. positrons 

E. neutrons 

 

19. Which of the following chemical elements is not produced by thermonuclear fusion 

in stars? 

A. Carbon (Z = 6, A ≈ 12) 

B. Silicon (Z = 14, A ≈ 28) 

C. Oxygen (Z = 8, A ≈ 16) 

D. Mercury (Z = 80, A ≈ 200) 

E. Chromium (Z = 24, A ≈ 52) 

 

20. The first step of the proton-proton cycle is: 

A. 1
H+

1
H → 

2
H 

B. 1
H+

1
H → 

2
H+e

+
 + ν 

C. 1
H+

1
H → 

2
H+e

−
 + ν 

D. 1
H+

1
H → 

2
H+γ 

E. 1
H+

1
H → 

3
H+e

−
 + ν 

 

21. The overall proton-proton cycle is equivalent to: 

A. 2 
1
H → 

2
H 

B. 4 
1
H → 

4
H 

C. 4 
1
H → 

4
H+4n 

D. 4 
1
H+2e

−
 → 

4
He + 2ν + 6γ 

E. 4 
1
H+2e

+
 →

 4
He + 2ν + 3γ 
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7.8 T.N.F. in Stars 
 

At the start of the 20th century, there was no compelling reason for the large volume of 

energy radiated by the sun. While astronomy had made significant advances in the 

previous century, and many people believed there was little physical science left to 

explore, they did not understand how the sun did continue to emit energy, seemingly 

forever. The law on energy conservation includes an internal energy supply equal to that 

radiated from the surface of the Sun. Wood and coal were the only significant sources of 

energy identified at the time. Knowing the mass of the Sun and the intensity at which it 

radiated light, it was clear to prove that if the Sun had started out as a solid lump of iron, 

it would have burned out in less than 2000 years. It was clear that that was too short—the 

Sun appeared to be older than Earth, and the Planet was estimated to be more than 2000 

years old—but exactly how ancient was Earth? 

 

Until the beginning of the 19th century, most geologists assumed that the Planet would be 

forever old. The notion was challenged by the renowned mathematician William Thomson, 

who later became Lord Kelvin. His interest in this subject started in 1844, when he was still 

an undergraduate at Cambridge. It was a topic to which he regularly returned and which 

brought him into dispute with other scientists, such as John Tyndall, Thomas Huxley, and 

Charles Darwin. In order to determine the age of the Earth, Kelvin attempted to measure how 

long it took the earth to cool from its original molten state to its present temperature. He 

estimated that the Planet was 100 million years old in 1862. To the sorrow of the biologists, 

Kelvin's estimate of the age of the Earth did not give enough time for evolution. For the next 

four decades, geologists, paleontologists, evolutionary biologists, and physicists have 

engaged in a prolonged discussion on the age of the Earth. At that time, Kelvin reduced his 

number to between 20 million and 40 million years. The geologists attempted to make 

objective calculations on the basis of the period taken for the deposition of rock formations or 

the time needed for their erosion, and concluded that the Earth must be much older than 

Kelvin's values. Too many unknown variables were needed for these estimates, however, and 

they were generally considered to be unreliable. In the first edition of his book The Origin of 

Life, Charles Darwin measured the age of the Earth to be 300 million years, based on the 

approximate time of erosion of the Weald, a valley between the North and the South Downs 

of southern England. It was so widely criticized that Darwin removed it argument from 

subsequent editions. 

 

The disparity between the figures was not settled until the beginning of the 20th century, 

when Ernest Rutherford noticed that radioactivity (discovered by Henri Becquerel in 

1896, long after Kelvin's calculations) provided the Earth with an internal source of heat 

that slowed down the cooling. This cycle makes the Earth older than initially envisaged; 

recent estimates indicate that our earth is at least 4.6 billion years old. Radioactivity, as 

well as being an external source of heat, provides an objective way to calculate the age of 

the Earth by measuring the concentrations of radioactive minerals in the rocks. The age 

of the Planet set a lower limit on the age of the Sun and sparked discussion on the origins 

of the Sun's energy — What process could maintain the Sun's production for such a long 

period of time? It wasn't until the 1920s, when Eddington made his argument that 



147 

 

hydrogen fusion was the most probable source of energy, and later, when quantum theory 

was established, that a plausible explanation became possible. 

 

Hydrogen and helium are perhaps the most common elements in the universe, and 

together they make up about 98% of all known matter. There is no large amount of 

hydrogen or helium in the gaseous form on Earth (or on Mars or Venus) since the gravity 

of small planets is too low to keep such light atoms together; they actually escape into 

outer space. Most of Earth's hydrogen is mixed with oxygen as gas, with carbon as 

hydrocarbons, or with other rock elements. But the Sun, whose gravity is much heavier, 

consists almost entirely of hydrogen. The presence of hydrogen in the Sun and the stars 

can be determined directly from spectroscopic measurements, since each atom emits light 

with characteristic wavelengths (or colors) that uniquely identify it. 

 

While there is a lot of hydrogen in the Sun for nuclear fusion, how do we say that the 

conditions for fusion are right? The temperature and density of the Sun can be calculated 

by a combination of experimental measurements using spectroscopy and theoretical 

calculations. The most probable fusion reactions can be deduced from laboratory nuclear 

reactions experiments using particle accelerators. The release of energy in the Sun 

requires the transfer of four protons into a helium nucleus. Nonetheless, this is not going 

to happen in a single step. 

 

First, two protons combine together and one of them transforms into a neutron to form a 

nucleus of the heavy hydrogen isotope known as deuterium. The deuterium nucleus then 

combines the light helium isotope known as helium-3 with another proton. Finally, two 

helium-3 nuclei combine to form helium-4 and release two protons in the process. 

Overall, four protons are transformed into one helium nucleus. Energy is released 

because the helium nucleus has a slightly smaller mass than the original four protons 

from which it was formed. 

 

 
 

Figure 7.4 
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The reactions are shown schematically in the diagram, with the initial nucleus on the left 

and the products on the right. Energy is released at every stage of the reactions. The total 

amount of energy released for each conversion of four hydrogen nuclei into a helium 

nucleus is approximately 10 million times higher than that created by a chemical reaction 

when hydrogen combines with oxygen and burns to form water. This vast disparity 

between the energy emitted by nuclear reactions and the chemical reactions explains why 

fusion will fuel the Sun for billions of years. In fact, it is about 10 million times longer 

than the prediction of a few thousand years that was produced when the Sun was 

considered a lump of coal. 

 

Energy has to be transferred from the inner center of the Sun to the surface. This is a very 

slow operation, and it takes about a million years to get the energy out of it. The surface 

of the Sun is hotter than the center, and the energy radiates into space as the heat and 

light that we directly observe. Under normal conditions, the solar energy falling on Earth 

is approximately 1.4 kilowatts per square meter (kWm
-2

). 

 

The first stage of the reactions mentioned above (see also Box 3.1) where a proton 

converts to a neutron is known to nuclear physicists as a weak interaction. The method is 

very slow, and this sets the pace for conversion to helium. It takes hundreds of millions of 

years for two protons to fuse together. This turns out to be a little lucky. If the fusion 

reaction had taken place too soon, the Sun would have burned out well before life on 

Earth had a chance to evolve. Based on our knowledge of the nuclear reaction rates and 

the sum of initial hydrogen, it is calculated that the time to consume all of the hydrogen is 

about 10 billion years. It is determined that the age of the solar system is 4.6 billion years 

from radioactive meteorite dating. If the Sun is the same age as the meteorites, it is about 

halfway through its life cycle. For reference, the most recent estimation of the age of the 

universe is about 13.7 billion years. The proton-proton reaction appears to predominate in 

stars that are the size of our Sun or smaller. However, in larger stars, there is another 

reaction stage, involving reactions with a carbon nucleus,through which protons can be 

converted to helium nucleus. 

 

7.8.1 The Carbon Cycle 

A second chain of nuclear reactions will transform hydrogen to helium. This was 

suggested independently by Carl von Weizsacker and Hans Bethe in 1938, and it is now 

assumed that the dominant mechanism in the stars is hotter and more massive than the 

Sun. The series of reactions is as follows: 

 

                      

            

                      

                 
 

In the first step, the proton interacts with the 
12

C nucleus to form 13N nitrogen, which is 

unstable and decays to 
13

C. Further stages build up from 
14

N and 
15

O to 
15

N, which then 

reacts to 
12

C and 
4
He with the proton. At the end of the process, the 

12
C was recycled and 
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could launch another chain of reactions, serving as a catalyst. Generally, four protons 

have been substituted with a single helium nucleus, and the release of energy is the same 

as with the pp process. 

 

In 1929, by calculating the Doppler change in spectral lines from several stars and 

galaxies, the American astronomer Edwin Hubble discovered that the universe is 

expanding. He has shown that the lines are shifting to the red end of the continuum, and 

that these bodies are moving away from Earth. The effect is also referred to as the red 

shift. Hubble has also shown that the farther the objects are away, the quicker they fly. 

One reason for this phenomenon was that there was a constant development of matter 

controlling the expansion, the steady state theory of the universe. However, the current 

accepted hypothesis is that it all began around 13.7 billion years ago with a massive 

explosion known as the Big Bang. The concept of an expanding universe was suggested 

in 1927 by the Belgian cosmologist Georges Lemaître, and the model was outlined in 

detail by George Gamow, Ralph Alpher, and Hans Bethe in 1948 in their popular paper 

"Alpher, Bethe, Gamow." Their model estimated that there will be an detectable radiation 

left over from the Big Bang. This radiation, now known as Cosmic Microwave 

Background Radiation (CMBR) was first detected by Arno Penzias and Robert Wilson in 

1964 and was found to be below the expected point. The observations of background 

radiation and the right abundance of hydrogen, helium, and lithium, which are now 

confirmed by spectroscopy of gas clouds and old stars, are the main achievements of the 

Big Bang theory and are the basis for the most possible interpretation of the origin of the 

universe. 

 

At inconceivably high temperatures in the primeval explosion, mass and energy were 

continuously interchangeable. When the fireball expanded, it cooled rapidly, and at this 

point the energy was permanently transformed into mass, first as the underlying 

subnuclear building blocks were formed, and then as these building blocks themselves 

merged to form protons and neutrons. Some deuterium and helium nuclei were produced 

as a result of the fusion reactions described earlier when the conditions were necessary. 

When the universe expanded, it became too cold for these initial fusion reactions to 

proceed, and the mixture of various nuclei that had been formed was "frozen." It is 

estimated that this stage was reached just 4 minutes after the initial Big Bang. 

Throughout this stage, the universe consisted of an expanding cloud composed primarily 

of hydrogen (75 %) and helium (25 %), with minor quantities of deuterium and lithium. 

The universe today is considered to contain 92 different elements in mass, ranging from 

hydrogen to uranium. The Big Bang theory is very clear that a nucleus much heavier than 

helium or lithium could not have been formed at an early stage. The next obvious 

question is: what is the origin of all the other elements, such as carbon, oxygen, silicon 

and iron? 

 

Star formation occurs by gradual accretion, due to gravitational attraction, in areas where 

local density changes of the material spewed out of the Big Bang occurred. When the star 

forms, it is compressed by gravity, and the inside heats up until it is hot enough for the 

fusion reactions to start heating the star much further. This is a balance where the internal 
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pressure balances the compressive force due to gravity and when all the fuel is consumed 

and the rate of the fusion reaction decreases, the gravity causes the star to contract 

further. Stars are shaped in a number of sizes and this contributes to a range of different 

stellar life cycles. For a star of fairly modest size like our Sun, the life cycle is estimated 

to be about 10 billion years. Once all the hydrogen is consumed and converted to helium, 

the Sun will cool down and shrink in size; when the Sun becomes too cold for further 

fusion reactions, the process will stop.  

 

 
 

Figure 7.5: A schematic picture of fusion reactions occurring in the life of a large star, 

leading to the buildup of more and more massive nuclei. In the final stage, the most stable 

elements around iron are formed.  

 

Larger stars heat up to a higher temperature and thus burn quicker. The process of fusion 

in these stars takes place in a variety of stages, creating more and more massive nucleus. 

After the first stage is completed and the hydrogen has been converted to helium, the 

larger star's gravity becomes so high that the star can be compressed further until the 

temperature increases to the value at which the helium nucleus starts to fuse and to form 

carbon in the core. It releases energy again, and the star gets hotter. The process by which 

helium burns has been a mystery for many years, as the fusion of two helium nuclei will 

produce a very unstable beryllium nucleus (8Be). It turns out that three helium nuclei 

have to be joined together to form a carbon nucleus (12C). When enough helium has been 

absorbed and the star is large enough, further compression allows the temperature to rise 

again to the point where the carbon burns, creating much heavier nuclei such as neon 

(20Ne) and magnesium (24Mg). Neon is produced by a combination of two carbon 

nucleus followed by the release of the helium nucleus. There are successive stages of 

neon burning and then silicone burning. The thorough testing of the production models of 

all the different elements was largely based on several years of analysis of the individual 
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nuclear processes in the physical laboratories. Rather, as Aston's meticulous study of the 

precise masses of the elements led to the ultimate discovery of the origins of nuclear 

energy, the thorough calculation of the exact types and levels of nuclear reactions under a 

number of different conditions allowed the basic evolution of the universe to be 

understood. Measurements that were originally made in the pursuit of basic scientific 

study have proven to be essential to the interpretation of the universe. Of course, no one 

has made direct measurements within the core of a star; only the light that we can 

remotely calculate with telescopes and examine by spectroscopy comes from the surface 

of the star. At the end of a star's life, when its nuclear fuel is depleted, the release of 

fusion energy no longer protects it against the internal pull of gravity. The ultimate future 

of a star depends on its scale. Our Sun is a fairly small star and will end its existence 

more benignly than a white dwarf, as do most of the stars that begin life with mass up to 

around two or three times that of our Sun. If the star is more massive, its core will first 

collapse and then undergo a tremendous explosion known as a supernova, releasing a 

large amount of energy. This is going to cause a blast wave that ejects most of the 

material of the star into interstellar space. Supernovae are fairly rarely observed, usually 

once every 400 years in our own galaxy, but can also be seen in other galaxies. 

 

Self-Assessment Questions 7.4 
 

1. Consider the nuclear reaction    
     

      
     

  . Is energy absorbed or 

liberated? How much energy? 

2. Consider the nuclear reaction   
    

         
   where X is a nuclide. (a) 

What are Z and A for the nuclide X? (b) Calculate the reaction energy Q (in MeV). 

(c) If the nucleus is incident on a stationary nucleus, what minimum kinetic energy 

must it have for the reaction to occur? Consider the nuclear reaction   
     

    
     

  where X is a nuclide. (a) What are the values of Z and A for the nuclide 

X? (b) How much energy is liberated? (c) Estimate the threshold energy for this 

reaction.  

3. The second reaction in the proton-proton chain produces a    
  nucleus. A nucleus 

produced in this way can combine with a    
  nucleus: 

   
     

     
     

 Calculate the energy liberated in this process. (This is shared between the energy of 

the photon and the recoil kinetic energy of the beryllium nucleus.) The mass of a 

   
  atom is 7.016929 u. 

4. The United States uses           of electrical energy per year. If all this energy 

came from the fission of     which releases 200 MeV per fission event, (a) how 

many kilograms of would be used per year; (b) how many kilograms of uranium 

would have to be mined per year to provide that much     ?  

5. Calculate the energy released in the fusion reaction   
    

     
    

 . The 

atomic mass of (tritium) is 3.016049 u.  
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7.9 Key Points 
 

 A nuclear reaction is the result of bombardment of a nucleus by a particle, rather 

than a spontaneous natural process as in radioactive decay.  

 For a charged particle such as a proton or particle to penetrate the nucleus of 

another atom, it must usually have enough initial kinetic energy to overcome the 

potential-energy barrier caused by the repulsive electrostatic forces. 

 Nuclear fission is a decay process in which an unstable nucleus splits into two 

fragments.  

 The total mass of the resulting fragments is less than the original atom, and this 

released massenergy appears mostly as kinetic energy of the fragments. 

 In a nuclear fusion reaction, two or more small light nuclei come together or fuse, 

to form a larger nucleus.  

 Fusion reactions release energy for the same reason as fission reactions; the binding 

energy per nucleon after the reaction is greater than before. 
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Solution to  Self-Assessment Questions 7.1 
1. 2.79 MeV; exoergic. 

2. 2.125 MeV. 

 

Solution to Self-Assessment Questions 7.2 
1. About 100 kg/d. 

2. C 

3. C 

4. A 

5. E 

6. B 

7. A 

8. D 

9. D 

10. E 

11. B 

12. B 

13. E 

14. B 

15. C 

16. B 

 

Solution to Self-Assessment Questions 7.3 
1. E 

2. D 

3. E 

4. B 

5. A 

6. A 

7. A 

8. B 

9. E 

10. A 

11. A 

12. D 

13. B 

14. A 

15. A 

16. B 

17. A 

18. B 

19. D 

20. B 

21. D 
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Solution to Self-Assessment Questions 7.4 
1. 2.80 MeV absorbed 

2.  (a): Z=3, A=6 (b) -10.14 MeV (c) 11.59 MeV 

3.  (a): Z=3, A=7 (b) 7.152 MeV (c) 1.4 MeV 

4. 15.86 MeV 

5.  (a)            (b)            

6. 17.6 MeV 
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Introduction 

 
In this unit we will discuss plasma state in detail. First section of this unit will provide 

comprehensive details about plasma and states of matter. Production of plasma and basic 

plasma phenomena are also discussed in this unit. It will also provide an overview of 

occurrence of plasma in nature. To understand the use and application of plasma in our 

world is also very important and be must know. So it is also discussed in last section of 

the unit. Last section of the unit will also provide a comprehensive detail about controlled 

thermonuclear fusion. 

 

Objectives 
 

After studying this unit, the students will be able to: 

 Discuss the basic concept of plasma 

 Understand the states of matter 

 Explain the ionic state of matter 

 Define plasma 

 Discuss plasma production 

 Understand some basic plasma phenomena 

 Explain the occurrence of plasmas in nature  

 Enlist the applications of plasma 

 Discuss the controlled thermonuclear fusion  
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8.1 Basic Concept of Plasma 
 

8.1.1 Definition of Plasma 
The word plasma is used to describe a wide variety of macroscopically neutral substances 

containing many interacting free electrons and ionized atoms or molecules, which exhibit 

collective behavior due to the long-range coulomb forces. Not all media containing 

charged particles, however, can be classified as plasmas. For a collection of interacting 

charged and neutral particles to exhibit plasma behavior it must satisfy certain conditions, 

or criteria, for plasma existence. These criteria will be discussed in some detail in the 

next section. The word plasma comes from the Greek and means something molded. It 

was applied for the first time by Tonks and Langmuir, in 1929, to describe the inner 

region, remote from the boundaries, of a glowing ionized gas produced by electric 

discharge in a tube, the ionized gas as a whole remaining electrically neutral. 

 

8.1.2 Plasma as the Fourth State of Matter 
Matter occurs in four states: solids, liquids, gases, and plasma. Often the state of matter 

of a substance may be changed by adding or removing heat energy from it. For example, 

the addition of heat can melt ice into liquid water and turn water into steam. 

 

What is a State of Matter? 

The word "matter" refers to everything in the universe that has mass and takes up space. 

All matter is made up of atoms of elements. Sometimes, atoms bond together closely, 

while at other times they are scattered widely. 

 

States of matter are generally described on the basis of qualities that can be seen or felt. 

Matter that feels hard and maintains a fixed shape is called a solid; matter that feels wet 

and maintains its volume but not its shape is called a liquid. Matter that can change both 

shape and volume is called a gas. 

 

Some introductory chemistry texts name solids, liquids, and gases as the three states of 

matter, but higher level texts recognize plasma as the fourth state of matter. Like a gas, 

plasma can change its volume and shape, but unlike a gas, it can also change its electrical 

charge. 

 

From a scientific point of view, matter in the known universe is often classified in terms 

of four states: solid, liquid, gaseous, and plasma. The basic distinction among solids, 

liquids, and gases lies in the difference between the strength of the bonds that hold their 

constituent particles These binding forces are relatively strong in a solid, weak in a liquid, 

and essentially almost absent in the gaseous state. Whether a given substance is found in 

one of these states depends on the random kinetic energy (thermal energy) of its atoms or 

molecules, i.e., on its temperature. The equilibrium between this particle thermal energy 

and the inter-particle binding forces determines the state. By heating a solid or liquid 

substance, the atoms or molecules acquire more thermal kinetic energy until they are able 

to overcome the binding potential energy. This leads to phase transitions, which occur at 

a constant temperature for a given pressure. The amount of energy required for the phase 



159 

 

transition is called the latent heat. If sufficient energy is provided, a molecular gas will 

gradually dissociate into an atomic gas as a result of collisions between those particles 

whose thermal kinetic energy exceeds the molecular binding energy. At sufficiently 

elevated temperatures an increasing fraction of the atoms will possess enough kinetic 

energy to overcome, by collisions, the binding energy of the outermost orbital electrons 

and an ionized gas or plasma results. However, this transition from a gas to plasma is not 

a phase transition in the thermodynamic sense, since it occurs gradually with increasing 

temperature.  

 

8.1.3 Plasma Production 
Plasma can be produced by raising the temperature of a substance until a reasonably high 

fractional ionization is obtained. Under thermodynamic equilibrium conditions, the 

degree of ionization and the electron temperature are closely related. Although plasmas in 

local thermodynamic equilibrium are found in many places in nature, as is the case for 

many astrophysical plasmas, they are not very common in the laboratory. Plasmas can 

also be generated by ionization processes that raise the degree of ionization much above 

its thermal equilibrium value. There are many different methods of creating plasmas in 

the laboratory and, depending on the method, the plasma may have a high or low density, 

high or low temperature, it may be steady or transient, stable or unstable and so on. In 

what follows, a brief description is presented of the most commonly known processes of 

photo ionization and electric discharge in gases. In the photoionization process, 

ionization occurs by absorption of incident photons whose energy is equal to, or greater 

than, the ionization potential of the absorbing atom. The excess energy of the photon is 

transformed into kinetic energy of the electron-ion pair formed. For example, the 

ionization potential energy for the outermost electron of atomic oxygen is 13.6 eV, which 

can be supplied by radiation of wavelength smaller than about 91 nm, i.e., in the far 

ultraviolet. Ionization can also be produced by x-rays or gamma rays, which have much 

smaller wavelengths. The Earth's ionosphere, for example, is natural photo ionized 

plasma. In a gas discharge, an electric field is applied across the ionized gas, which 

accelerates the free electrons to energies sufficiently high to ionize other atoms by 

collisions. One characteristic of this process is that the applied electric field transfers 

energy much more efficiently to the light electrons than to the relatively heavy ions. The 

electron temperature in gas discharges is therefore usually higher than the ion 

temperature, since the transfer of thermal energy from the electrons to the heavier 

particles is very slow. When the ionizing source is turned off, the ionization decreases 

gradually because of recombination until it reaches an equilibrium value consistent with 

the temperature of the medium. In the laboratory the recombination usually occurs so fast 

that the plasma completely disappears in a small fraction of a second. 

 

8.1.4 Some Basic Plasma Phenomena 

The fact that some or all of the particles in a plasma are electrically charged and therefore 

capable of interacting with electromagnetic fields, as well as of creating them, gives rise 

to many novel phenomena that are not present in ordinary fluids and solids. The presence 

of the magnetic field used, for example, in the heating and confinement of plasmas in 

controlled thermonuclear research greatly accentuates the novelty of plasma phenomena. 
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To explore all features of plasma phenomena, the plasma behavior is usually studied in 

the presence of both electric and magnetic fields. Because of the high electron mobility, 

plasmas are generally very good electrical conductors, as well as good thermal 

conductors. As a consequence of their high electrical conductivity they do not support 

electrostatic fields except, to a certain extent, in a direction normal to any magnetic field 

present, which inhibits the flow of charged particles in this direction. The presence of 

density gradients in plasma causes the particles to diffuse from dense regions to regions 

of lower density. Although the diffusion problem in nonmagnetized plasmas is somewhat 

similar to that which occurs in ordinary fluids, there is nevertheless a fundamental 

difference. Because of their lower mass, the electrons tend to diffuse faster than the ions, 

generating a polarization electric field as a result of charge separation. This field 

enhances the diffusion of the ions and decreases that of the electrons, in such a way as to 

make ions and electrons diffuse at approximately the same rate. This type of diffusion is 

called ambipolar diffusion. When there is an externally applied magnetic field, the 

diffusion of charged particles across the field lines is reduced, which indicates that strong 

magnetic fields are helpful in plasma confinement. The diffusion of charged particles 

across magnetic field lines when the diffusion coefficient is proportional to 1/ B
2
, where 

B denotes the magnetic induction magnitude, is called classical diffusion, in contrast to 

the so-called Bohm diffusion in which the diffusion coefficient is proportional to 1/ B. 

 

An important characteristic of plasmas is their ability to sustain a great variety of wave 

phenomena. Examples include longitudinal electrostatic plasma waves and high-

frequency transverse electromagnetic waves. In the low-frequency regime important 

wave modes in magnetized plasma are the so-called Alfven waves and magnetosonic 

waves. Each of the various possible modes of wave propagation can be characterized by a 

dispersion relation, which is a functional relation between the wave frequency wand the 

wave number k, and by its polarization. The study of waves in plasmas provides 

significant information on plasma properties and is very useful for plasma 

diagnostics.Dissipative processes, such as collisions, produce damping of the wave 

amplitude. This means that energy is transferred from the wave field to the plasma 

particles. An essentially noncollisional mechanism of wave attenuation also exists in a 

plasma, which is known as Landau damping. The mechanism responsible for Landau 

damping is the trapping of some plasma particles (the ones that are moving with 

velocities close to the wave phase velocity) in the energy potential well of the wave, the 

net result being the transfer of energy from the wave to the particles. It is also possible to 

have modes with growing amplitudes, as a result of instabilities, which transfer energy 

from the plasma particles to the wave field. Instability phenomena are important in a 

wide variety of physical situations involving dynamic processes in plasmas. The 

existence of many different types of instabilities in plasma greatly complicates the 

confinement of hot plasma in the laboratory. The study of these instabilities is of essential 

importance for controlled thermonuclear fusion. Another important aspect of plasma 

behavior is the em1ss1on of radiation. The main interest in plasma radiation lies in the 

fact that it can be used to infer plasma properties. The mechanisms that cause plasmas to 

emit or absorb radiation can be grouped into two categories: radiation from emitting 

atoms or molecules, and radiation from accelerated charges. At the same time that 
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ionization is produced in a plasma, the opposite process, recombination of the ions and 

electrons to form neutral particles, is normally also occurring. As a result of the 

recombination process, radiation is often emitted as the excited particles formed during 

recombination decay to the ground state. This radiation constitutes the line spectra of 

plasmas. On the other hand, any accelerated charged particle emits radiation. The 

radiation emitted whenever a charged particle is decelerated by making some kind of 

collisional interaction is called bremsstrahlung. If the charged particle remains unbound, 

both before and after the encounter, the process is called free-free bremsstrahlung. 

Radiation of any wavelength can be emitted or absorbed in bremsstrahlung. If the 

originally unbound charged particle is captured by another particle, as it emits the 

radiation, the process is called free-bound radiation. Cyclotron radiation, which occurs in 

magnetized plasmas, is due to the magnetic centripetal acceleration of the charged 

particles as they spiral about the magnetic field lines. Blackbody radiation emitted from 

plasmas in thermodynamic equilibrium is important only in astrophysical plasmas, in 

view of the large size needed for plasma to radiate as a blackbody. 

 

Self Assessment Questions 1 
 

Q.1 Choose the correct answer. 

1. Ionic state of matter is called 

a. Gas 

b. Liquid 

c. Solid 

d. Plasma  

 2. Plasma is  

  a. Good conductor  

  b. Bad conductor 

  c. Semi conductor 

  d. Non conductor 

 3. Plasma exits in 

  a. Energy saver 

  b. Neon tubes 

  c. Fluorescent tubes 

  d. Both b and c  

 4. The highly conducting state of matter is called 

  a. Conductors 

  b. Insulators 

  c. Liquid 

  d. Plasma 

 5. Water exists in the form of  

  a. Gas 

  b. Liquid 

  c. Solid 

  d. Plasma  
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 6. Four state of matter is known as 

  a. Gas 

  b. Liquid 

  c. Solid 

  d. Plasma 

 

Q.2 Define matter. 

Q.3 Discuss the states of matter. 

Q.4 What is plasma? Where does it exist? 

Q.5 Explain the ionic state of matter 

Q.6 Discuss Plasma Production in detail. 

Q.7 Explain the Occurrence of Plasmas in Nature  

 

8.2 Applications of Plasma 
 

The most important practical applications of plasmas lie in the future, largely in the field 

of power production. The major method of generating electric power has been to use heat 

sources to convert water to steam, which drives turbogenerators. Such heat sources 

depend on the combustion of fossil fuels, such as coal, oil, and natural gas, and fission 

processes in nuclear reactors. A potential source of heat might be supplied by a fusion 

reactor, with a basic element of deuterium-tritium plasma; nuclear fusion collisions 

between those isotopes of hydrogen would release large amounts of energy to the kinetic 

energy of the reaction products (the neutrons and the nuclei of hydrogen and helium 

atoms). By absorbing those products in a surrounding medium, a powerful heat source 

could be created. To realize a net power output from such a generating station allowing 

for plasma radiation and particle losses and for the somewhat inefficient conversion of 

heat to electricity plasma temperatures of about 100,000,000 K and a product of particle 

density times containment time of about 10
20

 seconds per cubic meter are necessary. For 

example, at a density of 10
20

 particles per meter cubed, the containment time must be one 

second. Such figures are yet to be reached, although there has been much progress. 

 

In general, there are two basic methods of eliminating or minimizing end losses from 

artificially created plasma: the production of toroidal plasmas and the use of magnetic 

mirrors. A toroidal plasma is essentially one in which a plasma of cylindrical cross 

section is bent in a circle so as to close on itself. For such plasmas to be in equilibrium 

and stable, however, special magnetic fields are required, the largest component of which 

is a circular field parallel to the axis of the plasma. In addition, a number of turbulent 

plasma processes must be controlled to keep the system stable. In 1991 a machine called 

the JET (Joint European Torus) was able to generate 1.7 million watts of fusion power for 

almost 2 seconds after researchers injected tritium into the JET’s magnetically confined 

plasma. It was the first successful controlled production of fusion power in such a 

confined medium. 

 

Besides generating power, a fusion reactor might desalinate seawater. Approximately 

two-thirds of the world’s land surface is uninhabited, with one-half of this area being 
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arid. The use of both giant fission and fusion reactors in the large-scale evaporation of 

seawater could make irrigation of such areas economically feasible. Another possibility 

in power production is the elimination of the heat–steam–mechanical energy chain. One 

suggestion depends on the dynamo effect. If plasma moves perpendicular to a magnetic 

field, an electromotive force, according to Faraday’s law, is generated in a direction 

perpendicular to both the direction of flow of the plasma and the magnetic field. This 

dynamo effect can drive a current in an external circuit connected to electrodes in the 

plasma, and thus electric power may be produced without the need for steam-driven 

rotating machinery. This process is referred to as magneto-hydrodynamic (MHD) power 

generation and has been proposed as a method of extracting power from certain types of 

fission reactors. Such a generator powers the auroras as the Earth’s magnetic field lines 

tap electrical current from the MHD generator in the solar wind. 

 

A wide variety of plasma experiments have been performed in the laboratory to aid in the 

understanding of plasmas, as well as to test and help expand plasma theory. The progress 

in plasma research has led to a wide range of plasma applications. A brief description of 

Controlled Thermonuclear Fusion which is practical applications of plasma physics is 

given bellow. 

 

8.3 Controlled Thermonuclear Fusion  
 

The most important application of man-made plasmas is in the control of thermonuclear 

fusion reactions, which holds a vast potential for the generation of power. Nuclear fusion 

is the process whereby two light nuclei combine to form a heavier one, the total final 

mass being slightly less than the total initial mass. The mass difference (  ) appears as 

energy ( ) according to Einstein's famous law E =    c2
, where c denotes the speed of 

light. The nuclear fusion reaction is the source of energy in the stars, including the sun. 

The confinement of the hot plasma in this case is provided by the self-gravity of the stars. 

 

In the nuclear fusion of hydrogen the principal reactions involve the deuterium (
2
H) and 

tritium (
3
H) isotopes of hydrogen, as follows: 

  

 

 

(8.1 a) 

 
(8.1 b) 
 

(8.1 c) 
 

(8.1 d) 

 

where
1 

n represents a neutron. The basic problem in achieving controlled fusion is to 

generate a plasma at very high temperatures (with thermal energies at least in the 10 ke V 

range) and hold its particles together long enough for a substantial number of fusion 

reactions to take place. The need for high temperatures comes from the fact that, in order 

to undergo fusion, the positively charged nuclei must come very close together (within a 



164 

 

distance of the order of      m), which requires sufficient kinetic energy to overcome 

the electrostatic coulomb repulsion. 

 

 

Fig. presents the cross sections, as a function of the incident particle energy, for the 

nuclear fusion reactions of hydrogen given in (8.1). They are appreciable only for 

incident particles with energies above at least 10 keV. This means that the plasma must 

have temperatures of the order of 10
8
 K. Other fusion reactions involving nuclei with 

larger values of the atomic number Z require even higher energies to overcome the 

coulomb repulsion. Many confinement schemes have been suggested and built that use 

some type of magnetic field configuration. The main experimental efforts for achieving 

plasma conditions for fusion can be grouped into four approaches: (1) open systems 

(magnetic mirrors); (2) closed systems (toruses); (3) theta pinch devices; and (4) laser-

pellet fusion. 

 

 
 

Figure 8.1: Fusion cross sections, in barns (1 barn=      m
2
), as a function of energy, 

in ke V, for the hydrogen reactions. 
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The mirror machines are linear devices with an axial magnetic field to keep the particles 

away from the wall, and with magnetic mirrors (regions of converging magnetic field 

lines) at the ends to reduce the number of particles escaping at each end. 

 

 
 

Figure 8.2: Schematic illustration showing the magnetic field configurations of some 

basic schemes for plasma confinement.(a) magnetic mirror system. (b) tokamak. (c) 

linear   pinch. 

 

The four principal toroidal systems differ in the way they twist the magnetic field lines. 

They are the stellarators (in which the twisting of the field lines is produced by external 

helical conductors), the tokamaks (in which a poloidal field produced by an internal 

plasma current is superposed on the toroidal field), the multipoles (which have their 

magnetic field lines primarily in the poloidal direction and produced by internal 

conductors), and the Astron (in which internal relativistic particle beams modify a mirror 

field into a form having stable confinement regions with closed lines of force). 

 

In the theta pinch devices, a plasma current in the azimuthal direction and a longitudinal 

magnetic field produce a force that compresses the cross-sectional area of the plasma. 

Finally, the scheme to ignite a fusion reaction using pulsed lasers consists in focusing 

converging laser beams on a small pellet of solid deuterium-tritium material producing a 

rapid symmetrical heating of the plasma, followed by an expansion of the heated 

surrounding shell and compression of the pellet core by the recoil (see Fig. 8.3). 



166 

 

 
 

Figure 8.3: Illustrating laser-pellet fusion. 

 

In addition to the plasma heating and confinement problems, attention must be given to 

the energy loss by radiation (predominantly electronion bremsstrahlung and electron 

cyclotron radiation). These radiation losses constitute a serious problem in maintaining a 

self-sustaining fusion device. To generate more energy by fusion than is required to heat 

and confine the plasma, and to supply the radiation losses, a condition is imposed on the 

plasma density ( ) and the confinement time ( ), as well as on the temperature. It turns 

out that the product    must be higherthan a minimum value, which, for example, is 

estimated to be about 10
20

 m
-3

s for deuterium-tritium (with T > 10
7
 K) and about 10

22
 m

-

3
s for deuterium-deuterium (with T > 10

8
 K). This condition is known as the Lawson 

criterion.  

 

Figure 8.4: Schematic diagram illustrating the basic principle of the magneto-

hydrodynamic energy generator. 

 

Consequently, controlled fusion can be achieved either by having a large number density 

of hot plasma particles confined for a short period of time, or by having a smaller number 
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density of particles confined for a longer period of time. For this reason some fusion 

experiments operate in the regime of high density and short confinement time utilizing a 

pulsed mode of operation. Since controlled nuclear fusion can provide an almost limitless 

source of energy, it is certainly one of the most important scientific challenges man faces 

today, and its achievement will cause an enormous impact on our civilization. 

 

Summary 
  

 The word "matter" refers to everything in the universe that has mass and takes up 

space. 

 Matter occurs in four states: solids, liquids, gases, and plasma. 

 The word plasma comes from the Greek and means something molded. 

 Plasma is the ionic state of matter. 

 Plasma can be produced by raising the temperature of a substance until a 

reasonably high fractional ionization is obtained. 

 The most important application of man-made plasmas is in the control of 

thermonuclear fusion reactions, which holds a vast potential for the generation of 

power. 

 

Self Assessment Questions 2 
 

Q.1 Choose the correct answer. 

1. Which of the following is the study of fourth state of matter? 

a. Quantum physics 

b. Nuclear physics 

c. Nanophysics 

d. Plasma physic 

2. Sun is usually heated by 

a. nuclear fusion 

b. fission 

c. ions 

d. atoms 

3. Plasma are used to drive particle accelerators and 

a. motors 

b. fans 

c. lasers 

d. cars 

4. English scientist who discovered plasma was 

a. William Crookes 

b. Wilson 

c. Watson 

d. Wauker 
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5. Magnetic fields create plasma which is known as 

a. stable state 

b. shifted state 

c. metastable state 

d. degenerated state 

6. Electric current produces plasma and light when passed through 

a. neon gas 

b. sulphur 

c. hydrogen 

d. oxygen 

 

Q.2 Discuss the applications of plasma. 

Q.3 Brief described Controlled Thermonuclear Fusion. 

 

ANSWERS 
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Introduction 

 
Lasers were discovered nearly sixty years ago. The fundamental concepts of lasers came 

into existence when Einstein proposed possibility of stimulated emission of photons apart 

from usual spontaneous emission. The first functional ruby laser was developed by 

Townes and Schawlow in 1957. Lasers are regarded as one of the most outstanding 

inventions of the present century. They are one of the most versatile forms of the energy 

ever known. Due to so much importance of laser this unit is added in your course. This 

unit will provide you detailed knowledge about the basic concept of LASER, its types 

and it’s working. 

 

Objectives 
 

After going through this unit students will be able to: 

 Discuss the basic concept of LASER 

 Understand Some Basic Characteristics of LASER 

 Describe the types of LASER 

 Enlist the applications of LASER 

 Differentiate LASER and normal LIGHT. 

 Discuss the working of He-Ne LASER 
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9.1 Basic Concepts and Characteristics of LASER 
 

The word LASER is an acronym for Light Amplification by Stimulated Emission of 

Radiation. The name indicates that the process of stimulated emission makes a laser 

work. The name does not describe the special characteristics of laser light that makes 

lasers so useful. Compared to conventional sources of light such as an incandescent light, 

the light from a laser may be quite intense, very monochromatic, and may be emitted in a 

beam with an angular divergence limited by direction. The mono-chromaticity and high 

degree of collimation of a laser beam are manifestations of the coherence of the laser 

beam. If one repeatedly samples the electromagnetic field in a light beamat different 

points in space either longitudinally along the beam axis or transversely across the beam 

axis and finds that definite phase deference are maintained, then the light is said to be 

coherent. These properties imply that laser light is nearly a perfect classical sinusoidal 

electromagnetic wave. 

 

Lasers have many applications in scientific or engineering research, in 

telecommunications, in industry, and in medicine. For example in scientific or 

engineering research variable wavelength lasers are used for spectroscopy experiments, 

for the ultra-sensitive detection of atoms or molecules, for atom trapping experiments, for 

laser isotope separation experiments, for measurements of the time dependence of 

physical or chemical reactions, for studies of laser induced chemical reactions, and for 

many other research projects. In commercial or industrial applications lasers are used for 

the transmission of communication signals, for reading bar codes, for cutting of precise 

patterns in metal tooling, and for many other operations. In medicine lasers are used for 

the treatment of detached retinas, for sculpting corneas, for the treatment of ulcers, for 

use as a precision scalpel, and for many other applications. The remarkable properties of 

lasers are the result of stimulated emission. 

 

9.1.1 Terminology 

The word laser started as an acronym for "light amplification by stimulated emission of 

radiation". In this usage, the term "light" includes electromagnetic radiation of any 

frequency, not only visible light, hence the terms infrared laser, ultraviolet laser, X-ray 

laser and gamma-ray laser. Because the microwave predecessor of the laser, the maser, 

was developed first, devices of this sort operating at microwave and radio frequencies are 

referred to as “masers” rather than "microwave lasers" or "radio lasers". In the early 

technical literature, especially at Bell Telephone Laboratories, the laser was called an 

optical maser; this term is now obsolete. 

 

A laser that produces light by itself is technically an optical oscillator rather than an 

optical amplifier as suggested by the acronym. It has been humorously noted that the 

acronym LOSER, for "light oscillation by stimulated emission of radiation", would have 

been more correct. With the widespread use of the original acronym as a common noun, 

optical amplifiers have come to be referred to as "laser amplifiers", notwithstanding the 

apparent redundancy in that designation. 
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The back-formed verb to laser is frequently used in the field, meaning "to produce laser 

light," especially in reference to the gain medium of a laser; when a laser is operating it is 

said to be "lasing." Further use of the words laser and maser in an extended sense, not 

referring to laser technology or devices, can be seen in usages such as astrophysical 

maser and atom laser. 

 

9.1.2 Design 

A laser consists of a gain medium, a mechanism to energize it, and something to provide 

optical feedback. The gain medium is a material with properties that allow it to amplify 

light by way of stimulated emission. Light of a specific wavelength that passes through 

the gain medium is amplified (increases in power). 

 

For the gain medium to amplify light, it needs to be supplied with energy in a process 

called pumping. The energy is typically supplied as an electric current or as light at a 

different wavelength. Pump light may be provided by a flash lamp or by another laser. 

 

The most common type of laser uses feedback from an optical cavity—a pair of mirrors 

on either end of the gain medium. Light bounces back and forth between the mirrors, 

passing through the gain medium and being amplified each time. Typically one of the 

two mirrors, the output coupler, is partially transparent. Some light escapes through this 

mirror. Depending on the design of the cavity (whether the mirrors are flat or curved), the 

light coming out of the laser may spread out or form a narrow beam. In analogy to 

electronic oscillators, this device is sometimes called a laser oscillator. Most practical 

lasers contain additional elements that affect properties of the emitted light, such as the 

polarization, wavelength, and shape of the beam. 

 

9.1.3 Stimulated Emission 

In the classical view, the energy of an electron orbiting an atomic nucleus is larger for 

orbits further from the nucleus of an atom. However, quantum mechanical effects force 

electrons to take on discrete positions in orbitals. Thus, electrons are found in specific 

energy levels of an atom, two of which are shown below: 

 

 
Figure 9.1: 
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An electron in an atom can absorb energy from light (photons) or heat (phonons) only if 

there is a transition between energy levels that matches the energy carried by the photon 

or phonon. For light, this means that any given transition will only absorb one particular 

wavelength of light. Photons with the correct wavelength can cause an electron to jump 

from the lower to the higher energy level. The photon is consumed in this process. 

 

When an electron is excited to a higher energy level, it will not stay that way forever. 

Eventually, the electron decays to a lower energy level which is not occupied, with transitions 

to different levels having different time constants. When such an electron decays without 

external influence, it emits a photon. This process is called "spontaneous emission". The 

emitted photon has random phase and direction, but its wavelength matches the absorption 

wavelength of the transition. This is the mechanism of fluorescence and thermal emission. 

 

A photon with the correct wavelength to be absorbed by a transition can also cause an 

electron to drop from the higher to the lower level, emitting a new photon. The emitted 

photon exactly matches the original photon in wavelength, phase, and direction. This 

process is called stimulated emission. 

 

9.2 Types of Laser 
 

There are Gas Lasers, Liquid Lasers, Solid i.e., semiconductor lasers and chemical lasers 

that are having multiple applications now a days. 

 

9.2.1 Solid State Lasers 

 They are also called doped insulator lasers, consisting of active media (glass or Crystal) 

doped with ions. The first laser developed was a solid state ruby laser. It is a 3-level 

energy scheme laser. A widely used solid state laser is an Yttrium aluminum garnet laser, 

Nd:YAG, which corresponds to a 4-level laser scheme These lasers employ light emitting 

diodes (LED) and are very cheap and are compact and small. 

 

9.2.2 Liquid Lasers 

The active media in liquid lasers are organic Dyes in solution or liquids doped with rare 

earth ions. The organic dyes used in general are acridines, anthracenes, azines, comaring 

and xanthenes. All dyes are optically pumped. In liquid lasers, the concentration of active 

centres can easily be controlled and the dye laser output can be turned over a wide 

frequency range (350 nm - 680 nm). Therefore, these lasers are found useful in 

spectroscopic and chemical reactions and Isotope separation. Also, the laser medium is 

relatively cheap and easy to handle.  

 

9.2.3 Chemical Lasers  

All the other lasers are classified with reference to the active medium of the laser system 

where as chemical lasers are classified with reference to the method of population 

inversion. Any chemical laser has the general reaction 

 

A+BC —* AB+C+energy-----►(AB)*+C 
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The energy released by the reaction serves to excite the molecule AB, to (AB)*, which 

serves as the active medium. 

 

9.2.4 Gas Lasers 

The best coherence is found in Gas Lasers due to the homogeneity actievable in gaseous 

media. Lasers whose lasing action is between rotational transitions emit radiation in the 

infrared region. In this region, complete intensity data set can be obtained (>10pm); when 

the lasing action is between vibrational levels, the radiation is in the range 5-50p.m; and 

when the transitions are between electronic states, then the emitted radiation is in the 

visible region. Some of the types of gas lasers are atomic, ionic, excimer and molecular 

lasers, depending upon the active media. 

 

Self Assessment Questions 01 
 

Q.1  Choose the correct answer. 

1. What determines the color of light? 

  a)  Its intensity 

  b)  Its wavelength 

  c)  Its source 

  d)  None of these 

2. Which scientist first came up with the idea of stimulated emission? 

  a)  Alexander Graham Bell 

  b)  Isaac Newton 

  c)  Arthur Schalow 

  d)  Albert Einstein 

3. Which laser is considered “eye safe”? 

  a)  Laser bar-code scanners 

  b)  The eximer laser 

  c)  Communications lasers  

4. Why are lasers used in fiber optic communications systems 

  a)  The government has mandated it 

  b)  They can be pulsed with high speed data 

  c)  They are very inexpensive 

5. What type of laser is used in CD and DVD players? 

  a)  Semiconductor 

  b)  YAG 

  c)  Alexandrite 

6. Why are lasers used in “Laser Printers” 

  a)  They can be focused down to very small spot sizes for high resolution 

  b)  They are cheap 

  c)  They are impossible to damage 

7. Which color of light has the shortest wavelength?  

  a)  Yellow 

  b)  Blue 

  c)  Red 
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  d)  Green 

8. What property of laser light is used to measure strain in roadways? 

  a)  Intensity 

  b)  Power 

  c)  Coherence 

 

Q.2 Discuss the basic concept of LASER. 

Q.3 Write the Characteristics of LASER. 

Q.4 Explain the types of LASER in detail. 

 

9.3 Working of He-Ne Laser 
 

He-Ne stands for Helium-Neon. The He-Ne laser active medium consists of two gases 

which do not interacted from a molecule. Therefore He-Ne laser is one type of atomic gas 

lasers.  

 

9.3.1 Construction of He-Ne LASER 

The construction of He-Ne laser plasma is shown as:  

 

 
Figure 9.2: 

 

The tube where the lasing action takes place consists of a glass envelop with a narrow 

capillary tube through the center. The capillary tube is designed to direct the electrical 

discharge through its small bore to produce very high current densities in the gas. 

 

The output coupler and the HR (high reflective) mirror are located at the opposite ends of 

the plasma tube. To make laser tubes more economical and durable manufacturers often 

attach the mirror s directly to the ends of the capillary tube as shown above. This is very 

common with small low power lasers. With high power tubes or when optically polarized 

output is desired, the capillary tubes ends are cut at an angle and sealed with glass planes 

called Brewster windows. When this is done then the mirrors mush be mounted in 

mechanically stable but adjustable mounts. This allows the operator to align the mirror 

surfaces parallel to each other but perpendicular to the axis of the capillary tube.  

 

The plasma tube has a large cylindrical metallic cathode and a smaller metallic anode. 

The current is directed from cathode to anode. 
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 In figure shown, the gas reservoir provides a supply of extra gas. This reservoir helps to 

maintain a uniform pressure over long period of time and provides extra gas to replace 

any gas that may escape through the tube or through the seals where the loads pass 

through the glass envelop. Usually all He-Ne plasma tubes have a gas reservoir. 

 

9.3.2 Function of He-Ne LASER 

In the He-Ne laser the light is produced by atomic transitions within the Neon atom. The 

Helium does not directly produce laser light but it acts as a buffer gas, the purpose of 

which is to assist/help the atoms of the other gas to produce lasing in as manner.  

When energy from the pumping source is applied He-Ne gas mixture then some of the 

energy is observed by the Helium atoms. In other words we can say that helium atoms 

achieve an excited state. Now when the Helium atoms move within the laser tube, they 

collide with the Neon atoms. At each collision some of the energy within the helium atom 

is transferred to the Neon atom and so raising it to an excited meta-stable state. When a 

sufficient number of Neon atoms reach to this state then population inversion occurs and 

hence the lasing can take place.  

 

This can be shown by simplified energy level diagram as: 

 

 
Figure 9.3: 

 

Here upward transition shows the absorption of energy from the pumping source by 

Helium atom. While down ward transition shows the emission of energy / light or lasing 

present in the Neon atom only.  

 

In diagram above there are 3 down word energy transitions for Neon that produce lasing. 

If transition occurs at the relatively small energy step from E5 to E4 then low energy 

infrared photon is released with a wavelength of 3.391 microns. If transition occurs at E5 

to E2 which is much larger energy step then it produces short wavelength more energetic 
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photon at 632.8nm. This gives the red light which is most desirable for He-Ne laser 

applications 

 

E3 to E2 then it produces a laser output at 1.152 microns in infrared portion of the 

spectrum.  

 

Note that! In all He-Ne lasers the feedback mechanism consists of pair of coated mirrors. 

The coating is usually reflecting mirror and 95%-99% of the light at output coupler. The 

reflection at the output mirror must be higher if the active medium is short in length 

because the gain of the active medium is low. If the active medium is longer more gain is 

produced an a larger percentage of the beam can be provided as an output. Therefore in 

He-Ne laser with a longer active medium, the reflectivity of the output coupler can be 

less. 

 

9.3.3 Characteristic of He-Ne LASER  

The He-Ne laser is a relatively low power device with an output in the visible red portion 

of the spectrum. The most common wavelength produced by He-Ne lasers is 632.8nm, 

although two lower power (1.152µm and 3.391µm) infrared wavelengths can be 

produced if desired. Majority of He-Ne lasers generate less than 10m watt of power, but 

some can be obtained commercially with up to 50m watts of power. For He-Ne lasers the 

typical laser tube is from 10 to 100 cm in length and the life time of such a tube can be as 

high as 20,000 hours. 

 

9.3.4 Applications of He-Ne LASER 

The Helium-Neon gas laser is one of the most commonly used laser today because of the 

following applications.  

 He-Ne lasers are produced in large quantities from many years.  

 Many schools / colleges / universities use this type of laser in their science 

programs and experiments.  

 He-Ne lasers also used in super market checkout counters to read bar codes and QR 

codes.  

 The He-Ne lasers also used by newspapers for reproducing transmitted 

photographs.  

 He-Ne lasers can be used as an alignment tool. It is also used in Guns for targeting. 

 

9.3.5 Advantages of He-Ne LASER 

 He-Ne laser has very good coherence property. 

 He-Ne laser can produce three wavelengths that are 1.152µm, 3.391 µm and 632.8nm, 

in which the 632.8nm is most common because it is visible usually in red color.  

 He-Ne laser tube has very small length approximately from 10 to 100cm and best 

life time of 20.000 hours.  

 Cost of He-Ne laser is less from most of other lasers.  

 Construction of He-Ne laser is also not very complex.  

 He-Ne laser provide inherent safety due to low power output. 
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9.3.6 Disadvantages of He-Ne LASER 

The weak points of He-Ne LASER are: 

 It is relatively low power device means its output power is low.  

 He-Ne laser is low gain system/ device.  

 To obtain single wavelength laser light, the other two wavelengths of laser need 

suppression, which is done by many techniques and devices.  

 So it requires extra technical skill and increases the cast also.  

 High voltage requirement can be considered its disadvantage.  

 Escaping of gas from laser plasma tube is also its disadvantage. 

 

Summary  
 

1.  Laser is an acronym that stands for a Light Amplification by Stimulated Emission 

of Radiation. 

2.  Laser is essentially an optical amplifier producing highly directional, 

monochromatic and coherent light. 

3.  Principle of Laser: The basic principle of the laser action is that of stimulated 

emission. 

4.  Today laser and laser system find wide use in computers, navigation, holography, 

communication, medicine, surgery, long distance measurements etc. 

5.  Excitation Potential: It may be defined as the minimum energy required raising an 

atom, from one energy level to another. 

6.  Ionization Potential: Ionization is the process of removing an electron from the 

outer most orbit of an atom. The ionization potential may be defined as the 

minimum accelerating potential that would remove an electron from outermost 

orbit. 

7.  Characteristics of Laser: Laser is an acronym that stands for light amplification 

by stimulated mission of radiation. It is a device used for producing highly and 

strongly monochromatic, intense and coherent, beam of light. 

 1) Directionality: The conventional light source emits radiations in all the 

directions but laser emits radiations only in one direction. They have high 

degree of beam directionality. 

 2)  Mono-chromaticity: This is the most important property of laser light. A 

light of single wave length is called mono-chromaticity. 

 3)  Coherence: Coherence is a measure of degree of phase correlation that exist 

in the radiation field of a light source at different location and different times. 

 4)  Intensity: Light from a lamp almost uniformly spreads in all the directions. 

Laser gives out light into a narrow beam and its energy is concentrated in a 

small region and therefore its intensity is very high. 

8.  Applications of Laser: The Laser is of high application in several fields like 

industry, communication, medicine etc. The most important application of laser is 

given below: 

 1)  Measuring Distance  
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 2)  Laser Welding  

 3)  Cutting 

 4)  Drilling 

 5)  Alignment 

 6)  Medical 

 7)  Communication 

 8)  Scientific Research 

 9)  Entertainment 
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Self Assessment Questions 02 
 

Q1:  Choose the correct answer. 

1. The basic principle of the LASER is : 

(a) Stimulated absorption 

(b) Stimulated emission  

(c) Spontaneous absorption 

(d) Spontaneous emission 

2. In the following given which is not property of the laser : 

(a) Intensity 

(b) Directional 

(c) Coherence 

(d) Non-coherent 

3. Light emitted by ordinary source of light is : 

(a) Coherent 

(b) Non-coherent 

(c) Monochromatic 

(d) None of these 

4. The stimulated emission is dominant over stimulated absorption by the 

process is called _______ . 

(a) Nuclear Energy 

(b) Optical Pumping 

(c) Population Inversion 

(d) None of these 

5. Principle of laser is 

(a) spontaneous absorption 

(b) simulated emission 

(c) induced emission 

(d) both b and c 

6. What does the acronym LASER stand for? 

a)  Light Absorption by Stimulated Emission of Radiation 

b)  Light Amplification by Stimulated Emission of Radiation 

c)  Light Alteration by Stimulated Emission of Radiation 

7.  What does the acronym MASER stand for? 

  a)  Microwave Amplification by Stimulated Emission of Radiation 

  b)  Molecular Absorption by Stimulated Emission of Radiation 

  c)  The name of Albert Einstein’s dog 

8.  What is one way to describe a Photon? 

  a)  Solid as a rock 

  b)  A wave packet 

  c)  A torpedo 

  d)  None of these 

 

Q.2 Discuss the construction of He-Ne Laser. 

Q.3 Write the function of He-Ne Laser. 
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Q.4 Enlist the applications of He-Ne Laser. 

Q.5 Write some advantages and disadvantages of He-Ne Laser.  

 

 

 

  

Self Assessment 01 

1.  b 2.  d 

3.  b 4.  c 

5.  d 6.  b 

7.  a 8.  b 

Self Assessment 02 

1.  b 2.  d 

3.  a 4.  b 

5.  a 6.  a 

7.  b 8.  c 
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