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FOREWORD 
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interactively with better diagrams and visual appeal of the content. Each chapter has variety of theoretical and numerical 

problems to test the knowledge acquired by students. The book also includes solution to all practice exercises with several new 
illustrations and problems for deeper learning. 

I am sure the book will widen the horizons of knowledge in Physics and will be found very useful by the students for developing 
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PREFACE 

For a science student, Physics is the most important subject, unlike to other subjects it requires logical reasoning and high 
imagination of brain. Without improving the level of physics it is very difficult to achieve a goal in the present age of competitions. 
To score better, one does not require hard working at least in physics. Ii just requires a simple understanding and approach to 
think a physical situation, Actually physics is the surrounding of our everyday life. All the six parts of general physics-Mechanics, 
Heat, Sound, Light, Electromagnetism and Modern Physics are the constituents of our surroundings. If you wish to make the 
concepts of physics strong, you should try to understand core concepts of physics in practical approach rather than theoretical. 
Whenever you try to solve a physics problem, first create a hypothetical approach rather than theoretical. Whenever you try to 
solve a physics problem, first create a hypothetical world in your imagfnation about the problem and try to think psychologically, 
whatthe next step should be, the best answer would be given by your brain psychology. For making physics strong in all respects 
and you should try to merge and understand all the concepts with the brain psychologically. 

The book PHYSICS GALAXY is designed in a totally different and friendly approach to develop the physics concepts 
psychologically. The book is presented in four volumes, which covers almost all the core branches of general physics. First 
volume covers Mechanics. It is the most important part of physics. The things you will learn in this book will form a major 
foundation for understanding of other sections of physics as mechanics is used in all other branches of physics as a core 
fundamental. In this book every part of mechanics is explained in a simple and interactive experimental way. The book is divided 
in seven major chapters, covering the complete kinematics and dynamics of bodies with both translational and rotational motion 

then gravitation and complete fluid statics and dynamics is covered with several applications. 

The. best way of understanding physics is'·the experiments and this methodology I am using in my lectures and I found that it 
helps students a lot in concept visualization. In this book I have tried to translate the things as I used in lectures. After every 
important section there are several solved examples included with simple and interactive explanations. It might help a student in 
a way that the student does not require to consult any thing with the teacher. Everything is self explanatory and in simple 

language. 

One important factor in preparation of physics I wish to highlight that most of the student after reading the theory of a concept 
start working out the numerical problems. This is not the efficient way of developing concepts in brain. To get the maximum 
benefit of the book students should read carefully the whole chapter at least three or four times with all the illustrative examples 
and with more stress on some illustrative examples include.din the chapter. Practice exercises included after every theory section 
in each chapter is for the purpose of in-depth understanding of the applications of concepts covered. Illustrative examples are 
explaining some theoretical concept in the form of an example. After a thorough reading of the chapter students can start thinking 

on discussion questions and start working on numerical problems. 

Exercises given at the end of each chapter are for circulation of all the concepts in mind. There are two sections, first is the 
discussion questions, which are theoretical and help in understanding the concepts at root level. Second section is of conceptual 
MCQs which helps in enhancing the theoretical thinking of students and building logical skills in the chapter. Third section of 
numerical MCQs helps in the developing scientific and analytical application of concepts. Fourth section of advance MCQs with 
one or more options correct type questions is for developing advance and comprehensive thoughts. Last section is the Unsolved 
Numerical Problems which includes some simple problems and some tough problems which require the building fundamentals of 
physics from basics to advance level problems which are useful in preparation ofNSEP, INPhO or IPhO. 

In this second edition of the book I have included the solutions to all practice exercises, conceptual, numerical and advance 
MCQs to support students who are dependent on their self study and not getting access to teachers for their preparation. 

This book has taken a shape just because of motivational inspiration by my mother 20 years ago when I just thought to write 
something for my_ students. She always motivated and was on my side whenever I thought to develop some new learning 

methodology for my students. 
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'·don't have words for my best friend my wife Anuja for always·being together with me to complete this book in the unique style 
and format. · 

I would like to pay my gratitude to Sh. Dayashankar Prajapati in assisting me to complete the task in Desigu Labs of 
PHYSICSGALAXY.COM and presenting the book in totally new format of.second edition. 

At last but the most ill!portant person, my father who has devoted his valuable time to finally present the book in such a format 
and a simple language, thanks is a very small word for his dedication in this book. 

In this second edition I have tried my best to make this book error free but owing to the nature of work, inadvertently, there is 
possibilityoferrors left untouched. I shall be grateful to the readers, if they point out me regarding errors and oblige me by giving 
their valuable and constructive suggestions via emails for further improvement of the book. 

Date: May, 2017 Ashish Arora 
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Atomic Physics: 
\ 

FEW WORDS FOR STUDENTS . . 

/11 your previous classes from several we hte studied about 
existence of atoms and 1111clei. However most of IS ca1111ot cite much 

experimental evidence from them. 111 this_ cha ter we will discuss 

the experiments that form the basis/or our lt11owledge of atoi11s. 

Now, we examine many f1111dame11tal facts of 6tolllic structures and 

our reasons for believing in them. Th us in_ this cflpter we are going 
to frame our gro1111d1v_ork for further disc11ssi(?11 of afomic physics 
in the followi11g chapters. 

' ' ' ' 

' ' ' ' 
' ' ' 

, , 

' ' ' 
' ' ' 

--

1 

' ' ' ' 
' ' ' ' ' 
' ' ' ' ' 

-------- ---- -- ::-.___ .... 
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Ruthorford's Alpha Scattering experiment ,based on whic_h atomic mogel was defined by Ruthorford. Figure-(a) shows the experimental 
setup and figure-(b) shows the atomi_c visualization of scatterihg of alpha particles. - · 
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Atomic Physics is that branch of physics in which we'll deal 

with the properties of an atom. The whole Physics is based on 
our physical environment, surroundings and everything in.·our 

surroundings is the multidimensional arrangement of different 
atoms. 

There were so many physicists who had given their explanation 

about the nature of an atom with their atomic models and 

suggestions. Main physicists in this field were ;Thomson, 
Lenard and Rutherford but no one was successful with his 

·theorywhich could make an atom a familiar concept. 

Initially the whole research was concentrated on the simplest 

atom-Hydrogen Atom and its spectrum. When a material body 
is heated, it emits electromagnetic radiation. The radiation may 
consists of various components having different wavelengths. 

When these wavelengths are plotted on a calibrated scale then 

this plot is called the spectrum of the material body. 

If hydrogen gas enclosed in a sealed tube is heated to high 

temperatures, it emits radiation. If this radiation is passed 

through a prism, components of different wavelengths are 

deviated by different amounts and thus we get the hydrogen 
spectrum. When the Hydrogen spectrum was taken then the 
main features of this spectrumare, some sharply defined, discrete 

wavelengths exist in the emitted radiation. For example, the 

radiation of wavelength 6562 A was observed and then the 

radiation of 4860 A was observed. Hydrogen atom do not emit 

any radiation between 6562 A and 4860 A. There were also so 

many lines of electromagnetic radiations above and below these 

two lines in visible region,: ultraviolet, infra red region etc. 

I. I A Brief History to Atomic Physics 

In this age of classical Physics no one was present who could 

explain the theory of hydrogen spectrum. Although Rutherford 

got some mteresting results with his a-scattering experiment 

and based on these observations, Rutherford proposed the 
model of nuclear atom which remain accepted to a large extent 
even today. According to this model all the positive charge of 

the atom is concentrated at its centre called the nucleus of the 
atom. This nucleus contains almost all the mass of the atom. 
Outside this nucleus, there are electrons which move around it 

at some separation. This model was not fully satisfactory because 
it was not able to explain the contradictions imposed by the 

classical theory of electromagnetics. Accordiµg to Maxwell's 

electromagnetic equation any accelerated charged particle must 

continuously emit electromagnetic radiation. The revolving 
e!ectron should tlierefore, alwaY.S emit radiations a,t. all, 
temperatures and the radius of the circle should gradually 

decrease and the electron should finally fall into the nucleus. 
But this is not the case actually exist. 

_ ~ -~Atomic Phys___§] 

The actual observations are quite different. At room temperature 

or below normal room, hydrogen is vary stable, it neither emits 
radiation nor does the electron collapse into the nucleus. The 

Hydrogen atom emits fixed wavelengths which are observed in 

Hydrogen spectrum. Such observations could not be explained 
by classical concepts of physics. 

These puzzles related to the Hydrogen atom and its spectrum 

was solved upto a greater extent by an atomic model which was 
presented by Niels Bohr, in 1913. This was the age ofModern 

Physics. 

Now we'll discuss this "Bohr's Model of atom" in detail with 

theoretical and analytical expressions. The atomic model of Bohr 
is based on three assumptions, these assumptions are called 
Postulates of the Bohr's model. Before proceeding to Bohr's 
Model First we'll discuss the basic 'concepts of Thomson's 

Model and Ruthorford's experiment. 

1.2 Thomson's Atomic Model 

In 1898, J.J. Thomson suggested an atomic model which became 
the most popular model of an atom in very early twentieth 

century. He suggested that the positive atom was spherical in, 
shape and the positive charges wen,· uniformly distributed in 

this sphere ofatomic dimensions or the sphere was filled with'. 

positive charged matter of uniform density and sufficientnumber 
of negative particles, electrons are embedded randomly 

throughout the volume just like seeds in wate_rmelon to balance 
the positive charge. 

e 

+--+--Unifonnly distributed 
positive charge 

Figure 1.1 · 

Figure- 1. I shows an approximate picture of an atom what 

Thomson suggested. Here the gray coloured sphere can be 
assumed as the positively charged uniformmatter and electrons 
(represented as small balls) are randomly scattered within the 

volume of this sphere. Here the electrons placed within the 
positive charge resembled the plum fruit seeds in a pudding 

hence this atomic model is sometimes called as ''plum pudding 
moder'. 
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1.3 Ruthorford's Atomic Model 

In 1911, Earnest Ruthorford performed a critical experiment that 
showed that Thomson's model could not be correct. In this 
experiment a beam of positively charged alpha particles (helium 
nuclei) was projected into a t~in gold foil. It is observed that 
most of the alpha particles passed through the foil as ifit were 
empty space. But some surprising results are also seen. Several 

alpha particles are deflected from their original direction by 
large angles. Few alpha particles are observed to be reflected 
back, reversing their direction of travel as shown in figure-1.2. 

Figure 1.2· 

IfThomson model is assumed to be true that the positive charge 
is spreaded uniformly in the volume of an atom then the alpha 
particle can never experience such a large repulsion due to 
which it will be deflected by such large angles as observed in 
the experiment. On the basis of this experiment Ruthorford 
presented a new atomic model. 

In this new atomic model 
it was assumed that the ----------... -... B ... --positive charge in the atom , , , 

' was concentrated in a , , -_ .. -------- ' 
' 

, ' 
' 

, ' ' ' ' region that was small ' ~ ' ' ' ' ' ' ' ' ' ' . ' 
relative to the size ofatom. ' ' ' ' ' ' 0 ' ' ' ' ' ' He called this ' ' ' r ' ' ' ' ' t ' concentration of positive ' ' ' ' ' ' ' ' ' ' ' ' charge, the nucleus of the \ ' , , ' ' , ' . ' -----0---- , 
atom. Electrons belonging ' ' 

, 
' , , 

to the atom were assumed -- , , -- --------------
to be moving in the large 
volume of atom outside Figure 1.3 

the nucleus. To explain why these electrons were not pulled 
into the nucleus, Ruthorford said that electrons revolve around 
the nucleus in orbits around the positively charged nucleus in 
the same manner as the planets orbit the sun. The corresponding 
atomic model can be approximately shown in figure-1.3. 

________ 3~ 

In the Ruthorford's planetary model, two basic difficulties exist. 
First is the emission of some characteristic frequencies of 
electromagnetic radiation by an atom. It is observed that every 
atom emits some characteristic frequencies and no other 
frequencyJs emitted. Ruthorford's model was not able to explain 
this phenomenon. Second difficulty was the revolution of 
electrons around the nucleus. These electrons undergo a 
centripetar acceleration. According to Maxwell's Theory of 
electromagnetism, a centripetally accelerated, charge particle 
should continuously radiate electromagnetic waves of same 

frequency as that ofits revolution. In this model if we apply this 
classical theory it says that as electron radiates energy, the 
radius of its orbit steadily decreases and its frequency of 
revolution continuously increases. This would lead to an ever
increasing frequency ofemitted radiation and ultimately atom 
will collapse as the electron plunges into the nucleus as shown 
in figure-1.4. 

Figlll: 1.4 

1.4 Bohr's Model of an Atom 

Between 1913 and 1915 Niels Bohr developed a quantitative 
atomic model for the Hydrogen atom that could account for its 
spectrum. The model incorporated the nuclear model of the 
atom proposed by Rutherford on the basis of his experiments. 
We shall see that this model was successful in its ability to 
predict the gross features of the spectrum emitted by Hydrogen 
atom. This model was developed specifically for Hydrogenic 
atoms. Hydrogenic atoms are those which consist of a nucleus 
with positive charge-+ Ze (Z = atomic number, e = charge of 
electron) and a single electron. More complex electron-electron 
interactions in an atom are not accounted in the Bohr's Model 
that's why it was valid only for one electron system or 

hydrogenic atoms. 

The Bohr model is appropriate for one electron systems like H, 
He+, Lt2 etc. and it was successful upto some extent in explaining 
the features of the spectrum emitted by such hydrogenic atoms. 
However this model is not giving a true picture of even these 
simple atoms. The true picture is fully a quantum mechanical 
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L4-
affiiir which is different from Bohr model in several fundamental 

ways. Since Bohr model incorporates aspects of some classical 
and some modem physics, it is now called semiclassical model. 
Bohr has explained his atomic model in three steps called 

postulates ofBohr's atomic model. Lets discuss these postulates 

one by one. 

1.4.1 First Postulate 

In this postulate Bohr incorporates and analyze features of the 
Ruthorford nuclear model ofatom. In this postulate it was taken 

that as the mass of nucleus is so much greater then the mass of 

electron, nucleus was assumed to be at rest and electron 

revolves around the nu~leus in an orbit. The orbit of electron is 
assumed to be circular for simplicity. Now the statement offirst 

postulate is "During revolution of electron around the nucleus 
in circular orbit, the electric coulombianforce on electron is 
balanced by the centrifugal force acting on it in the rotating 

frame of reference." 

V 

® 
F, 

-e 

+Ze 

Figure 1.5 

/If electron revolves with speed v in the orbit of radius r. Then 

I relative to rotating frame attached with electron, the centrifugal 

· force acting on it is 

mv2 
F=-· 

cf r ... (I.I) 

The coulombian force acting on electron due to charge of 

nucleus(+ Ze) is 

K(e)(Ze) 
F = electric r2 

KZe2 
... (1.2) 

Now a~ording to first postulate from equation-(!. I) & (1.2) we 

Atomic }>hysips] 

1.4.2 Second Postulate 

In the study ofatom, Bohr found thafwhile revolving around 

the nucleus the orbital angular momentum of the electron was 

restricted to only certain values, we say that the orbital angular 

momentum of the electron is quantized. He therefore took this 

as a second postulate of the model. The statement of second 

Postulate is, Bohr proposed that - "During revolution around 

the nucleus, the orbital angular momentum of electron L could 
not have just any value, it can take up only those values which 
are integral multiples of Plank's Constant divided by 211: 
. h,, 
I.e. 211 

Thus the angular momentum of electron can be written as 

L= nh 
211 

... (1.4) 

Where n is a positive integer, known as quantum number. In an 
orbit of radius rifan electron (mass m) revolves at speed v, then 

its angular momentum can be given as 

L=mvr ... (1.5) 

Now from equation-(1.4) and (1.5), we have for a revolving 
electron · · , 

nh nrvr=-
211 

... (1.6) 

Equation-(1.6) is known as equation of second postulate of 

Bohr model. Here the quantity ;" occurs so frequently in 

mOdem physics that, for convenience, it is given its own 

designation Ii, pronounced as "h-bar." 

ll = j,_ °' l.055 X 10-J4 J-S 
211 

1.4.3 Third Postulate 

... (1.7) 

While revolution of an electron in an orbit its total energfis- . 

taken as sum of its kinetic and electric potential energy due to 

the interaction with nucleus. Potential· energy of electron 

revolving in an orbit of radius r can be simply given as 

U=- _K~(e~)(~Ze~) 
r 

have => 
2 

U=- KZe 
r 

... (1.8) 

KZe.2 

mv2=-
r 

Equation-(1.3) is called equation ofBohr's first postulate. 

I 

' 

For kinetic en~rgy of electron, we assume that relativistic speeds 

are not involved so we can use the classical expression for 
kinetic energy. Thus kinetic energy of electron in .an orbit 

revolving at speed v can be given as 

K= _l_mv, 
2 

. .. (1.9) 
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Thus total energy of electron can be given as 

I 2 KZe2 
E=K+U=-mv ---

2 r 
... (1.10) 

Here we can see that while revolving in a stable orbit, the energy 

of electron remains constant. From the purely classical 
viewpoint, during circular motion, as electron is accelerated, it 
should steadily loose energy by emitting electromagnetic 

radiations and it spiraled down into the nucleus and collapse 
the atom. 

Bohr in his third postulate stated that "While revolving around 
the nucleus in an orbit, ii is in stable sta~e, it does not emit any 

energy radiation during revolution. It emits energy'radiation 

only when it makes a transition from higher energy level 
(upper orbit) to a lower energy level (lower orbit) and the 
el?ergy of emitted radiation is equal to the difference in energies 

of electron in the t¾'O corresponding orbits in transition." 

If an electron makes a transition form a higherorbit n
2 

to a lower 
orbit n1 as shown in figure-1.69 (b). Then the electron radiates 
a single photon of energy · 

M- E E =hv -- 112- 11
1 

,,, 

n, Le 

,,,,----r-e ~•hv 

n,--------

~ 
0

/Jv 
(a) (b) 

Figure 1.6 

Here E,,2 and E,,
1 

are the total energies of electron in the two 

orbits n2 and n1• The emitted photon energy can be expressed 
as hv where vis the frequency ofraqiated energy photon. IC\. 

be the wavelength of photon emitted then the energy of emitted 
photon can also be given as 

. jj 

1.5 Properties of Electron in B_ohr's Atomic Model 

Now we'll discuss the basic properties of an electron revolving 
in stable orbits. These stable orbits we call Bohr energy level. 

We have discussed that there are some particular orbits in which 

electron can revolve around the nucleus for which first and 
second postulates of Bohr model was satisfied. Thus only those 
orbits are stable for which the quantum numbern = I, 2, 3, .... 

Now for nlh orbit ifwe assume its radius is denoted by r,, and 

electron is revolving in this orbit with speed v,,. We can repre~ent 
all the physical parameters associated with the electron in nlh 

orbit by using a subscript n with the symbol of the physical 

parameter like r
11

, v
11 

etc. 

1.5.1 Radius of nth Orbit in Bohr Model 

Radius of electro; in ~lh Bohr's Orbit can be calculated using 
the first two posfulates of the Bohr's model, using equations
(1.3) & (I .6) we have from equation-(1.6) 

nh 
V =--

n 2mnrn 

Substituting this value of v,, in equation-(1.3), we get 

n' x-
z 

1.5.2 Velocity of Electron il1111• Bfhr's Orbit 
J 

I 

... (1.12) 

... (1.13) 

By substituting the val4e of r,, from equation-(1.12) in 
equation-( 1.6) we can calculate the value of v,, as 

V = n 
2rcKZe2 

nh -,,,. ( 1.14) 

he 
M=hv= T ... (1.11) ~ 

2rcKe2 Z 
v=---x-

11 h n 

Similarly when energy is supplied to the.atom by an external 
source then the electron will make a transition from lower energy 
level to a higher energy level as shown in figure-1.6 (a). This 

process is called excitation of electron from lower to higher 
energy level. In this process the way in which energy is supplied 

to the electron is very important because the behaviour of the 
electron in the excitation depends on the process by which 
energy is supplied from an external source. Uiis we'll discuss in 
detail in later part of this chapter. 

First we'll ~tudy the basic properties of an electron revolving 
around tht\ nucleus ofhydrogenic atoms. 

I 

z 
v,,=2.18xJ06 x-,; mis ... (1.15) 

1.5.3 Angular Velocity of Electron in 111• Bohr's Orbit 

Angular velocity of the electron in nth orbit is given by 

. .. (1.16) 

I 
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1.5.4 Frequency of Electron in nth Bohr's Orbit 

Frequency i.e. the number of revolution made by the electron 
per second in nth orbit is given as 

Atomic Ph)'S~s J 
M =I xm:Z 

n n 

M = enh 
' 11 41tm 

... (1.21) 

... (1.17) in this equation-( 1.21 ), forn = 1 the magnetic moment M1 is also 
kriown as "Bohr Magnet on". 

1.5.5 Time period of Electron in 11th Bohr's Orbit 

Time period of electron in nth orbit is given by 

1 
T=-

11 In 

1.5.6. Current in 11th Bohr's Orbit 

... (1.18) 

Electrons revolve around the nucleus in then'" Bohr's Orbit 
then due to revolution there is current in the orbit and according 
to the definition of current, the current in the nth orbit will be 
total coulombs passing through a point in one seconds, and in 
an orbit an electron passes through a point f,, times in one 
second so the current in the nth orbit will be 

/
11 
= fn x e 

I = 41t2K2z2esm 
n n3h3 

... (1.19) 

1.5. 7 Magnetic Induction atthe Nucleus Due to nth Orbit 

An electron revolving in nth Bohr's Orbit is_ equivalent to a 
current carrying coil having radius r., and due to this electron 
current there is a magnetic induction at the centre of the orbit, 
at the nucleus and magnitude of this magnetic induction is 
given by 

81t4 µ0 K3Z 3e7 m 2 

,.sh, 

1.5.8 Magnetic Moment of the 11th Bohr's Orbit 

... (1.20) 

The magnetic moment of the nth Bohr's Orbit due to the electron 
current is given by 

M =I xA n n n 

1.5.9 Energy of Electron in nth Orbit 

We've discussed that in nth orbit during revolution the total 
energy of electron can be given as sum of kinetic and potential . 
energy of the electron as 

E =K +U 
11 n n 

· ... (1.22) 

Kinetic energy of electron in nth orbit can be given as 

1 2 
Kn= 2mvn ... (1.23) 

From equation of first postulate of Bohr Model we have for nth 

orbit 

2 _ KZe2 

mv ---
" '• 

... (1.24) 

From equation-(1.23) and (1 .24) we have 

2 

Kn= ½mv~ = ; K;.e ... (1.25) 

The potential energy of electron in nth orbit is given as · 
2 

U =- KZe ... (1.26) 
II 1"11 

Thus total energy of e- in nth orbit can be given as 

E =K +U n n n 

1 KZe2 KZe2 

E =~=----
n 2 rn rn 

... (1.27) 

NOTE: Here we can see that IE.I= I K.I =½I u.1 which is a 

very useful relation, always followed by a particle revolving 
under the action of a force obeying inverse square law. 

Now substituting the value ofr. from equation-1.12 in equation
( 1.27) we get 

1 4n2KZe2m £ = - - KZe2 X ...:.:::....:,;~-= 
n 2 112h2 
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E =- 2it
2
K

2
Z

2
e

4
m 

n n2h2 

2it2K 2Z 2e4m Z 2 

E =- -------=2-- X _h_2_ 
n h 

Substituting the value of constants in above equation we get 

E = - Reh joules and is called as One Rydberg Energy 

I Rydberg= 13.6 eV=2.17 x 10-18 joules 

Lets discuss some examples on Bohr's atomic model to 
understand it better. 

z2 
E =-13.6 x - eV 

n n2 
... (1.28) # Illustrative Example I.I 

The above equation can be used to find out energies of electron 
in different energy level of different hydrogenic atoms. 

1.5.10 Energies of Different Energy Level in Hydrogenic 
Atoms 

By the use of equation-(1.28) we can find out the energies of 

different energy levels. Students should remember these 
energies for first six levels as 

E 1 =-13.6Z2 eV 

E2 =-3.40Z2 eV 

E3 =-l.51Z2 eV 

E4 =-0.85Z2 eV 

E5 =-0.5_4z2ev 

E
6 

;,,_ 0.36 Z2 eV 

... (1.29) 

The equation-(1.29) clearly shows that as the value of n 
increases, the difference between two corisecutive energy levels 
decreases. It can be shown with the help ofFigure-1.7, which 
shows the energy level diagram for a hydrogen atom. 

n =oo E-O 

n =6_ 
n=S--------------------'="-"'""-''-' 
n=4---------------~=== 
n="3 ---------------~~~=~ 

E- 0.54 eV 
E- 0.85 eV 

E=-1.51 eV 

E=-3.4eV n=2----------------~~=~ 

n = I _______________ _eEce-=lca3_.s.6c,ectV 

Figure 1.7 

Now if we multiply the numerator and denominator ofequation-

If the average life time ofan excited state of hydrogen is of the · 
order of 10-8 s, estimate how many orbits an electron makes 

when it is.in the state n = 2 before it suffers a transition to state 
n= I. 

Solation 

As we've discussed that the frequency of revolution of an_ 
electron in 41h orbit is 

Vn 

I,,= 2n, 
n 

2.J8x 106 
X 1/. I,,= ------~-';-;:--,-, s-1 

2x3.14x0.529x]O-JO xn½ 
Thus number ofrevolutions completed in 10-B second in n = 2 
state are 

N=J,,x 10-a 

~ 
N= 2.18xl06 x!0-8 

2x3.14x 0.529x 10-10 

~ N = 8.2 x 106 revolutions 

# Illustrative Example 1.2 

z2 
x-

n' 

What is the angular momentum of an electron in Bohr's hydrogen 
atom whose energyis-3.4 eV? 

(1.28) by ch we get · Solution 

. 2-r. 2K 2e4m Z 2 

E =----- xchx -
2 n ch3 n 

z2 
E =-Rchx -eV n 

11
2 ... (1.30) 

2it2K 2e4m · 
Where R = 3 is defined as Rydberg Constant and 

ch 
thevalueofit is given asR = 10967800 m-1, which can be taken 
approximatelyas 107m-1• Forn= I andZ= I the energy is given 
as 

Energy of electron in nlh Bohr orbit of hydrogen atom_ is given 
by, 

Hence, 

E= _ 13.6 eV 
n2 

-34=-13.6 
. n2 

n2 =4 
n=2 
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The angul~r momentum ofan electron in nth orbit is given as 

L = 
2
nh . Putting n = 2, we obtain 
" --

2h h 
L= 2it = ;· 

\ 
# Illustrative Example 1.3 

, 
The electron in a hydroge(! aiom makes a transition n1 ---> n2 

where nj and n2 are the principle quantum numbers of!he two 
states. Assume the Bohr model to be valid, the time period of 
the electron in the initial state is eight tim'es that in the final 
state. What are the possible values ofn1 and n2 ? 

_Solution 

The time period Tofan efectr~n i~ a·Bohr orbit of principal 
quantum number n is · 

Thus, 

'h'" T= n 
4it2k 2Z 2e4m 

Toc n3 

T1 n/ 
Tz = -;1 

2 

As T
1 

= 8T2, the above relation gives 

(:~r:-8 - -
~ ·n 1_=2n,. 

Thus the possible values of nl and nz are_ 
-2 n- JI. 

- . n1'- ,. 2--:'" ' --, . 

n\-4 n -2·' 
t -:- ' 2.....,, ' 

n.;=,6, n~= 3; and soon ... : 

I j I • I 
# Illustrative Ex!!mple '1.4 · ,. 

How many times does the electron go round the first Bohr orbit 
ofhydrogen atom in Is? ' 

. I 

Solution 

/ 
We know the frequency ofrevolution of electron is 

1 vn/ . 
I,,= 27tl'. . 

/ n 

it is the number ofrevoluti ns in I second, it can be given as for 
n = I orbit of hydrogen tom as 

.1 
~ / 

I 

2.J8X J06 
· -I I \ •. J..= . 10 sec. 1,_ 

_ ,x3.14x0.529xl0'; 1 ,/ 

1i 7!i 5~_ x 10
15 

sec-i ._' . , 
1
\ , , __ ,, 

'I I .' \ 
, I ' I r\ \' 

I . I j i, 

\ 
I 
I 

\ 

I 

Atomic Physics 1. ------·-------~~-
# Illustrative Example 1.5 

An electron in the ground state ofhydrogen atom is revolving 
in anti-clockwise direction in the circular orbit ofradius R as 

shown in figure- I. 8. 
(i) Obtain an expression for the orbital magnetic dipole moment 
of the electron.---

a~ 
30° 

,Figure 1.8 I 
(ii) .. The atom is placed"in a uniform magnetic induction B such 
that the plane normal of the electron orbit makes an ·angle 30° 
_with the magnetic induction. Find the torque experie,rtced by 

the orbiting electron. 

Solution 

(i) According to Bohr's second postulate 

h h 
mvr= n 27t = 27t 

_(As forn = I first only) 

----

... (1.31) 

We know that the rate offlow of charge is current. Hence current 
in first orbit is 
Now from equation-( 1.31) 

. e h eh 
1=--X--= 

21t1j_ 21tmr1 41c2mr 2 ... (1.32) 

Magnetic dipole moment, 

M1=ixA 1 

M = . eh x "'2 = ..E!..__ 
I 41t2mr2 I 4nm 

... (1.33) 

(ii) Torque on th~ orbiting electron in uniform magnetic field is 
--> ..., --> 
<=MxB 

~ ,=MBsin30° , 

eh B ehB j/ I~ ,=--x-=--
. . 41tm 2 81tin 

-) ,~ 
/1)\. ' \ / -L_, 1, 

. ,,~ 

/ 

/ 
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# Illustrative Example 1. 6 

Determine the maximum wavelength that hydrogen in its ground 
I 

state can absorb. What would be the next smaller wavelength 

that would work? 

Solution 

Maximum wavelength will correspond to the minimum energy 

transition of an electron. From ground state of hydrogen atom 
the miniinifin energy transition is for n = I ton= 2, for which 

eriergy released will be 

/i£12 =E2 -E1 

~ li£12 =(-3.4eV)~(- 13.6eV) 

~ /i£12 =10.2eV 

Thus I 0.2 eV energy is absorbed in the form ofa photon, if A. be 
its wavelength then 

"{ = 10.2 x 1.6 x 10"19 

,.= he 
10.2xl.6xl0-19 

~ 
(6.63x 10-34 ) X (3 X 10-8 ) 

A,= . 
10.2xl.6xl0-19 

~ A,= 1218 A 

For next smaller wavelength the possibility is for an electron 

transition from n =· I to n = 3, for whkh the absorbed energy 
photon required is 

l!.E13=E3-E1 

~ M 13 =c-_LskV)-c- u.6eV) 

IfA'be its wavelength then it is given as 

he · -:;y- =12.09eV 

(6.63xl0-34 )x(3 x]08 ) A'=~---~~--~ 
J2.09 X J.6 X 10-J9 

,,•= 1021.sA ;: 
Web Reference atwww.physicsgalaxy.com 
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/ 

- \. 

Practice Exercise 1.1 

(i) The innermost orbit of the hydrogen atom has a diameter 
of 1.06 A. What is the diameter of the tenth orbit? · 

[106 AJ 

(ii) Which energy state of the triply ionized beryllium (Be+++i 
has the same electron orbital radius as that of the ground state 
of hydrogen? Given Z for beryllium= 4 : 

[n ~ 2] 

(iii) In Q. (ii), what is the ,;.atio of the energy state ofberyllium 
and that of hydrogen ? 

[4] 

(w) The orbital speed of the electron in the ground state of 
hydrogen is v. What will be its orbital speed when it is excited to 
the energy state - 3 .4 e V ? · 

cf 1 

(v) Which energy state of doubly i~nized lithiu~ (Li*) has 
' the same energy as that of the ground state -of hydrogen ? 

Given Zfor lithium =3. 

[n ~ 3] 

(vi') In the Bohr model of the hydrogen atom, find the ratio of 
the kinetic energy to the total energy of the electron in a quantum 
state n ? 

[- I] 

(vii) The total energy of the electron.in the first excited state 
. ofhydrogen is-3.4 eV. What is the kinetic energy of the electron 
in this state ? 

[+ 3.4 eV] 

1. 6 Excitation and Ionization of an Atom 

According to third postulate of Bohr model we've dis~ussed 
when some energy is given to an electron of atom from an 
external source it may make a transition to the upper energy 
level. This phenomenon we call excitation of electron or atom 
and the upper energy level to which the electron is excited is 
called excited state. To excite an electron to a higher state energy 
can be supplied to it in two 'Y~ys. Here we'll discuss only the 

-energy supply by an electromagnetic photon. Other method of 
energy-supply we'll discuss later in this chapter. / 

According to Plank'_s quantum theory photon is defined as a 

packet of electromagnetic energy, which when absorbed by a 
physic~] parti9le, its comple_te electromagnetic energy is 
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converted into the mechanical energy of particle or the particle 

utilizes the energy of photon in the form of increment in its 
mechanical energy. When a photon is supplied to an atom and 
an electron absorbs this photon, then the electron gets excited 

to a higher energy level only if the photon energy is equal to 
the difference in energies of the two energy levels involved in 

the transition. · 

For example say in hydrogen atom. an electron is in ground 

state (energy E1 = - 13.6 eV). Now it absorbs a photon and 

makes a transition to n=3 state(Energy E3 =-1.51 eV) then the 

el\ergy of incident photon must be equal to 
. . 

tiE13 =E3-E1 

=> tiE 13 =(- l.51)-(-13.6)eV 

=> M 13 = 12.09 eV 

Similarly ifwe find the difference in energies of staten = I and 

n=4, we get_ 

M 14 =E4-E1 

tiE14 =(-0.85)-(- 13.6)eV 

tiE14 = 12.75 eV 

Thus when a photon of energy 12.75 eV incidents on a hydrogen 

atom, the electron may be excited ton= 4 level ifit absorbs this 

photon. In the same fashion, the energy ofa photon required to 

excite the electron ofa hydrogen atom from ground state (n = I) 
to next higher level (n = 2) which we call first excited state is 

given as 

M 12 =E2 -E1 

=> !iE12 =(-3.4)-(-13.6) eV 

=> M 12 =10.2eV 

Here we have seen that in the ground state of a hydrogen atom 

electron can absorbs photons of energies 10.2 eV, 12.09 eV and 
12.75 eV to get excited ton= 2, n = 3 and n =4 levels. 

Now we'll see what will happen when a photon of energy equal 
to 11 eV incident on this atom. From the above calculation of 
energy differences of different energy levels we can say that if 

the electron in ground state absorbs this photon it will jump to 

a state somewhere between energy levels n = 2 and n = 3 as 
shown in figure-1.9. When electron in ground state absorbs a 
photon of 11 eV energy, its total energy becomes 

E=E1+ 11 

E=-13.6+ 11 eV 

E=-2.6eV 

- - - -- -
Aton:!ic ~~~ics ~ 

£<7J=O eV 

£4 =-0.85 eV 
~------------E3=- 1.51 eV 

A£13 = 12.09 eVi----------r----------- -------- Ex;;,~~i!!ievel) 

{ 
1 E2=-3.4eV 

M 12 = 10.2 eV M,,= II eVI 

~---~--------£1 =- 13.6 eV 

Figure 1.9 

As discussed in previous sections, in an atom electron can not 
take up all energies. It can exist only in some particular energy 

levels which have energy given as- 13.6/n2 e V. 

When a photon of energy 11 eV is absorbed by an electron in 
ground state. The energy of electron becomes-2.6 eV or it will 
excite to a hypothetical energy level X somewhere between 
n = 2 and n = 3 as shown in figure-1.9, which is not permissible 

for an electron. Thus when in ground state electron can absorb 

only those photons which have energies equal to the difference 

in energies of the stable energy levels with ground state. If a 

photon beam incident on H-atoms having photon energy not 
equal to the difference of energy levels of H-atoms such as 
11 eV, the beam will just be transmitted. without any absorption 

by the H-atoms. 

Thus to excite an electron from lower energy level to higher 

levels by photons, it is necessary that the photon must be of 
energy equal to the difference in energies of the two energy 

levels involved in the transition. 

As we know that for higher energy levels, energy of electrons 

is less. When an electron is moved away from the nucleus to 
ooth energy level or at n = oo, the energy becomes O or the 
electron becomes free from the attraction of nucleus or it is 
removed from the atom. Infect when an electron is in an atom, 

its total energy is negative ( E" = -
1!;6 Z2

). This n~gative 

sign shows that electron is under the influence of attractive 

forces ofnucleus. When energy equal in magnitude to the total 
energy of an electron in a particular energy level is given 
externally, its total energy becomes zero or we can say that 
electron gets excited to oolh energy level or the electron is 
removed from the atom and atom is said to be ionized. 

We know that removal of electron from an atom is called 

ionization. In other words, ionization is the excitation of an 

electron ton= oo level. The energy required to ionize an atom is 
called ionization energy ofatom for the particular energy level 
from which the electron is removed. In hydrogenic atoms, the. 
ionization energy for nth state can be given as 
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l!.E =o-( n-->«> 
13.6 Z

2 J eV 
n2 ·-

1.6.1 Frequency and Wavelength ofEmitted Radiation 

When an electron absorbs a monochromatic radiation from an 
external energy source then it makes a transition from a lower 
energy level to a higher level. But this state of the electron is 
not a stable one. Electron can remain in this excited state for a 
very small internal at most of the order ofl o-s second. The time 
period for which this excited state_ofthe electron exists is called 
the lifetime of that excited state. After the life time of the excited 
state the electron must radiate energy and it will jump to the 
ground state. Say ifit was in fifth energy level then it may come 
to the ground state by following the path as 5 ~ 3 ~ 1 or it may 
follow 5 ~4 ~2 ~ l or in somanyways, and in each transition 
it will emit a photon of energy equal to the energy difference of 
the two corresponding orbits according to Bohr's Third 
Postulate. 

Let us assume that the electron is initially in n2 state and it will 
jump to a lower state n1 then it_ will emit a photon of energy 
equal to the energy difference of the two states n1 and n

2 
as 

l!.E=E -E 
n2 n1 

Where l!.E is the energy of the emitted photon. Now substituting 

the values of E., and E., in above equation, we get 

l!.E=- 21t
2
K

2
Z

2
e

4
m + 21t

2
K

2
Z

2
e

4
m 

nih2 nfh2 

-M' = 13.6 Z2 (J,.c~J eV 
n1 n2 

_-_. (1.34) 

Here 13.6 22 can be used as ionization energyforn= l state for 
a hydrogenic atom thus the energy of emitted photon can also 
be written as 

... (1.35) 

Equation-(1.34) can also be used to find the energy of emitted 
radiation when an electron jumps from a higher orbit n

2 
to a 

lower orbit n1. If1'. be the wavelength of the emitted radiation 
then 

_____ J_1J 

This energy can be converted.to e Vby dividing this energy by 
the electronic charge e, as if wavelength is given in A, the energy 
irt e V can be given as 

he (" V) l!.E = 1'.e me 

Substituting the values of h, e and e we get 

(6.63x l0-34 )x(3 x 108) 
l!.E = =-'--'----'-'--'--"------'-'....!.. eV 

1'.x(l.6xl0-19)x 10-10 

l!.E= 12431 eV ,_ 
Here in above equation-(1.37), lambda is in A units. 

... (1.36) 

... (1.37) 

This equation is the most importantin numerical calculations, 
as it will beveryfrequentlyused. From equation-(1.34) & (1_.36) 
we have 

he . . 2( l 1 ) - =-13.6Z --- eV 
,_ n2 n2 

I 2 

1 13.6Z
2 

(-1 __ l Jev I=- he n2 n2 
. I 2 

v = _I_ =-Rz2 (-1 __ l ) 
,_ n2 n2 

I 2 

... (1.38) 

(As Rydberg Constant R = 13.6/he eV) 

Here v is called wave number of the emitted radiation and is 
defined as number of waves per unit length and the above 
relation is used to find the wavelength of emitted radiation 
when an electron makes a transition from higher level n

2 
io 

lower level n I is called Rydberg formula. But students are advised 
to use equation-(1.37) in numerical _calculations to find the 
wavelength of emitted radiation using the energy difference in 
electron volt. If can be rearranged as 

12431 A 
l!.E(in eV) ... (1.39) 

Above relation you can use directly for fast calculations in 
numerical problems. For example if we wish to find the 
wavelength of radiation emitted when an electron makes a 
transition from n = 4 to n = l in a hydrogen atom, we use the 
relation in equation-(l .39). As we koow the energy released in 
above transition is 

l!.E=E
4
-E

1 

M'=(-0.85)-(3.6)eV 

M'=l2.75eV 
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Thus the wavelength of radiation emitted can be given by 
equations-( 1.39) as 

1,.= 12431 A 
12.75 

1,.=975A 

1.6.2 Number of Lines Emitted During, de-excitation of an 
Atom 

When an electron is in some excited state of an atom, after its 
life time of excitation it will make a transition to lower states and 
emits electromagnetic radiations which when passed through a 
spectrometer, different lines are plotted in the corresponding 
spectrum for each radiation emitted. We know that for an electron 
in nth state of a hydrogenic atom, it can make a transition to 
lower states in different possible ways and ultimately it comes 
back to ground state by following different possible paths. 
When electron makes transition to lower state then it emits a 
photon corresponding to each transition until it reaches 
ground state. Thus from nth state an electron can have "C2 

different possible ways to make a transition before it comes to 
ground state. Thus for a g·as containing several atoms/ions all 
excited to nth state when start making transition to ground state 
the number of maximum possible lines obtained in the resulting 

I • 
spectrum are 

N="C = n(n-1) 
• 2 2 ... (1.40) 

When an electron makes a transition from nth state to ground 
state then the electron during its transition to ground state it 
will emit a minimum one photon when it will directly transit from 
n ~ I and will emit maximum (n- I) photon when it will follow 
the path n~(n- l)~(n-2)~ ....... 3 ~2 ~I.Thus maximum 
number of photons emitted by a.single electron from state n are 

N=n-1 ... (1.41) 

1. 7 The Hydrogen Spectrum 

It is clear that the energy of outer orbits is greater than the 
energy of inner orbits. When external radiation is given to the 
hydrogen atom then the electron in ground state jumps to a 
higher energy state and the atom is called now in excited state. 
Any excited state is an unstable state and the maxim\nn lifetime 
ofan excited state is of the order of 10-s seconds, and after )he 
lifetime of the excited state the electron jumps to the ground 
state again directly or indirectly by emitting one or more 
electromagnetic radiations. It may have so many paths to come 
to ground state. 

When Hydrogen gas is discharged in a discharge tube (at High 
potential difference ?fthe order of 104 volts), the Hydrngen 

' 

atoms in the discharge tube get excited due to the high potenfial,. 
and there are so many infinite number ofatoms in the tube and 
different atoms are excited to different excited states and when 
they again jump to their ground state after life time of the excited 

states, so many radiations are emitted from the discharge tube. 
These radiation are allowed to pass through the spectrometer 
and the radiation spectrum of these radiations is obtained on a 
fluorescent screen. It looks like the photograph shown in 

figure- I. 10. 

CE 
-C 
CN 
-N ~-

Lyman 
series 

Wavelength. A 

E E E E 
C 

C = C ~ 
~ ~ 0 ~ 
~ I :2 N ~ M ~ 

Ill 1111 I 
Balmer series Paschen series 

Figure 1;10 

In the above H-spectrum, we can si.:e. that there are several 
group oflines between which there is a blank band in which no 
wavelength is emitted by h-atom. These groups we call spectral 
series of Hydrogen atom. In next section we'll discuss these 

spectral series in detail. 
I 

1. 7.1 Spectral Series of Hydrogen Atom 

The wavelength of the lines of every spectral series can be 
calculated using the formula given by equation-(1.37). 

Five spectral series are observed in the Hydrol,len Spectrum 
corresponding to the five energy levels of the Hydrogen atom 

· and these five series are named as on the names of their 

inventors. These series are 

(I) Lyman Series \ 

(3) Paschen Series 
(5) Pfund Series 

(2) Balmer Series 
(4) Breckel! Series 

These spectral series are shown in figure-I. I I 

n=8 
n=1 
n=6 I 

11 
111 

E-O 

E --0.54eV 
n=5 

n=4 

n=3 

11 P'.und Series E --0.85 eV 

1 Brackett Series 

1 Paschen Series 

n=2 

I Balmer Series 

n=l 
Lyman Senes 

Figure 1.11 

E 

E 

E 

=- 1.51 eV 

--3.4eV 

- 13.6 eV 

(l) Lyman Series: The series consists of wavelengths of the 
radiations which are einitted when electronjuinps from a higher 

\ 
' 
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energy level to n = I orbit. The wavelengths constituting this 

series lie in the Ultra Violet region of the electromagnetic 

spectrum. 

For Lyman Series 

II I= I 

and n2 =2,3,4 ..... . 

First line of Lyman series is the line corresponding to the 

transition 112 = 2 to n1 = I, similarly second line of the Lyman 

series is the line corresponding to the transition 112 =3 ton 1 = I. 

(2) Balmer Series: The series consists of wavelengths of the 

radiations which are emitted when electron jumps from a higher 

For the first member of Lyman series 

v= R[~-2\ ]= 3
: 

Dividing equation-(! .42) by equation-( 1.43), we get 

=> 

!:,_ 5 5 
'-1 27 or ½ = 27 '-, 

,· = 5 x 6563 = 1215 37 A 
" 2 27 . . 

13 

... (I .42) 

... (1.43) 

energy level ton = 2 orbit. The wavelengths consisting this # Illustrative Example 1.8 ----------,-------------
series lie in the visible region of the electromagnetic spectrum. 

Find the ratio ofionization energy of Bohr's hydrogen atom and 

(3) Paschen Series : The series consists of wavelengths of hydrogen-like lithium atom. 

the radiations which are emitted when electron jumps from a 
higher energy level ton= 3 orbit. The wavelengths constituting Solutiou 

this series lie in the Near Infra Red region of the electromagnetic 

spectrum. 

(4) Brackett Series : The series consists of wavelengths of 

the radiations which are emitted when electron jumps from a 

higher energy level to 11 = 4 orbit. The wavelengths constituting 

this series lie in the Infra Red region of the electromagnetic 

spectrum. 

(5) Pfund Series: The series consists ofwavelengths·ofthe 

radiations which are emitted when electron jumps from a higher 

energy level ton= 5 orbit. The wavelengths constituting this 

series lie in the Deep Infra Red region of the electromagnetic 

spectrum. 

We can find out the wavelengths corresponding to the first line 

and the last line for remaining four spectral series as mentioned 
in the case ofLyman Series. 

Lets discuss the transition ofelectron between different orbits 
in detail with the help of some examples. 

# Il/11strative Example I. 7 

The wavelength of the first member of the Balmer series in 
hydrogen spectrum is 6563 A. Find the wavelength of first 

member of Lyman series in the same spectrum. 

Solution 

For the first member of the Balmer series 

Energy ofan electron in ground state of Bohr's hydrogen-like 

atom is given _by, 

2 
£=- 13.6Z eV 

,,2 

Where Z = atomic number of the atom. 

The ionization energy of this atom is equal in magnitude to 
energy of ground state= £

00 
= 13.6 Z2• 

=> 

=> 
9 

#Il111strative Example 1.9 

Electrons of energies I 0.20 eVand 12.09 eV can cause radiation 
to be emitted from hydrogen atoms. Calculate in each case, the 
principal quantum number of the orbit to which electron in the 

hydrogen atom is raised and the wavelength of the radiation 
emitted ifit drops back to the ground state. 

So/11iio11 

We know the orbital energy of an electron revolving in nth orbit 
is given by 
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Where n is the principal quantum number.· 

When n=IE1=-13.6eV 

n=2E2 =-3.4eV 

n=3E3=-l.51eV 

Here we can see that 

and 

10.0eV=E2-E1 

12.09eV = E3 -E1 

Atomic Physics I 
Soflltion 

We know for transition n = 2 ton= I, the energy released is 

b.£21 = E2-E1 

b.£21 =(-3.4eV)-(-13.6 eV) 

b.£21 =10;2eV 

The wavelength _corresponding to this transition can be given 

as 

;\,= 
1tt_~1 

= 1218.7 A 

Thus by absorbing a radiation photon of 10.2 eV electron will This radiations is in ultraviolet region. 
make a transition to n = 2 state and by absorbing 12.09 eV 

photon electron will make a transition ton= 3 state. Now after_ # Illllstrative Example I.II 
the lire time of excited states, the electron inn= 2 and n = 3 will ---------------------

make transitions to lower states and ultimately come back to Hydrogen atom in its ground state is excited by means of 
ground state. In this process the possibilities of reverse monochromatic radiation of wavelength 975 A. How many 

'transition are different lines are possible in the resulting spectrum? Calculate 

n=3 to n=2 

n=3 to n=I 

n=2 to n=I 

In above three transitions the amount of energy released will be 

Af_,32 =(-1.51 eV)-(--3.4 eV) 

=l.89eV 

b.£31 =(-1.51 eV)-(-13.6eV) 

=12.09eV 

b.£21 =(-3.4eV)-(-13.6 eV) 

=I0'.2eV 

Thus wavelengths of radiations of corresponding transition 

are 

12431 
;\,32 = 1.89 =6577.2A 

- 12431 . 
"-11 = 12.09 = 1028.2 A 

12431 
"-ii= 10_2 = 1218.7 A 

#Ill11strative Example I.JO 

Determine the wavelength of the first Lyman line, the transition 

from n = 2 ton= 1 Tn '"'"! :cgion of the electromagnetic spectrum 

does this line lie? 

the longest wavelength amongst them. You may assume the 
ionization energy for hydrogen atom as 13.6 eV. 

Sol11tion 

When an electron of hydrogen atom absorbs a wavelength 
975 A. The energy in eV, it absorbs is given by 

12431 
E=975 

E=l2.75eV 

As discussed earlier that 12.75 eV is the energy difference of 
n = I and n = 4. Thus electron will make a transition from ground 
state ton= 4 orbit. From n = 4 when electron will start reverse 
transitions and ultimately comes back to ground state then the 
number of possible transitions are 

N="C = n(n-1) 
2 2 

N= nx3 =I, 
2 

These are also shown in figure-l:12 

n=4 

n=3 

n=2 

n=l 
Ground 

Staie 

! 

l 

Figure 1.12 

--

E4 =-0.85 eV 

E3 =-1.51 eV 

E, ~-3.4 eV 

E1 =-13.6eV 
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Among these six transitions, the longest wavelength will be 

corresponding to the minimum energy which is release4 for 
transition n = 4 ton= 3, the energy released in this transition is 

=> AE43 =(-0.85eV)-(-l.5leV) 

=> 

The wavelength _corresponding to this energy is 

=> 

) =12431 A 
. ' 0.66 

i= 18834.8 A 

# ll/11strative Example I. 12 

A hydrogen atom in a state having a bindingenergyof0.85 eV 

makes a transition to a state with excitation energy I 0.2 eV. 

(i) Find the energy and wavelength of the photon emitted. 
(ii) Show the transition on an energy level diagram for 
hydrogen, indicating quantum numbers. 

Solution 

(!.) 8 . d. 13.6 m mg energy= -
2
-

"1 

=> 

En, =-0.85 eV 

Suppose the transition takes place to state n
2 

for which 
excitation energy is 10.2 eV. In this case ground state energy+ 

excitation energy= En
2
• 

-13.6+ 10.2 = 13;6 

"2 

Solving we get n2 = 2 and we have 

En2 =-3.4eV 

Energy of photon emitted= En,-->n2 . 

=3.4-0.85=2.55 eV 

Now the wavelength emitted is 

A.= he 
E. 

=> 

=> 

i= 12431 A 
2.55 

i=4875A 

(ii) Energy level diagram is shown in figure-1.13. 

------------n=oo 
n=4 (-0.8SeV) 

--------+----n=3 (~1.5leV) 

---------'---- n =2 (-3.4 eV) 

------------ n = I (-13.6 eV) 

Figure 1.13 

# Jl/11strative Example 1.13 

IBtraviolet light of wavelength 830 A and 700 A when allowed 

to fall on hydrogen atom in their ground state is found to liberate 
electrons·with kinetic energy 1.8 eV and 4.0 eV respectively. 

Find the value of Planck's constant. 

Sollltion 

We known that 

E= he 
A. 

For radiation of wavelengths."-, and A-2 having energies £
1 

and 
£ 2 respectively, we get 

=> 

=> 

=> 

E = he he 
1 ,.

1 
and £2 = I;-

E -E =he ---( 1 1,) 
1 2 "-1 "-2 

h = (4.0-l.8)x!.6xl0-l9 x 700xl0-IO x800xl0-IO 

(3 x 108) x I 00x I 0-10 

h = 6.57 X 10-]4 J-S. 

# Jl/11strative Example 1.14 

The ionization energy ofa hydrogen like Bohratom is 4 rydberg. 
(i) What is the wavelength of radiation emitted when the electron 
jumps from first excited state to the ground state? (ii) What is 

the radius offirst orbit for this atom? Given that Bohr radius of 
hydrogen atom= 5 x 10-11 m and I rydberg = 2.2 x 10-18 J. 

Solution 

(i) We know that ionization energy of an hydrogen like atom 
is given as 
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r I I ] 
E1_, 00 =RchZ

2 lu-~ 
=> E,---,oo = Reh Z2 

Here it is given that £ 1..., 
00 

= 4 rydberg = 4 Reh joule thus, we 
have · 

Z2 =4 

Z=2 

Thus the wavelength emitted when e- makes a transition from 
11=2to11=lis 

J_ =RZ2 [_!__ __ !] 
1', 12 22 

=> ";.,-,-r ~ 10967800 X 4 X l 
~ , A, 4 * ""32903400 

/ 

~,.,,,., 
· 1'.=304A 

(ii) Radius of 11th orbit of a hydrogenic atom having atomic 
number Z is given as 

,,2 
r,,=0.529 x 2 A 

HereZ= 2 and 11 = l thus radius of first orbit is 

l 
r=0.529 x 2 A 

r=0.2645A 

#ll/11strative Example 1.15 

-Ato~ic_ p~~I~SJ 

The average kinetic energy is thus very small compared to the 
energy between the ground state and the next higher energy 
state (13.6-3.4= 10.2 eV). Anyatoms in excited state emit light 
and eventually fall to the ground state. Once in the ground 
state, collisions with other atoms can transfer energy of0.04 eV 
on the average. A small fraction of atoms can have much more 
energy {i!raeeordance with the distribution of molecular speeds), 
but even kinetic energy that is IO times the average is not nearly 
enough to excite atoms above the ground state. Thus, at room 

_temperature, n_early all atoms are in the ground state. Atoms can 
be excited to upper states at very high temperatures or by 
passing current ofhigh energy electrons through the gas, as in 
a discharge tube. 

# Jl/11strative Example 1.16 

The emission spectrum of hydrogen atoms has two has two 
lines of Balmer series with wavelength 4102 A and 4861 A. To 
what series does a spectral line belong if its wave number fa 

. - . f 

equal to the difference of wave numbers of above two line~ ? 
What is the wavelength of this line? [Take R = 1.097 x l 07 nf1J 

Solution 

According to given problem 

_l = Rz2[_1 __ I] 
,_, nf nI 

_l = Rz2[_l __ 1 ]· 
1'.2 22 ,,2 

2 

... (1.44) 

Estimate the average kinetic energy of hydrogen atoms ( or and 
molecules) at room temperature and use the result to explain 
whynearly all H atoms are in the ground state at room temperature 

_I = Rz2[_1 __ !_] 
1'.2 22 (11;)2 

~I -;2 = [ (n:,)2 - n
1
I] RZ' 

... (1.45) 

and hence emit no light. 

Solution 
\ 

According to kinetic theory the average kinetic energyofatoms 
\ 

or mole~ules in a gas is given by, 
I 

K=lKT 
2 ' I I 

K = t ~ usx 1or21 x300 

=> 'f{ =6.2}' 10-21 1. 

or, in electron volt it is given as 

K = 6.2x10-21 
1 f.v • '_:_t,-; 

0.04eV. 

The wave numbers of above radiations are 

_ 1 d _ 1 v=-an v=-1 ,,, 2 ,,, 

Thus - - [l l] v, - v, = I;'-I;' 

-Let the wave number.of the third emitted line will be 

V = V1 - V2 
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.l__=Rz2[_l ___ l] 
,_ (n ')2 n2 

2 2 
... (1.46) 

From equation-(1.44), we have 

(l .097x 107 )(1)2(4102x!0-10 ) 

Solving for n2, we get n2 = 6. 

Similarly from equation-(1.45), we haven;= 4. 

From so, the thircj line belongs to Brackett series because the 
transition is from level 6 to level 4. 

The wavelength is given by equation-( 1.46) so 

i = (l.097xl0
7

)(1)2
[-

1
---

1
-] 

A. (4)2 (6)2 

=} A.=2.62 X Jo-6m. 

# ll/11strative Example 1.17 

Two hydrogen-lime atoms A and Bare of different masses, and 
each atom contains equal number of protons and neutr~ns. 
The energy difference between the radiation corresponding to 
first Balmer lines emitted by A and B is-5.667 eV. When t~e 

atoms A and B, moving with the same velocity, strikes a heavy 
target they reround back with the same velocity. In this process 
the atom B imparts twice the momentum to the target than that 
A imparts. IdentifytheatomsA andB. 

Solution 

The excitation energies corresponding to the first Balmer line 
(n = 3 ton= 2) emitted by A and Bare 

. '[' l] (Af{JA =-13.6 ZA 2'-)1 

5 => (AE)A =- 13.6 x 
36 

z/ ev 

(AE)8 =-13.6x ;
6 

Z/eV 

/ill= (AEJ.-(AEJA 

_ 5 2 2 
M-13.6 x 

36 
rzA -Z8 J 

5 
5.667 = 13.6 x 36 [Z/-Z/J 

(Given that/ill= 5.667 eV) 

Z 2 -Z 2 =3 A B ... (1.47) 

Applying the law of conservation of momentum, we have, if P 
is the momentum imparted to target 

mAv=P-mAv1 

and m8 v=2P-m8 v1 

Here mA = 2ZA and m8 = 2Z8 as theycontafn equal number of 
neutrons and protons. Hence 

2ZA v=P-2ZA v1 

and 

=> 2ZA(v+v1)=P ... (1.48) 

and 2Z8 (v+v1)=2P ... (1.49) 

· Dividing equation-(1.48) and (1.49), we get 

ZA 

28 
=2 or ZA=2Z8 ..• (1.50) 

Substituting the value ofZA in equation-(1.47), we get 

4Z/-z/=3 or Z8 = I 

From equation-(1.50), 

ZA=2Z8 =2 

... (1.51) 

... (1.52) 

Hence atoms A and Bare 1H
2 (deuterium) and 

2
He4 (helium) 

respectively. 

# ll/11strative Example I.I 8 

A hydrogen-like atom ofatomic numberZis in an excited state . 
of quantum number 2n. It can emit a maximum energy photon of 
204 eV. !fit makes a transition to quantum state n, a photon of 
energy40.8 eV is emitted. Find n, Zand the grnund state energy 
(in e V) for this atom. Also, calculate the minimum energy (in e V) 
that can be emitted by this atom during de-excitation. Ground 
state energy of hydrogen atom is-13.6 eV. 

Solution 

The energy levels of a hydrogen like atom are governed by 

2 h 2 
E.=-

2 
~c =-(13.6eV)¼ 

n n 
... (1.53) 
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The energy of emitted photon corresponding to transition 

n = n2 ton= n1 with n2 > n1 is given by 

En __, n =:...(13.6 eV)Z
2 
(~-~) 

2 .1 n2 n1 
... (1.54) 

ifn
2 

= 2 n, theenergyoftheemitted photon will be maximum for 
transition n2 = 2 n to n1 = I. Thus 

E =-(13.6 eV)Z2 (_l __ J_) 
nnx l (2n)2 12 

=> E"""=-(13.6eV)Z2 
(

4
: 2 -1) 

-Given that Em,,/'".204 eV, we use 

204eV=-(13.6eV)Z2 C!2 -1) 

for the transition n2 = 2 n to n1 = n, we have 

E,,,__,. =-(13.6 eV)Z2 (-½--~) 
4n n 

Given that E,,,__,. =40.8 eV, we use 

40.8eV=-(13.6eV) Z2 (-½--~) 
4n n 

Dividing (1.55) by (1.56), we'get 

=> 

(_I -1) 
204 4n2 

40.8 = ~(~1:-_-=--...,,1 ~) 

4n2 n2 

l-4n2 

5=1-4 

... (1.55) 

". (1.56) 

Which gives 4n2 = 16 or n = 2. Using this value of n in either 
(1.55) or (1.56) we getZ2 = 16 or Z=4. 

The ground state energy of the atom corresponds to state n = 1. 
Putting n = 1 and Z = 4 in equation-(1.53), the ground state 
energy of the atom is 

Ei"=-(13.6eV) x (
4
): =-217.6eV 

(I) 

Since n = 2, the given excited atom has n2 = 2n =4. 

It will emit a photon of minimum energy for a transition n2 = 4 to 
n1 = 3. Using these values in (1.54), we have 

. E . = (-13.6 eV) (4)2 
(-

1 
--

1 
) 

mm . 42 32 

=10.58eV. 

# Illustrative Example 1.19 

A single electron orbits a stationary nucleus of charge + Ze, 
where Z is a constant and e is the magnitude of electronic 
charge. It requires 4 7 .2 e V to excite the electron from the second 
Bohr orbit to third Bohr orbit. Find 

(i) The value of Z 

(ii) The energy required to excite the electron from the third to 
the fourth Bohr orbit. 

(iii) The wavelength of electromagnetic radiation required to 
remove the electron from first Bohr orbit to infinity. 

(iv) The kinetic energy, potential energy and the angular 
momentum to the electron in first Bohr orbit. 

(v) The radius of the first Bohr orbit. 

(Thehorizontal energy of hydrogen atom= 13.6 eV, Bohr radius 
= 5.3 x 10-11 m, velocityoflight= 3 x 108m/s, Planck's constant 
= 6.6 X 10-34 J.S). 

Solution 

The energy required to excite the electron from 11 1 to n2 orbit 
revolving ro~nd the nucleus with charge+ Ze is given by 

En2 -En1 =13.6Z2
[~-~] eV 

n1 n2 
=> 

(i) According to the given problem, 4 7 .2 e V energy is required 
to excite the electron from n1 = 2 to n2 = 3 orbit. Hence 

=> 

=> 

472=Z x 13.6 ---i [ 1 1 ] 
22 32 

22 = 47.2x36 = 25 
13.6x5 

Z=5. 

(ii) Theenergyrequired to excite the electron fromn 1 =3 ton2 

= 4 orbit is given by 

E -E =25x 13.6x [-
1 
__ l] 

4 J 32 42 

=> E -E = 25xl3.6x7 16.53eV 
4 3 144 

(iii) The energy required to remove the electron from the first 
Bohr orbitto infinity(oo) is given by 

E00 -E1 = 13.6xZ2 
[

1
~ - ~ 2 ] 

=> 
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In order to calculate the wavelength of radiation, we use 

,._= 12431 A 
13.6x25 

,.=36.561 A 

(iv) We know for a given orbit for an electron 

Total energy= Kinetic energy= ½ Potential ene_rgy 

For n =l 

Total energy in nth orbit is 

E =- 13.6Z2 eV 
n · h2 

HereZ=·5 and n= l, thus 

£ 1 =-13.6 x 25 eV 

~ £ 1 =-340eV 

Thus kinetic energy in first orbit is . 

K1 =+340eV 

and potential energy in first orbit is 

P 1=2x£1 

P1 =-680eV 

Angular momentum of electron is 

6.63xI0-34 

mvl ,-1 = 2x3.14 

mv1 r1 = 1.055 x 10-34 J-s. 

(v) Radius offirst Bohr orbit is given as 

n2 
r 1 =0.529 x 2 A 

I 
r 1 =0.529 x 5 A 

,.I :aa0.I058A 

# Illustrative Example 1.20 

A gas of identical hydrogen like atoms has some atoms in the 

lowest (ground) energy level A and some atoms in a particular 
upper (excited) energy level B and there are no atoms in any 
other energy level. The atoms of the gas make transition to 
higher energy level by absorbing monochromatic light of photon 
2.7 eV. Subsequently, the atoms emit radiation· of only six 

different photons energies. Some of the emitted photons have 

energy 2. 7 e V, some have energy more and some have less than 

2.7eV. 

(i) Find the principal quantum number of the initially excited 

levelB. 

(ii) Find the ionization energy for the gas atoms. 

(rii) Find the maximum and the minimum energies of the emitted 

photons. 

Solution 

(i) Figure-1.14 shows the energy level A and B of hydrogen 

like atom. When light of photon energy2.7 eV is absorbed, the 

electrons go to excited state. Now the atom emits six different 
photons such that six different transitions are possible. This is 

only possible when the excited state corresponds to quantum 

number four. So the principal quantum n{!mber n8 of state B 
must lie between l and 4. So eithern8 = 2 orn8 = 3. Given that 

the atoms of the gas make transition to highgr energy levels by 

absorbing monochromatic light of photon 2. 7 e V, If n 8 = 3, there 

will be no subsequent radiations with energy less than 2.7 eV. 

But radiations with energy less than 2.7 eVare possible. This is 

possible when n 8 = 2 

2 

B 

A 

J. 
.7eV 

1 

Figure 1.14 

n=4 
n=3 

n=·2 

n=I 

Let Zbe the charge on the nucleus ofhydrogen like atom, then 

z2 
E =-Reh-

n n2 

Now for n=2 

E =- RchZ
2 

2 4 

· andfor n=4 

-E=-RchZ
2 

4 16 

Thus energy released when electron makes a transition from 

n=4ton=2is 

E -E =( RchZ2 )-(-RchZ2

) 
4 2 16 4 
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, [ 1 1 ] E4 -E2 =RchZ 4 - 16 

Further 
3 , 

2.7eV= 16 RchZ 

=> 

(As E4 -E2 = 2.7 eV Given) 

RchZ2 =14.4eV 

(ii) Thus ionization energy of atom is 

E1-,
00 

=RchZ2= 14.4eV 

(iii) When electron makes a transition from n = 4 then maximum 
energy is corresponding to transition from n = 4 ton= I which 

can be given as 

M =M =RchZ2 [J__ __ l] 
max 41 12 4 2 

M =RchZ2 [1-J...] 
""" 16 

15 2 
Mm,x = l6 Reh Z 

=> 
· 15 M =-xJ44 
""" 16 . 

=> M..,. = 13.5 eV 

Similarly the minimum energy is corresponding to transition 

from n = 4 ton= :i which can be given as 

=> 
7 

Mmfo '." 144 x 14.4eV 

=> 
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Practice Exercise 1.2 \ 

(i) Find the ratio of minimum to maximum wavelength of 
radiation emitted by electron in ground state of Bohr's hydrogen 

atom. 

[3/4] 

(ii) Determine the wavelength of light emitted when a 

hydrogen atom makes a transition from n = 6 to n = 2 energy 

level according to the_ Bohr model. 

[4113.2 AJ 

(iii) A double ionized Lithium atom is hydrogen-like with 

atomic number 3: 
(a) Find the wavelength of the radiation required to excite 
the electron in Li++ from the first to the third Bohr orbit. 

(Ionization energy ofhydrogen atom equals 13.6 eV). 

(b) _ How many spectral lines are observed in the emission 

spectrum of the above excited system. 

1114.26 A, 3] 

(iv) An energyof68.0 eV is required to excite a hydrogen like 

atom from its second Bohr orbit to the third. The nuclear charge 

is Ze. Find the value of Z, the kinetic energy of the electron in 

the first Bohr orbit and the wavelength of the electromagnetic 
radiation required to eject the electron from the first Bohr orbit 

to infinity. 

[Z = 6, 489.6 eV, 25.39 A.] 

(v) The wavelength of the first·line of Lyman series for 

hydrogen is identical to that of the second line ofBalmer series 
for some hydrogen-like ion X. Calculate energies of the four 

levels ofX. Also find its ionization potential (Given: Ground 

state binding energyofhydrogen atom 13.6 eV). 

[- 54.4 eV, - 13.6 eV, - 6.04 eV, - 3.4 eV, 54.4 eV] 

(VI) In hydrogen like atom (atomic number Z) is in a higher 
excited state of quantum number n. This excited atom can make 
a transition to first excited state by emitting photons ofenergies 
10.20 eVand 17.00 eV respectively.Alternatively the atom from 

the same excited state can make a transition to the second excited 
state by successively emitting two photons of energies 4.25 eV 
and5.95 eV respectively. Determine values ofn andZ, (ionization 

energyofhydrogen atom= 13.6 eV). 

[n = 6, Z= 3] 

(vii) A gas of hydrogen like ions is prepared in such a way 
that ions are only in the ground state and the first excited state. 
A ~onochromatic light of wavelength 1218 A is absorbed by 

the ions. The ions are lifted to higher excited states and emit 
radiation of six wavelength, some higher and some lower than 
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the incident wavelength. Find the principal quantum number of 
all the excited state. Identify he nuclear chargio,on the ions. 
Calculate the values of the maximum and minimum wavelengths. 

[Z ~ 2, 4708.71 A, 243.74 A] 

1.8 Effect of Mass of N11c/e11s on Bohr Model 

Upto this level we've discussed about the stru~ture of a 
hydrogenic atom by considering nucleus at rest and electron 
revolving around the nucleus. In fact we know that as no external 
force is acting on a nucleus electron system, hence the centre 
of mass of the nucleus electron system must remains at rest. 
Theoretically mass of electron is negligible or small compared 
to that of nucleus and due to this we assume that centre of 
mass of the atom is almost situated at nucleus that's why in 
Bohr atomic model it was assumed that in an atom, nucleus 
remains at rest and electron revolves around it. But practically 
the situation is a bit different. Actually centre of mass ofnucleus 
electron system is close to nucleus as it is heavy and to keep 
centre of mass at rest, both electron and nucleus revolve around 
their centre of mass like a double star system as shown in 
figure-I.15. !fr is the distance of electron from nucleus, the 
distances of nucleus and electron from centre of mass r

1 
and r

2 
can be given as 

and 

+Ze 

mer r=-~-
1 rnN +me 

mNr 
r = 

2 mN +me 

tP-,}-___.,, _ _,, ____ ~,.''-----oe-
v cm 

Nucleus 
><------,·------

Figure 1.15 

2_1 , 

Now the relative picture of atom will be same what we've 
considered earlier as shown in figure-1.16 but electron mass is 
replaced by its reduced mass. 

/ , 
' ' ' 

...... ---
--_ ... -- -----

---- ... , 
', rest , m.,. · m,.. 

€)1-----,.----QJ-lc=m,,~ mr 

',, ____________ _ 
+Ze ,' ' _ _______ , -- I 

---------------
Figure 1.16 

Now we can use all those relations which we've derived for 
Bohr model just by replacing m, byµ,. Such as the radius of 
electron in n•h orbit of Bohr's model is given as 

n2/z2 
r =-----
n 4rc2 KZe2m 

e 

... (1.57) 

But if we consider the ·motion of nucleus into account, the 
radius of n•h orbit will be given as 

n2/z 2 
r'=--"-...:..:.~-
n 4rc2 KZe 2µe 

m r'=r x _e 
11 n µe 

... (1.58) 

... (1.59) 

Similarly if we find the speed of electron in n•h Bohr orbit, it can 
be given byequation-1.14 as 

V = 
II nh 

2rcKZe2 

... (1.60) 

Here we can see that in the above expression of speed no term 
of me (mass of electron) is present, hence it does not depend on 
electron mass, no change will be these in speed ofrevolution if 
we consider the motion ofnucleus into account. 

Similarly we know the expression of energy of electron in nth 
orbit of Bohr model is given as 

2rc2K2z2e4me 
E =-

11 n2h2 ... (1.6[) 

Taking the motion of nucleus into account the expression of 
Now we can see that in the atom, nucleus and electron revolve energy become 
around their centre of mass in concentric circles of radii ,-

1 
and 

r2 to keep centre of mass at rest. ln above system we can analyze 
the motion of electron with respect to nucleus by assuming 
nucleus to be at rest and the mass of electron replaced by its 
reduced mass µe, given as 

, _ 2rc2K 2Z 2e4µ, 
En-- n2h2 

2rc2 K 2Z 2
e

4
mNme 

E' =- -----~~ 
n n 2h2 (mN +m,) 

E' =E X ~ 
II II lne 

... (1.62) 

... (1.63) 
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Thus we can say that the energy of electron will be slightly less 
compared to what we've de~ived earlier. But for numerical => 
calculations this small change can be neglected unless in a 
given problem it is asked to consider the effect of motion of ~ 

nucleus. 

1,.= 10967800 x ½ =548390om-1
• 

4 
1,.= 3x5483900 m 

# Illustrative Example 1.21 

Calculate the separation between the particles of a system in 
the ground state, the corresponding binding energy and 
wavelength of first line in Lyman series of such a system is 

positronium consisting of an electron and positron revolving 

round their common centre. 

Solution 

The reduced mass of the system ( electron and positron) is given 

by 

m.m m 
t,= m+m =z 

Where m = mass of electron or positron. 

The radius of first Bohr's orbit is given by 

. h2 
r=-~"c---
. 

1 41t2 Ke2 (m/2) 

r1 = 2 x radius offirst Bohr's orbit ofhydrogen 

r1 =2x0.529A 

r1 = 1.058 A 

Energy offirst Bohr's orbit is given as 

I E
1 

= - 2 x ground state energy of hydrogen 

I 
E1 =- 2 x 13.6eV 

-~ E 1 =-6.8eV(Bindingenergy) 

The wavelength of Lyman series is given by 

_!_ = R [_!_ __ ! ] = R (_!_ __ ! ) 
,. µ I 2 n' µ I' 22 

4 
1,.= 3R 

µ 

21t2 K 2e
4µ R I 

R = =~µ=-R 
µ 3 m, 2 

1,.=2430A 

# Illustrative Example 1.22 

A µ meson ( charge- e, mass= 207 m, where m is the mass of 

electron) can be captured by a proton to form a hydrogen like 
'mesic' atom. Calculate the radius of the first Bohr orbit, the 

binding energy and the wavelength of the first line in the Lyman 

series for such an atom. The mass of the proton is 1836 times 

the mass of the electron. The.radius of first Bohr orbit and the 
binding energy of hydrogen are0.529 A and 13.6 eV respectively. 
TakeR= 109678cm-1• 

Solution 

The reduced mass of the system is given by 

(207m)(l836m) 
µ = (207m + I 836m) 186m 

The radius of first orbit is given by 

h' r =------
1 41t2 Ke2 (186m) 

r1 = 
1
~
6 

x radius offirstBohr orbitofhydrogen atom 

I 
r1 = 

186 
X 0.529 

r1 =o.002844A ... (1.64) 

From Bohr's theory the ground state energy for hydrogen like 

atom with Z = I is given by 

~ E 1=-186xJ3.6eV 

~ E
1 
=-2530eV 

21t2K 2e4 (186 m) 
h2 

Hence the binding energy is 2530 eV. 

The wavelength of the Lyman J;nes are given by 

_!_ = R (_!_ __ ! ) 
,. µ 12 ,., 

n =2, 3, 4, ... 

... (1.65) 
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~~~o!11ic Physics 

Where Rµ = Rydberg constant for mesic atom. 

Fodirst line, i = Rµ (*-
2
1, J 

(ii) The radius offirst Bohr orbit is given as 

h2 r =-...:..:_ __ 
1 4re2 Ke 2m 

From equation-(1.67), we have 

... (1.66) n2h2 h' 

Now, 

=186R 

= J86 X J0967800m-l 

Substituting the value of Rµ in equation-(1.66), we get 

4 
" 3xl86xl09678 m 

1'.=653.6A. 

# Illustrative Example 1.23 

A panicle of charge equal to that ofan electron, - e, and mass 
208 times the mass of electron (called a µ-meson) moves in a 
circular orbit around a nucleus of charge+ 3e. (Take the mass of 
the nucleus to be infinite). Assuming that Bohr model of the 
atom is applicable to this system. 

(i) Derive an expression for the radius of the nth Bohr orbit. 

(ii) Find the value of 11 for which the radius of the orbit is 
approximately the same as that of the first Bohr orbit for the 
hydrogen atom. · 

(iii) Find the wavelength of the radiation emitted when the 
µ-meson jumps from the third orbit to the first orbit. (Rydberg's 
constant= l 0967800 m.) 

Solutio11 

(i) We have the radius of 11
th orbit of a hydrogen atom as 

,i2Ji2 r =----
n 4n2Kze2m 

If electron is replaced by a heavy particle of mass 20 times that 
of electron then the radius is given as-

n2 h2 

4re2 K(3)e2 (208 m) 

2496re2 Kze2 m 
... (1.67) 

Here we have qot used reduced mass because it is given that 
mass of nucleus is assumed to be infinite and here we takez= 3. 

2496re2 Ke 2m 4re2 Ke2 m 

n2 =624 

(iii) P.ydberg constant for hydrogenic atoms is 

2 2K2 • R= 1t .. em 
ch3 

Now when electron is replaced by µ-meson, rydberg constant 
will change as 

R' 
2re2 K 2e4 (208 m) 

c1,3 

R' = 208 R = 208 x 10967800 m-1 

Now the wavelength 1'. of the radiation emitted when µ-meson 
makes a transition from 112 = 3 to 11 = I is 

__l__ =R'Z2 [-
1 __ I] 

A. 112 112 
I 2 

__l__ =R'(3) [_l_ __ l ] 
1,. 12 32 

__l__ =8R' 
A. 

l 
1'.= 8R' 

1,.- l ~ 
- 8x208xl0967800 m 

1'.=0.548A 

# Illustrative Example 1.24 

A pi-meson hydrogen atom in a bound state of negatively 
charged pion (denoted byre-, m, =273 m,) and a proton. Estimate 
the number ofrevolutions a re-meson make (averagely) in the 
ground state of the atom before it decay(mean life ofa re-meson 
;; 10-• sec). (mass of proton= l.67 x 10-27 kg). 

Solution 

The frequency ofrevolution ofan electron in hydrogen atom in 
first orbit is given by 

I,= 4re
2
K

2
e

4
m 

I h3 
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Here in case of arr meson the mass of electron is repfaced by the 
reduced mass as 

m,(273 m) 

µ= mp+273m 

Thus the frequency of revolution ofrr meson will become 

4rr2 Ke4mp(273 m) 

f, = h'(mP +273 m) 

4x (3.14)2 x 9x 109 (l.6xl0-19
)
4 

x(I .67x 10-27 )(273 x9. lx l 0-31 ) 

f, = (6.63x!0~34 ) 3 . . 

(l.67xl0-27 +273x9.lxl0-31 ) 

J, = 1:77 x 1018 sec-1 

- - - , 
Ato_mi? ~h~~c~ 

If effect of mass of nucleus is considered the new value of 
·Rydberg constant can be given as 

R = 21t2 K2e4µ 

µ ch3 

R = RM 
µ m+M 

Percentage difference in the values of R and Rµ is given as · 

!ill Rµ-RxlOO 

R Rµ 

!ill m R = M x JO0:c0.055% 

Thus in the life two of rr meson I o-8 sec, number ofrevolutions # Illustrative Example 1.26 

made by it is given as 

N=f, x/';J 

N=l.77x 1018 x 10-8 

N= l.77 x 1010 revolutions. 

# Illustrative Example 1.25 

Taking into account the motion of the nucleus of.a hydrogen 
atom, find the expressions for the electron's binding energy in 

----------~----------

Calculate the difference between the ionization potentials of 
atomic hydrogen and atomic deuterium. 

Solution 

The ionization energy for a hydrogenic atom can be given as 
energy required to excite electron from n

1 
= l ton2 =ao given as 

the ground state and for the Rydberg constant. How much (in 
percent) do the binding energy and the Rydberg constant, 
obtained without taking into account the motion of the nucleus, => 
differ from the more accurate corresponding value of these 

E=Rch [-1 __ ! ] 
n2 ni 

I 2 

E=Rch [...!_ __ I_] 
12 002 

~w~m? => E=RchJoule 

Solution 

If mass ofnucleus is considered (not infinity) then the reduced 
mass ofnucleus electron system can be taken as 

mM 
µ= m+M 

Herem is mass of electron and Mis that ofnucleus. The. binding 
energy in ground state of hydrogen atom can now be given as 

2rr2 K 2e4µ 
E=+-~~-'-

h2 

E=l3.6x ~ eV 
m 

E= 13.6M eV 
m+M 

We've hydrogen atom Rydberg constant is given as 

2rr2K 2e4m R=----
ch3 

If motion of nucleus is considered then the value of Rydberg 
constant can be given as 

R= 2rr
2
K

2
e

4 
( mMH ) 

ch3 m+MH 

Thus the ionization energy of hydrogen and deuterium atoms 
can be given as 

and ( 
mM0 ) m+Mo (HereM0 =3680m) 

The difference of E0 &EH is 

M 1p=E0 -EH 

M = 2rc2_K2e4 [ mMo 
IP 1,2 m+Mo 

mMH] 
m+MH 
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= 2,c2K2
e

4 
[3680 _ 1840] 

h2 3681 1841 

= 5.88 X J022 ] 

=6.68 x H,3 eV 

# Illustrative Example 1.2 7 

A muon is an unstable elementary particle whose mass is 207 111, 

and whose charge is either +e or-e. A negative.muon(µ-) can 
be captured by a nucleus to form a muonic atom. Suppose a 
proton captures a negative muon (µ-), find the radius of first 

Bohr orbit and the ionization energy of the atom. (Take mass of 

proton mp= 1836 m,, where m, is mass of electron). 

Solution 

Reduced mass ofa system of two particles is given by 

mM (207m,)(1836m,) 
µ= m+M = (207 m,)+(1836m,) = 186111, 

Radius corresponding to the reduced mass_µ is given by 

r' = (
111)r = (_!!i_)a =2.85 x 10-13 m 

I µ I 186m, O 

Where a0 is the radius offirst Bohr cirbit ofordinary hydrogen 
atom. 

a0 =5.29 x 10-11 m. 

Ionization energy is given by 

E' = (L)E = 186£ I m l I 
e 

Where E 1 is the ionization energy ofordinary hydrogen atom. 

1.9 Use of Bohr Model to Define Hypothetical Atomic 
Energy Levels 

We've already discussed that for hydrogenic atoms, Bohr model 
gives first and second postulates as 

and 
nh mv r =

n n 21t 

. . . (1.68) 

... (1.69) 

Here equation-(1.68) is given by balancing the inward 

coulombian force on electron by the outward centrifugal force 

25 I 

on it in the rotating frame of reference. There may be some 

situation in which it is given that electron ofan atom is revolving 

under the influence of a new potential energy field given as 

U = f(r) [Non coulombian field] and using Bohr model, we are 

required to develope the properties of electron in this new atom. 

For this first we'll develope the first postulate equation for this 

new atom. As electron is orbiting in a new potential energy field 

given as U= f(r), it will experience an inward force toward the 

centre of orbit given as 

F= ldUI = l_t!_[/(r)]I 
~ dr 

... (1.70) 

------... 
, .... - ........... , 

,
,," . 

', , ' 
' ' , ' 

' ' / \F=mv2 
I I if r : ~ \ -1au1 :,-
\ F- dr ,' 
' , ' , ' , 

',,.... ,," 
............ .. ..... , .. 

------
Figure 1.17 

Thus for a stable nth orbit if electron is moving with speed v,, in 

the orbit of radius r., we have 

l
_t!_[f(r.)]I = mv~ 
dr r

11 

... (1.71) 

This equation-( 1. 71) will be the new equation for first postulate 
and from Bohr model the second postulate is based on 

quantization ofangular momentum of electron, its equation will 
remain same as 

nh mv r =-
n n 21t ... (1.72) 

Now using equation-(1.71) and (1.72), we can derive all the 

properties for electron motion like, radius of nth orbit, velocity 
of electron in nth orbit, angular velocity, frequency, time period, 

current, magnetic induction, magnetic moment and the total 

energy of energy levels for this hypothetical atom in the same 

way we've derived these for properties for a general hydrogenic 

atom. Lets discuss few examples to understand these concepts 
in a better way . 

# Illustrative Example 1.28 

Suppose the potential energy between electron and proton at a 

distance r is given by-ke2!3r'. Use Bohr's theory to obtain 
energy levels of such a hypothetical atom. 
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Solution 

According to given situation for an electron revolving in an nth 

orbit the potential energy is given as 

ke2 

U=--
3r3 

n 

.. . (1.73) 

The centripetal force on electron due to this force is given as 

F=- dU = ke
2 

dr . rn4 
... (1.74) 

!fin nth orbit electron revolves at speed vn then we have 

mv2= ke2 
n 3 

rn 

From Bohr's second postulate, we have 

nh mv r =
n n 2n 

From equatlon-(1.75) and (1.76), we have 

and 

and 

nh 
V =-

n 21tmr
11 

( )

2 
nh ke2 

m 21tmr
11 

· = r,; 

,i3h3 
V = -'-'-

n 8rc3km2e2 

Now _energy in nth orbit is 

' ~ 

I 2 ke2 
E =-mv -

n 2 n 3 3 rn 

( )

3 
l 2 n2h2 

E,,=-6 ke 2 2 
4rc ke m 

... (1.75) 

... (1.76) 

... (1.77) 

... (1.78) 

' 
Atomic Ph)'S\cs ~ 

# Illustrative Example 1.29 

Suppose potential energy between electron and proton at 
separation r is given by U = k in r, where k is a constant. For 
such a hypothetical hydrogen atom, calculate the radius of i,th 

Bohr's orbit and its energy levels . 

Sol11tio11 

In the given situation the centripetal force on electron in nth 

orbit is given by 

F=- dU = .!_ 
· dr r

11 

If in nth orbit speed of electron is v,, then we have 

mv2 =k ,, 

According to Bohr's quantization postulate, we have 

nh 
mv,rn= ·2n / 

Solving equation-(!. 79) and ( 1.80), we get 

nh 
rn = 2,c.,J;;i 

Energy of electron in nth level is 

E =kE +PE 
11 n n 

• [ 2 
E = -mv -klnr 

n 2 n 

k 
E = - -klnr ,, 2 

E =!_-kin nh 
~ 2 21C .,J;;i 

E =- I-In --k [ l. 11
2
h

2 
)] 

,, 2 . 4rc2mk 

J.J(J Atomic Collisions 

... (1.79) 

... (1.80) 

... (1.81) 

In previous sections of the chapter we've discussed that there 
are two ways to excite a!' electron in an atom. One way, of 
supplying energy to an electron is by electromagnetic photons, 
which we've already discussed. We've also discussed that an. 
electron absorbs a photon only when the photon energy is 
equal to the difference in energies of the two energy levels of 
atom otherwise the photon will not be absorbed. 
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The another way by which energy can be supplied to an electron 
is by collisions. To understand the energy supply by collisions 
we consider an example of a head on collision of a moving 
neutron with a stationary hydrogen atom as shown in figure-1.18. 
Here for mathematical analysis we can ·assume the masses of 
neutron and H-atom as same. 

II V H 
--------------------------0---------------

neutron H-atom 
(Stationary) 

Figure 1.18 

If in this case when perfectly electric collision takes place, we 
know for equal masses here, neutron will come to rest and 
hydrogen atom will move with the same speed and kinetic energy 
with which the neutron was moving initially as shown in 
figure-1.19 

\ 1H 
-------------------------"ID---------------

. /j, 

II H V 

--------------------------•--------------('.)----..;'.-----
neutron moving 
at rest H-atom 

Figure 1.19 

Now ifwe consider the collision to be perfectly inelastic, then 
-after collision both neutron and H-atom will move together with 
speed v 1 which can be given by law of conservation of 
momentum as 

... (1.82) 

In this case the loss of energy can be given as the difference in 
initial and final kinetic energies of the neutron and H-atom, 
given as 

l!.E= E;-EJ 

1 1 ( v)2 

l!.E=-mv2--(2m) -
2 2 2 

=> 

=> 
1 · , 1 

l!.E= -m,r-= -E 
4 2 ; ... (1.83) 

Thus halfofthe initial kinetic energy will be lost in the collision. 
One important point which we should understand carefully is, 
in collisions of elementary particles and atoms, no energy can 
be lost as heat because here we can not consider the deformation 

27, 

ofany Ia nice in the colliding body. The energy lost can only be 
absorbed by the atom involved in the collision and may get 
excited or ionized by this energy loss which take place in inelastic 
collision. 

neutron H-atom 
------0-----------------· 

rest 

-----------------------e()-----+---------· 
neutron & excited H-atom 

Figure 1.20 

In our case of collision ofa neutron with a H-atom, the energy 

loss is ¼ mv2 (halfof initial energy of neutron). This loss in 

energy can be absorbed by H-atom only. We know that the 
minimum energy required to excite an H-atom is 10.2 eV forn= I 
ton= 2. Thus hydrogen atom can absorb only when this energy 
loss is equal to 10.2 eV. If this energy loss in perfectly inelastic 
collision is more then 10.2 eV then H-atom may absorb 10.2 eV 
energy for its excitation and rest of the energy will remain in the 
colliding particles (n & H-atom) as their kinetic energy and the 
collision will not be perfectly inelastic in this case. 

For example say the coming neutron which is going to collide 
head on a stationary H-atom has initial kinetic energy24.5 eV. In 
this case if perfectly inelastic collision takes place, then the 
maximum energy loss can be given as 

l l 
l!.E=, = 2 E; = 2 (24.5) eV 

l!.E=- = 12.25 eV 

From this energyH-atom can absorb either 10.2 eV or 12.09 eV 
for its excitation from n= 1 to 11= 2 or from n = l ton=3 energy 
level. 

Thus in this case there may be three possibilities for this collision. 
These are: 

(i) It may be possible that the collision is perfectly elastic and 
no energy is absorbed by H-atom as shown in figure-1.21 

II V 
Before collision---;--_...,__.. __ ---------0------------------

movmg neutron H-atom . 
with 

I K.E. 2 mv2 = 24.5 eV 
at rest 

After collision -- ----- ---------------'----------~-
neutron H-atom 
at rest ½mv2=24.5 eV 

Figure 1.21 
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(ii) It maybe possible that H-atom will absorb 10.2 eV energy 
during collision and both neutron and H-atom will be moving 
with kinetic energy24.5- 10.2 = 14.3 eV after collision as shown 
in figure-1.22. In this case the collision will be partially elastic. 

II 1' 
Before collision---..-..-----------<[)-------------------· 

moving neutron H-atom 
with at rest 

K.E. ½ mv2 = 24.5 eV 

II l'1 1·~ 
After collision----------------.-----------------.---~-

Figure 1.22 

excited H-atom 
from11= l ton=2 

Fin~! kineticenergy£1= ½ mvf + ½ mvJ= 14.3 eV 

In this case the final speeds of neutron and H-atom can be 
obtained by using equationsoflawof conservaiion of momentum 
and energy. Here by momentum conservation law, we have 

~ 

Using energy conservation we have 

I ' _I 2 I 2 

2 mv -10.2 eV - 2 mv1 + 2 mv2 

_ I 2 I 2 
~ 24.5eV-10.2eV- 2 mv1+ 2 mv2 

... (1.84) 

Final kinetic energy E1= ½mvf + ½ mvJ= !2.4! eV 

In this case the final speeds of neutron and H-atom can be 
obtained by using equations oflaw of conservation of momentum 
and energy. Here.by momentum conservation law, we have 

~ 

Using energy conservation we have 

' 'r _1,1, 
2 mv-- 2.09eV- 2 mv1 + 2 mv2 

245 V _ I 2 I 2 
~ . e -!2.09eV- 2 mv1+ 2 mv2 . 

I 2 I 2 _ 
~ 2 mv1 + 2 my2 -12.41 eV 

... (1.86) 

... (1.87) 

Now solving equation-(1.86) and (1.87) we'll get the values of 
v

1 
and v2 which are the possible speeds ofneutron and H-atom 

after collision. 

Thus for any case of atomic collision first we should find the 
maximum possible energy·loss Mm.,_ in the collision which can 
take place by assuming collision to be perfectly inelastic. Now 
write down those energies less then t.Emox which can be 
absorbed the atom or atoms involved in the collision, then 
considering possible cases of these energy absorption using 
momentum and energy conservation we can find the possible 
values of final kinetic energies of the colliding particles. Lets 
discuss some examples to understand this phenomenon in a 
better way. 

· · · (1.85) # Jl111s/rative Example 1.30 

Now solving equation-(1.84) and ( 1.85) we'll get the values of 
v

1 
and v

2 
which are the possible speeds ofneutron and H-atom 

after collision. 

(iii) It may be possible that H-atom will absorb 12.09 eV energy 
during collision and both neutron and H-atom will be moving 
with kinetic energy 24.5 - 12.09 = 12.41 eV after collision as 
shown in figure-1.23. In this case the collision will be partially 
elastic. 

n v ·~-Before collision-- - ----------- - - - - - - - -~----- -- - -- - - - - - - - - -
moving neutron H-atom 

with at rest 
K.E. ½ mv2 = 24.5 cV 

. . n ''• ~ After colhs1on-- ----- --------------- ----e----+---~-

Figure 1.23 

excited H-atom 
fromn=l to11=3 

A hydrogen atom moves with a velocity u, and makes. a head on 
inelastic collision are in the ground state before collision. What 
is the minimum value ofu, ifone of them is to be given a minimum 
excitation energy? The ionization energy is 13.6 eV. Mass of 
the hydrogen atom is 1.0078 x_ I .66 x I 0-21 kg. 

Sol11tio11 

From conservation of momentum 

mu=2mv 

~ v=u/2 

The en_ergy of excitatioc !,.£ is given by 

· 1 . I 
M= 2 m,i2-2x 2 m(u/2)2 

~ !,.£= J_ mu' 
4 

... (1.88) 

... (1.89) 
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The minimum excitation energy for a H-atom· is for transition Let Q be the energy lost in the reaction. Then 
111 = I to n2 = 2 which corresponds to an energyof!0.2 eV. 

From equation-( 1.89) 

¼ X (J.0078 X J.66 X 10-27),r= 10.2 X (J.(j X 10-1") 

U =6.24 X 1()4 m/s. 

# Illustrative Example 1.31 

A neutron ofkinetic energy 65 eV collides inelastically with a 
singly ionized helium atom at rest. It is scattered at an angle of 

90° with respect to its original direction. 

(i) Find the allowed values of the energy of the neutrons and 
that of the atom after the collision. 

(ii) If the atoms gets de-excited subsequently by emitting 
radiation, find the frequencies of the emitted radiation. 

[Given: Mass of He atom= 4 x (mass of neutron) Ionization 
energyofHatom= 13.6 eV]. 

Solution 

(i) The situation is shown in figure-1.24. 

v, 

m 

m u 

Neutron 
--.--------· 

v,_ 
Figure 1.24 

Applying the law of conservation of momentum, we have 

mu=4mv2cos 0 

mv1 =4m v2sin 0 

From: these equation·s, we get 

u=4v2cos0 

and v1 =4v2sin0 

u2 +vi'= 16 v,' [sin2 0 + cos2 0] 

= l6v 2 
2 

V 2 
2 

u2 +v2 
I 

16 

... (1.90) 

... (1.91) 

... (1.92) 

_ I 2 ·I 2 
65eV- 2 mv1 + 2 (4m)v2 +Q 

=> 
. 1 2 mu2 mvf 
65eV=-mv1 +--+--+Q 

2 8 8 

=> 
5 2 l 

65 eV = 8mv1 +.4 (65 eV) + Q 

Now ionization energy of He atom is 

I EH,+= 13.6 x4=54.4eV 

Thus energy of electron in first orbit of He atom 

I EH,+ =-54.4 eV. 

... (1.93) 

Similarly, the energy of electron in second, third and fourth 

or"t!its would be- 13.6 eV,-6 eVand-3.4eV respectively. The 

energy lost must have been used in exciting the atom. 

First possibility: Let Q= 54.4- 13.6 =40.8 eV 

l,nv 2 =65x l-Q=65x l-408 
8 I 4 . · 4 . 

=8 eVnearly 

So, 
1 ,_ 4 _ 
2 mv1 - 5 (8eV)-6.4eV 

This will be the energy of recoil electron. 

From equation-(J-.92), 

=> 

=> 

u2 + V l = 16 V l I 2 

1 1 1 
-mu2 + -mv 2 = -mx 16v 2 
2 2 I 2 2 

l 
=4x 2 (4m)v,' 

. 65eV+6.4eV=4KEofatom 

. 65+6.4 
KE ofatom 

4 
= l 7.85 eV 

Second possibility: Let Q= 54.4-6 = 48.4 eV. 

Calculating in the same ways as above, we have energy of 
recoil neutron= 0.28 eV 

energyofatom = 16.32 eV 

Proceeding as above, let 

Q=54.4-J.4=5l eV 
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In this case, th~ energyofrecoil electron =-2-25 eV (negative). 

This is meaningless. 

Hence Q=40.8eV,48.4eV: 

(10 It is obvious from first part that the atom is excited to third 
state or second state. The frequencies of emission can be 

calculated as follows : ' 

--~-~-~-------n=3 l -
__ _,__--+------~--n=2 

----~----,------~~--n=I 
Total 3 Lines 

Figure 1.25 

_Figure-l.25 shows the number of emitted frequencies. These 

are 

(0 

(iO 

(ii0 

_I = RZ2 [_!_ __ l ] 
"-1 i2 22 -

v 1= {
1 

=(l.097x I07)x4x ¾ x(3x l08
) 

VI =9.85 X I015 Hz 

_I_= Rz2[_!_ __ !] 
"-2 12 32 

v2 = {
2 

=(l.097x I07)x4x ¾ x(3x l08
). 

v
2

,,,;ll.7xJ015 Hz 

I [·I I] 
~ = z2- 32 

=(l.097xI07)x4x ;
6 

v
3
= {

3 
=(l.097xJ07)x4x ;

6 
x(3xI08

) 

_ = 1:s21 X I015 Hz 

# Illustrative Example 1.32 

An electron ofenergy20 eV collides with a hydrogen atom in 
the ground state. As a result of the collision, the atom is excited 

to.a higner ouorgystateand the electron is scattered with red,uced 

-~tOf!1iC Physics- j 

velocity. The atom subsequently returns to its ground state 
with emission ofradiation of wavelength l.216 x 10-7 m. Find 

the velocity of the scattered electron. 

Solution 

The energy lost by the electron in exciting the hydrogen,atom 

equals the energy corresponding to 

1,.= l.216x 10-1 m, 

he 
A.= hv = ""'i: 

1,.= 6.63x!0-34 x3.0xl08 

l.216x!0-7 

1,.= J6.36 X 10-19 J 

Now, the i_nitial energyofelectron is 20 eV= 32 x l0°19 J. Hence 

the kinetic energy of the scattered electron is . 

£=32 X 10-19 J- J6.36 X 10-19 J 

E= 15.64 x 10-19 J 

The velocity v of the scattered-electron is given by 

Lmv2=E 
2 . 

( )

112 
v= (2£)

112 
= 2xl5.64x!0-

19 

m 9.1 lx!0-31 

# Illustrative Example 1.33_ 

According to the classical physics, an electron in periodic 

motion will emit electromagnetic radiation with the same 

frequency as that of its revolution. Compute this value for 
hydrogen atom in nfu quantum state. Under what conditions 

does Bohr's quantum theory permit emission of such photons 
due to transitions between adjoining orbits? Discuss the result 

obtained. 

Solution 

The orbital frequency of nfu' orbit is given b_y 

electron speed 
v n = orbital circumfere nee 

e2 1 rr.me2 
V =-. --X-X 

n 2nh Eo 2TC n2 Eo h2 

me4 

V = n 4 2 3h3 Eon 

I 
[AsK=-

4
-J 

TC Eo 
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From the laws of electromagnetic theory, the frequency of the 

radiation emitted by this .electron will also be v n· 

According to Bohr's theory, the frequency of the radiation for 

the adjoining orbits is given by 

E,,-E11 _ 1 

h 
me

4 
[ I 

= 8 ei h2 (n-1) 2 

me4 (2n-l) 
V = 

n 8ei h2 (n-I)2xn2 

me4 (211-I)· 
V = . 

n 4e5h2 2n2 (n-1)2 

A comparison of this expression with ttie classical expression 
above show that the difference in their predictions will be large 
for small n, i.e., forn= 2, i!,i3 = 1/8 and(2n-1)/2n2(11- I)2=3/8, 
so that the frequency given by quantum theory is 3 time that 
calculated from classical theory. However, for very large n, the 
quantum expression radius to that obtained from classical theory 
because for n ~ oo 

211-l 2n 

2n2 (n-1)2 = 211 2 
.,,2 

Consequently, the predictions of Bohr's theory agrees with that 
of the classical theory in the limit of very large quantum numbers, 
This correspondence is called as "Bohr's Correspondence 
Principle". 

# Illustrative Example 1.34 

A 100 eV electron collides with a stationary helium ion (He') in 

its ground state and excites to a higher level. After the collision, 
He+ ions emits two photons in succession with wavelength 
I 085 A and 304 A. Find the principal quantum number of the 
excited state. Also calculate the energy of the electron after the 
collision. Given h =-6.63 x I o-34 Js. 

Soilltion 

The energy of the electron in the nth state of He+ ion cif atomic 
number Z is given by 

. z2 
En =-(13.6 eV) ~

2 n 

For He+ ion, Z= 2. Therefore 

(13.6eV)x(2)2 
En=- 2 

--- :_ ~- "31 j 

The energies E
1 

and E2 of the two emitted photons in e V are 

12431 · 
E1= 

1085 
eV=ll.4eV 

and 
12431 

E2 = 
304 

eV=40.9eV 

Thus total energy 

E=E
1 
+E2 = ll.4+40.9=52.3eV. 

Let 11 be the principal quantum number of the excited state. 
Using equation-(1.94) we have for the transiti0~ from n = n to 

n=I. 

E=-(54.4eV) (_!__ __ ! ) 
12 ,,2 

ButE=52.3 eV. Therefore 

52.3eV=54.4eVx (1- : 2 ) 

I - _I = 52.3 =0 96 
,,2 54.4 ' 

Which gives, n2 =25orn=5. 

The energy of the incident electron= I 00 eV (given). The energy 
supplied to He+ ion = 52.3 eV. Therefore, the energy of the 
electron left after the collision= 100-52.3 =47.7 eV. 

Web.Reference atwww.physicsgalaxy.com. 

Age Group - High School Physics I Age 17-19 Years 
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Topic-Atomic Structure 

Module Nnmber- 37 to 48 

Practice Exercise 1.3 

(i) Show that for large values of principal quantum number, 
the frequency of an electron rotating in adjacent energy levels 
of hydrogen atom and the radiated frequency for a transition 
between these levels all approach the same value. 

(ii) Determine the separation of the first line of the Balmer 
series in a spectrum of ordinary hydrogen and tritium (mass 
number 3). Take Rydberg's constantR = I 0967800 m-1 

[2.387 AJ 

n 

E =- 54.4 eV 
n 2 n 

(iii) A photon of energy 5.4852 eV liberates an electron from 

;, . (1.94) the Li atom initially at rest. The emitted electron moves at right 
angles to the direction in which photon moves. Find the speed 
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and the direction in which the Li2+ 'ion will move_ Ionization 
potential of Li atom= 5.3918 V. Atomic weight of Li= 6.94 g, 
NAv = 6.02 x I023mor-1 and m, = 9.I x 10-31 kg. 

[14.2 mis, 0 = 88.9°) 

(iv) A neutron moving with speed v strikes a hydrogen atom 
in ground· state moving towards it with the same speed. Find 
the minimum speed of the neutrons for which inelastic collision 
may take place. Take mass of neutrons and that of hydrogen 
is l.67 X IQ-2Jkg, , 

[J.lJ X 104 m/s] 

(v) A uniform magnetic field B exists in a region. An electron 
projected perpendicular to the field goes in a circle. Assuming 
Bohr's quantization rule for angular momentum, calculate 
(a) the smallest possible radius of the electron 
(b) the radius of the nth orbit and 
(c) the maximum possible-speed of the electron. 

~ /nh ~ 
[(a) '/2ireB ; (b) 1/T,ren ; (c) v;;;;;z l 

(vi) A particle of mass m, atomic number Z:, initial speed v 
and impact' parameter b is scattered by a heavy nucleus of 
atomic number Z. Use the principle of conservation ofangular 

_ _A~~~-~~ysics I 
momentum and energy to obtain a relation between the minimum 
distances of the particle from the nucleus in terms ofZ, Z:, v and 
b. Show that for b = 0, s reduces to the distance of closest 
approach r 0 given by 

I 2ZZ'e2 

r = o 41t Eo mv2 

[lmi1(1-£:_)"'-__ 1_zz•e2 l 
2 s2 41teo s 

(vii) A-small particle of mass m moves in such a way that the 

potential energy U = -½ mb2?, where bis a constant and r is 

ihe distance of the particle from the origin (Nucleus). Assuming 
Bohr model of quantization ofangular momentum ~nd circular 
orbits, show that radius of the nth allowed'orbit is proportional 

· to,Jn. 

Advance Illustrations Videos at WWW.physicsg~laxy.com 

Age Group -Advance Illustrations 
Section - Modern Physics 
Topic-Atomic and Nuclear Physics 
Illustrations - 54 In-depth Illustrations Videos 
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Discussion Question 
Q1-1 Balmer series was observed and analyzed before the other 
series. Can you suggest a reason for such an order ? 

Q1-2 You are examining the spectrum ofa particular gas that is 
excited in a discharge tube. You are viewing the discharge 
through a transparent box that contains the same gas. Under 
what conditions would you expect to see dark lines in the 
spectrum? 

Q1-3 The first excited energy of a He+ ion is the same as the 
ground state energy of hydrogen. Is it always true that one of 
the energies ofany hydrogen like ion will be same as the ground. 
state energy of a hydrogen atom ? 

Q1-4 An atom is in its excited state. Does the probability of its 
coming to ground state depend on whether the radiation is 
already present or not ? If yes, does it also depend on the 
wavelength of the radiation present? 

Q1-5 At room temperature, most of the atoms of atomic 
hydrogen contain electrons that are in the ground state or n = I 
energy level. A tube is filled With atomic hydrogen. 
Electromagnetic radiation with a continuous spectrum of 
wavelengths, including those in the Lyman, Balmer, and Paschen 
series, enters one end of this tube and leaves the other end. 
The existing radiation is found to contain absorption lines. To 
which one (or more) of the series do the wavelengths of these 
absorption lines correspond ? Assume that once an electron 
absorbs a photon and jumps to a higher energy level, it does 
not absorb yet another photon and jump to an even higher 
energy level. Explain your answer. 

Q1-6 When electromagnetic radiation is passed through, a 
sample ofhydrogerr gas at room temperature, absorption lines 
are observed in Lyman series only. Explain. 

Q1-7 The difference in the frequencies of series limit of Lyman 
series and Balmer series is equal to the frequency of the first 
line ofthe Lyman series. Explain. 

Q1-8 When an electron goes from the valence band to the 
conduction band in silicon, its energy is increased liy I. I eV. 
The average energy exchanged in a thermal collision is of the 
order of kTwhich is only0.026 eV at room temperature. How is 
a thermal collision able to take some of the electrons from the 
valence band to the conduction band ? 

Q1-9 Does it take more energy to ionize (free) the electron ofa 
hydrogen atom that is in an excited state than one in the ground 
state? Explain. 

Q1-10 Galaxies tend to be strong emitters of Lyman-a photons 
(from then= 2 ton= l transition in atomic hydrogen). But the 
intergalactic medium-the very thin gas between the galaxies
tends to absorb Lyman-a photons. What can you infer from 
these observations about the temperature in these two 
environments? Explain. 

Q1-11 The total energy of the hydrogen atom is negative. What 
significance does this have ? 

Q1-12 Find out the wavelength of the first line of the He+ ion 
in a spectral series whose frequencywidth isl'. v= 3.3 x 1015 s-1. 

Q1-13 Very accurate measurements of the wavelengths oflight 
emitted by a hydrogen atom indicate that all wavelengths are 
slightly longer than expected from the Bohr theory. How might 
the conservation of momentum help explain this? [Hint Photons 
carry momentum and energy. both of which must be conserved.] 

Q1-14 In the Bohr model for the hydrogen atom, the closerthe 
electron is to be nucleus, the smaller is the totarenergy of the 
atom. Is this also true in the quantum mechanical pich1re of the 
hydrogen atom? Justify your answer. 

Q1-15 The materials (phosphors) that coat the inside of a 
fluorescent lamp convert ultraviolet radiation (from the mercury
vapor discharge inside the tube) into visible light. Could one 
also make a phosphor that converts visible light to ultraviolet? 
Explain. 

Q1-16 Consider the line spectrum emitted from a gas discharge 
tube such as a neon sign or a Sodium-vapor or mercury-vapor 
lamp. It is found that when the pressure of the vapor is increased, 
the spectrum lines spread out over a larger range of 
wavelengths, that is, are le~s monochromatic. Why? 

Q1-17 Which wavelengths will be emitted bya sample ofatomic 
hydrogen gas (in ground state) if electrons of energy 12.2 eV 
collide with the atoms of the gas? 

Q1-18 As a body is heated to a very high temperature and 
becomes self-luminous, the apparent color of the emitted 
radiation shifts from red to yellow and finally to blue as the 
temperature increases. Why the color shifts ? What other 
changes in the character of the radiation occur? 

Q1 -19 Explain why the Bohr theo_ry is applicable only to the 
hydrogen atom and to hydrogen-like atoms, such as singly 
ionized helium, doubly ionized lithium, and other one-electron 
systems. 

Study Physics Galaxy with www.puucho.com

www.puucho.com



34 

Q1-20 What are the most significant differences between the 
Bohr model of the hydrogen atom and the Schrodinger_analysis 
of that atom ? What are the similarities? 

Q1-21 How many waveleogths are emitted by atomic hydrogen 
in visible range (380 nm - 780 nm) ? In the range 50 nm to 
100nm? 

Q1-22 Stars appear to have distinct colors. Some stars look 
red, some yellow, and others blue. What is a possible explanation 
for this? 

Q1-23 What will be the energy corresponding to the first excited 
state ofa hydrogen atom if the potential energy of the atom is 
taken to be IO eV when the electron is widely separated from 
the proton? Can we still write E. = E/n2 ? r. = ar11'? 

_ AtOITTic- fi6ysi~s] 

Q1-24 The numerical value ofionization energy in e V equals 
the ionization potential in volts. Does the equality hold if these 
quantities are measured in some other units ? 

Q1-25 When the outennostelectron in an atom is in an excited 
state, the atom is more easily ionized than when the outermost 
electron is in the ground state. Why? 

Q1 -26 Elements in the gaseous state emit line spectra with 
well-defined wavelengths. But hot solid bodies always emit a 
continuous spectrum, that is, a continuous smear of 
wavelengths. Can you account for this difference? 

* * * * * 

Study Physics Galaxy with www.puucho.com

www.puucho.com



~tomic _P~ysics 

ConceptualMCQsSingle Option Correct 
1-1 According to Bohr's theory of the hydrogen atom, the 

total energy of the hydrogen atom with its electron revolving in 

the nth stationary orbit is : 

(A) Proportional to 11 

(B) Proportional to 112 

(C) Inversely proportional to 11 

(D) Inversely proportional to 112 

. 1-2 According to Bohr's theory of the hydrogen atom, the 

radii rn of stationary electron orbits are related to the principal 
quantum number n as : 

(A) r oc l/112 
n 

(C) rn oc n 
(B) 

(D) 
r

11 
oc. 1/n 

r oc n2 ,, 

1-3 The wavelengths involved in the spectrum of deuterium 

(/ D) are slightly different from that of hydrogen spectrum, 
because: 

(A) Size of the two nuclei are different 

(B) Nuclear forces are different in the two cases 

(C) Masses of the two nuclei are different 

(D) Attraction between the electron and the nucleus is different 
in the two cases 

1-4 The energy of the electron of hydrogen orbiting in a 

stationary orbit ofradius rn is proportional to: 

(A) 1;, (B) llr. 

(C) r' n (D) [f,2,, 

1-5 The shortest wavelength of the spectrum for transition of 

an electron ton =4 energy level ofa hydrogen like atom (atomic 

number = Z) is the same as the shortest wavelength of the 

Balmer series of hydrogen atom. The value of Z is : 
(A) 2 (B) 3 
(C) 4 (D) 6 

1-6 Which of the following series in the spectrum of the 

hydrogen atom lies in the visible region of the electromagnetic 
spectrum? 

(A) Paschen series 

(C) Lyman series 
(B) Balmer series 

(D) Brackett series 

1-7 The angular momentum of an electron in an orbit is 

quantized because it is a necessary condition for the 
compatibilitywith: 

(A) The wave nature of electron 

(B) Particle nature of electron 

(C) Paulli's exclusion behaviour 

(D) None of these 

1-8 In the following figure-1.26 the energy levels ofhydrogen 
atom have been shown along with some transitions marked A, 
B, C, D and E. The transitions A, Band Crespectivelyrepresent : 

n=5 
n=4 
n=3 

n=2 

n=l 

A 

I 

!c 

B D 

Figure 1.26 

' 

E 

.544 eV 

0.85 eV 

1.5 eV 

3.4 eV 

13.6 eV 

(A) The first member of Lyman series, third member of Balmer 
series and second member of Paschen series 
(B) The ionisation potential of hydrogen, second member of 
Balmer series and third member of Paschen series 
(C) The series limit of Lyman series, second member of Bal mar 
series and second member of Paschen series 

(D) The series limit ofLyman series, third member ofBalmer 
series and second member of Paschen series 

1-9 The electron in a hydrogen atom makes a transition from 
an excited state to the ground state. Which of the following 
statements is true ? 

(A) Its kinetic energy increases and its potential and total 
energies decreases 

(B) Its kinetic energy decreases, potential energy increases 
and its total energy remains the same 

(C) Its kinetic and total energies decrease and its potential 
energy increases 

(D) Its kinetic, potential and total energies decrease 

1-10 In the Bohr's model of hydrogen atom, the ratio of the 
kinetic energy to the total energy of the electron in 111h quantum 
state is : 
(A) -l 
(C) -2 

(B) +I 
(D) 2 

1-11 According to Bohr's theory of the hydrogen atom, the 
speed vn of the electron in a stable orbit is related to the principal 
quantum number 11 as (C is a constant): 

(A) v n = C/112 (B) v. = C/11 

(C) v.= Cx 11 (D) v.= Cx 112 

1-12 In the Bohr model of a hydrogen atom, the centripetal 
force is furnished by the coulomb attraction between the proton 

and the electron. If a0 is the radius of the ground state orbit, m 
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is the mass and e is the charge on the electron and e0 is the 
vacuum permittivity, the speed of the electron is : 

(A) 0 (B) 
e 

Je 0a0m 

(C) 
e (D) 

J41ee 0a0m 

J41ee 0a0m e 

1-13 If elements with principal quantum number n> 4 were not 
allowed in nature, the number of possible elements would be: 
(A) 60 (B) 32 
(C) 4 (D) 64 

1-14 Bohr's atomic model gained acceptance above all other 
models because it : 
(A) Is based on· quantum hypothesis 
(B) Explained the constitution ofatom . 
(C) Assumed continuous radiation of energy by orbiting 
electrons 
(D) Explained hydrogen spectrum 

1-15 Pauli's exclusion principle states that no two electrons in 
an atom can have identical values for: 
(A) One of the four quantum numbers 
(B) Two of the four quantum numbers 
(C) Three of the four quantum numbers 
(D) All four quantum numbers 

1-16 Energy levels A, Band C ofa certain atom correspond to 
increasing values ofenergy i.e. EA< E8 <Ee ifA.1, A.2, ,.3 are the 
wavelengths ofradiation corresponding to transition Cto B, B 
to A and C to A respectively, which of the following statements 

is correct? 

-,-,1~-----~c 
--'--------+--B 

,, 

_____ .._ _ _,__A 

Figure 1.27 

1 1 1 
(B) -=-+-

,., )..I "-2 

(D) ,., = ~)..; + ,.22 

1-17 When white light (violet to red) is passed through 
hydrogen gas at room temperature, absorption lines will be 

observed in the 
(A) Lyman series (B) Balmer series 

(C) Both (A) and (B) (D) Neither (A) or (B) 

-----· 
Ato~il: P~!9~ 

1-18 The difference in angular momentum associated with 
electron in two successive orbits of hydrogen atom is: 

(A) h 
7t 

(C) nh 
21t 

h 
(B) 21t 

h 
(D) 21t 

1-19 Ifradiation ofall wavelengths from ultraviolet to infrared 
is passed through hydrogen gas at room temperature absorption 
lines will be observed in the 
(A) Lyman series (B) Balmer series 
(C) Both (A) and (B) (D) Neither (A) or (B) 

1-20 Which of the following force is responsible for a-particle 
scattering ? · 
(A) Gravitational (B) Nuclear 
(C) Coulomb (D) Magnetic 

1-21 A Hydrogen atom and Li++ ion are both in the second 
excited state. If LH and Lu are their respective angular momenta, 
and EH and Eu their respective energies, then : 

(A) L~ > Lu and [EHi > IEul 
(B) LH=Lu and [EH[<lEul 
(C) LH = Lu and [EH[> [Eu[ 
(D) LH<Lu and [EH[<[Eul 

1-22 The minimum kinetic energy of an electron, hydrogen 
ion, helium ion required for ionization ofa hydrogen atom is E1 

in case electron is collided with hydrogen atom. It is E2 if 
hydrogen ion is collided and El when helium ion is collided. 

Then: 
(A) E 1 =E2 =E3 
(C) E

1 
<E

2 
<E3 

(B) E
1 
> E

2
> E3 

(D) E1 > E3 > E2 

1-23 The wavelength of radiation emitted due to transition of 
electron from energy level E to zero is equal to A.. The wavelength 
ofradiation (1,.

1
) emitted when electron jumps from energy level 

3!} to zero will be: 

(A) ~"-
3 

(C) i,. 
9 

-~--~-,-,--E 

-~---~~--o 
Figure 1.28 

(B) l,. 
2 

(D) 2.,. 
4 
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1-24 A neutron collies head-on with a stationary hydrogen 
atom in ground state. Which of the following statements is/are 
correct? 
(A) Ifkinetic energy of the neutron is less than 13.6 eV, collision 
must be elastic 
(B) If kinetic energy of the neutron is less than 13.6 eV, collision 
may be inelastic 
(C) Inelastic collision may take place on when initial kinetic 
energyofneutron is greater than !3.6 eV 
(D) Perfectly inelastic collision can not take place 

1-25 An electron in hydrogen atom after absorbing an energy 
photon jumps from energy state n1 to n2• Then it returns to 
ground state after emitting six different wavelengths in emission 
spectrum. The energy of emitted photons is either equal to, less 
than or greater than the absorbed photons. Then n, and n2 are : 
(A) n2 = 4, n 1 = 3 (B) n

2 
= 5, n 

1 
= 3 

(C) n2 = 4, n 1 = 2 (D) n2 = 4, n 
1 
= I 

1-26 Mark correct statements : 
(A) Bohr's theory is applicable to hydrogen alone because its 
nucleus is most light 
(B) Binding energy of electron (in ground state) of I H

2 is greater 
than that of 1H in ground state 
(C) All the lines of Balmer series lie in visible spectrum 
(D) None of these 

1-27 -Figure- l.29 represents transitions of electrons from higher 
to lower state ofa hydrogen atom. Which transition represents 
the line of Balmer series : 

(A) I 
(C) 3 

n=4---------
3 

n=3---------"---
2 

Figure 1.29 

(B) 2 

(D) All l,2, and3 

-~_1 
1-28 Hydrogen H, deuterium D, singly ionized helium He+ and 
doubly ionized lithium Li* all have one electron around the 
nucleus. Consider n = 2 and n = I transition. The wavelengths 
of the emitted radiations are A-1, 1,,2, 1,,3 and 1,,4 respectively. Then 
approximately: 

(A) 1,,1 = 2"-,_ = 2 ,/2 1,,,, = 3 ,/2 1,,4 
(BJ ,.,=½=21,,3=31,,4 
(C) 1.,=½=41,,3=91,,4 
(D) 41,,,=2),,,=21,,3=),,4 

1-29 Which of the following curves may represent the energy 
ofdectron in hydrogen atom as a function of principal quantum 
numbern: 

E E 

(A) 

a~---=:::... 
n 

-E 

(C) 

1-30 A hydrogen atom in ground state absorbs !2.1 eV energy. 
The orbital angular momentum of electron is increased by: 

h 
(A) 2,c 

(C) 31, 
2,c 

(B) " 
" 

(DJ zero 

1-31 Magnetic moment due to the motion of the electron in nth 

energy state of hydrogen atom is proportional to : 
(A) n (B) n° 
(C) n 5 (D) n3 

* * * * * 
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1-1 The energy required to excite a hydrogen atom from n = I 
ton= 2 energy state 10.2 eV. What is the wavelength of the 
radiation emitted by the atom when it goes back to its ground 
state ? 
(A) 1024A 
(C) 121sA 

(B) 1122A 
(D) 1324A 

1-2 Consider Bohr's theory for hydrogen atom. The magnitude 
of angular momentum, orbit radius and frequency of the electron 
in nth energy state in a hydrogen atom areL, r &/respectively. 
Find out the value of 'x', if the product fr L is directly 
proportional ton': · 
(A) 0 (B) l 
(C) 2 (D) 3 

1-3 For the first member ofBalmer. series ofhydrogen spectrum, 
the wavelength is A. What is the wavelength of the second 
member? 

5 
(A) 30'-

(C) i,. 
9 

3 
(B) 16).._ 

(D) 20 ,_ 
27 

1-4 In a new system of units the fundamental quantities are 
planks constant (h), speed oflight (c) and time (7). Then the 
dimensions of Rydberg's constant will be : 
(A) h1 c1 T1 (B) 1,0 c-1 , 1 

(C) h1 CO 1 1 (D) h-l C 'J" 

1:.S In a hypothetical atom, if transition from n =_ 4 ton= 3 
produces visible. light thel\ the possible tra°nsition to obtain 
infraredradlation is: 
(A) n=5ton::,3 
(C) n=3ton= I 

(B) n=4ton=2 
(D) none of these 

1-6 If first excitation potential of a hydrogen like atom is 
Velectron volt, then the ionization energyofthisatom will be: 
(A) V electron volt 

3V · 
(B) 4 electron volt 

4V 
3 electron volt (C) 

(D) cannot be calculated by given information 

1-7 Ionisation energy for hydrogen atom in the ground state is 
F,_ What is the ionisation energy of Li++ atom in the 2"d excited 
,tate ? 
(A) E 
(C) 6£ 

(B) 3£ 
(D) 9£ 

1-8 The different lines in the Lyman series ha'.e their 
wavelengths faying between : 
(A) Zero to infinite (B) 900 A to 1200 A 
(C) !O00Ato 1500A (D) 500Ato I000A 

1-9 The orbital electron of the hydrogen atom jumps from the 
ground state to a higher energy state and its orbital velocity is 
reduced to one third ofits initial value. If the radius of the orbit 
in the ground state is r, then what is the radius of the new 
orbit? 
(A) 2r 
(C) 4r 

(B) 3r 
(D) 9r 

1-10 If we_ assume that penetrating power of any 
radiation/particle is inversely proportional to its de-Broglie 
wavelength of the particle then : 
(A) a proton and an a-particle after getting accelerated ihrough 
same potential difference will have equal penetrating power. 
(B) penetrating power of a-particle will be greater than that of 
proton which have been accelerated by same potential difference. 
(C) proton's penetrating power will be less than penetrating 
power of an electron which has been accelerated by the same 
potential difference. 
(D) penetrating powers can not be compared as all these are 
particles having no wavelength or wave nature. 

1-11 According to Bohr's theory the ratio of time taken by 
electron to complete one revolution in first excited and second 
excited states of hydrogen will be : 
(A) 1 : 8 (B) 8: 27 
(C) 82 : 272 (D) 4: 9 

1-12 The area of the electron orbit for the ground state of 
hydrogen atom isA. What will be the area of the electron orbit 
corresponding to the first excited state? 
(A) 4A (B) 8A , 
(C) 16A (D) 32A 

1013 If the wave-number ofa spectral line of-Brackett series of 

hydrogen is 
4

~
0 

times the Rydberg constant. What is the state 

from which the transition has taken place? 
(A) n=4 (B) n=5 
(C) n=6 (D) n=7 

1-14 Ionization potential ofhydrogen atom is 13.6 V. Hydrogen 
atom in the ground state is excited by monochromatic radiation 
of photons of energy 12.09 eV. The number of spectral lines 
emitted by the hydrogen atom, according to Bohr's theory, will 
be: 
(A) One 
(C) Three 

(B) Two 
(D) Four 
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1-15 An electron jumps from the first excited state tq the ground 
stage of hydrogen atom: What will be the percentage change in 
the speed of electron ? 
(A) 25% (B) 50% 
(C) !00% (D) 200% 

1-16 An energy of24.6 eV is required to remove one of the 
electron from the neutral helium atom. The energy(in e V) required 
to remove both the electron from a neutral helium atom is : 
(A) 38.2 (B) 49.2 
(C) 51.8 (D) 79.0 

1-17 A neutron beam, in which each neutron has same kinetic 
energy, is passed through a sample of hydrogen like gas (but 
not hydrogen) in ground state and at rest. Due to collision of 
neutrons with the ions of the gas, ions are excited and then 
they emit photons. Six spectral lines are obtained in which one 
of the lines is of wavelength (6200/5 l) nm. Which gas is this? 
(A) H (B) He+ 
(C) Li+2 (D) Bj+l 

1-18 In previous question what is the minimum possible value 
of kinetic energy of the neutrons for this to be possible. The 

mass of neutron and proton can be assumed to be nearly same. 
Use he= 12400eVA. 
(A) 3l.875eV (B) 63.75eV 
(C) 127.5eV (D) 182.5eV 

1-19 In Millikan's oil drop experiment, a charged oil drop of 
mass 3.2 x 10-14 kg is held stationary between two parallel 

plates 6 mm apart by applying a potential difference of 1200 V 
between them. How many excess electrons does the oil drop 
carry? Take g = IO ms-2 : 

(A) 7 
(C) 9 

(B) 8 

(D) IO 

1-20 In a hydrogen like atom the energy required to excite the 
electron from ·2°tl to 3ro orbit is 47.2 eV. What is the atomic 
number of the atom? 
(A) 2 
(C) 4 

(B) 3 

(D) 5 

1-21 Two hydrogen atoms are in excited state with electrons in . 
n = 2 state. First one is moving towards left and emits a photon 
of energy E1 towards right. Second one is moving towards 
right with same speed and emits a photon of energy E

2 
towards 

right. Taking recoil of nucleus into account during emission 
process : 

(A) E1 > E2 
(C) E1 =E2 

(B) E1 <E2 
(D) information insufficient 

- 391 
- __ ...J 

1-22 In a hydrogen atom following the Bohr's postulates the 
product of linear momentum and angular momentum is 
proportional to rf where 'n' is the orbit number. Then 'x' is: 
(A) 0 (B) 2 
(C) -2 (D) I 

1-23 The velocity of an electron in second orbit oftenlyionized 
sodium atom (atomic number Z= ll) is v. The velocity of an 
electron in its fifth orbit will be: 

(A) v 

(C) lv 
5 

5 
(B) 2v 

22 
(D) 5v 

1-24 A positronium consists of an electron and a positron 
revolving about their common centre of mass. Calculate the 
separation between the electron and positron in their first excited 
state : 
(A) 0.529A 
(C) 2.116A 

(B) l.058A 
(D) 4.232A 

1-25 A positronium consists of an electron and a positron 
revolving about their common centre of mass. Calculate the 
kinetic energy of the electron in ground state: 
(A) l.51 eV (B) 3.4eV 
(C) 6.8 eV (D) 13.6 eV 

1-26 A hydrogen atom is in an excited state of principle 
quantum number n. It emits a photon of wavelength A. when 
returns to the ground state. The value ofn is : 

(A) ~1'.R(1'.R -l) 

/)JI 
(C) v~ 

~ 
(B) v~ 

1-27 The ratio of magnitude of energies of electron in hydrogen 
atom in first to second excited states is : 
(A)l:4 (B)4:9 
(C) 9: 4 (D) 4: l 

1-28 Monochromatic radiation of wavelength A. is incident on 
a hydrogen sample in ground state. Hydrogen atoms.absorb a 
fraction oflight and subsequen!lyemitradiations of six different 
wavelengths. Find the wavelength A.: 
(A) 975A (B) 1218A 
(C) 2248A (D) 4316A 

1-29 Out of the following transitions, the frequency of emitted 
photon ,will be maximum for : 
(A) n=5ton=3 
(C)n=2ton=I 

(B) n=6ton=2 
(D) n=4ton=2 
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1-30 Imagine a neutral particle of same mass m as electron 
revolving around a proton of mass MP only under newton's 

· gravitational force. Assuming Bohr's quantum condition, the 
radius ofelectron orbit is given by; · 

(A) 
n2h2 n2h2 

rcm2GMP 
(B) 

4rc2m2GM • p 

GM n2h2 
nhGMP 

(C) 
p 

(D) 
4rc2m2 4rcm 

1-31 Determine the ratio of perimeters in 200 and 3"' Bohrorbit 
in He+atom: 

(A) 9 
4 

(C) 4 
9 

9 
(B) 16 

(D) 16 
9 

1-32 The photon radiated from hydrogen corresponding to 
2nd line of Lyman series is absorbed by a hydrogen like atom 'X' 
in 200 excited state. As a result the hydrogen like atom 'X' makes 
a transition to n1h orbit. Then, 
(A) X= He•, n=4 (B) X= Li++, n=6 

(C) X=He+,n=6 (D) X=Li++,n=9 

1-33 An a particle with akineticenergyof2.! eVmakesahead 
on collision with a hydrogen atom moving towards it with a 
kinetic energy of8.4 eV. The collision : 
(A) must be perfectly elastic 
(B) may be perfectly ineiastic 
(C) may be inelastic 
(D) must be perfectly inelastic 

1-34 A hydrogen atom is initially at rest and free to move is in 
the second excited state. It comes to ground state by emitting a 
photon, then the momentum of hydrogen atom will be 
approximately: (in kg-mis) 
(A) 12.1 x 0-27 

(C) 3 X )0·'7 

(B) 6.45 X I 0-27 

(D) J.5 X 0-27 

1-35 An gas ofH-atoms in excited state n2 absorbs a photon 
of some energy and jump in higher energy state n I' Then it 
returns to ground state after emitting six different wavelengths 
in emission spectrum. The energy of emitted photon is equal, 
less or greater than the energy of absorbed photon then n I and 
n2 will be: 
(A) n1 =5, n2 =3 
(C) n1 =4, n2=3 

(B) 
(D) 

n1 =5,n2 =2 
n1 =4·, n2 =2 

1-36 Imagine an atom made ofa nucleus ofcharge (Ze) and a 
hypothetical particle of same mass but double the charge of the 
electron. Applythe Bohr atom model and consider all possible 
transitions of this hypothetical particle to the ground state. 

_ AtOmlC~~i.~J 
The longest wavelength of photon that will be emitted has 
wavelength A (given in terms of Rydberg constantR ofhydrogen 
atom equal to ; 

z2 
(A) 3R 

4 
(C) 3Z 2R 

(B) 3Z 2 Ji 

(D) 
16 

3Z?R 

1-37 One of the lines in the emission spectrum ofLi2+ has the 
same wavelength as that of the 2nd line of Balmer series in 
hydrogen spectrum. The electronic transition corresponding 
to this line is : 
(A) n=4~n=2 

(C)n=8~n=4 
(B) n=8'....+n=2 

· (D) n= 12~n=6 

1-38 In Bohr's theory the potential energy of an electron at a 
2 . 

position is K; (where K is a positive constant); then the 

quantized energy of the electron in nth orbit is; 

(A) nh(K) 
2rc m 

nh (K)112 

(B) 2rc m 

(D) nh(;,,)112 
2rc K 

1-39 Iftirst and second frequencies in transition to 'k' orbital 
are related by the relation v 1 = kv2, then the first frequency in 

the transition to second orbital will not be equal to ; 

(A) v1 (¾-1) 
(C) V2-V1 

(B) (I-: k) v
2

• 

(D) 1c2v2 

1-40 The ratio of de-Broglie wave length of a photon and an 
electron of mass 'm' having the same kinetic.energy Eis ; (Speed 
oflight= c) 

(A) J2";2 

2mr:2 (C) 
E 

(B) Jmt 
2 

(D) me 
E 

1-41 A monochromatic radiation of wavelength A is incident 
on a sample containing He•. As a result the Helium sample 
starts radiating. A part of this radiation is allowed to pass through 
a sample of atomic hydrogen gas in ground sta•e. It is noticed 
that the hydrogen sample has started emitting electrons whose 
maximum KineticEnergyis37.4eV. (he= 12400eV A)ThenAis; 
(A) 275 A (B) 243 A 
(CJ 656 A (DJ 386 A 
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1-42 Of the following transitions in hydrogen atom, the one 
which gives an absorption line of highest frequency is : 
(A) n = I ton= 2 (B) n = 3 ton= 8 
(C) n=2 ton= I (D) n=8 ton=3 

1-43 An electron of the kinetic energy I0eV collides with a 
hydrogen atom in I st excited state. Assuming loss of kinetic 
energy in the collision to be quantized which of the following 
statements is INCORRECT. 
(A) The collision may be perfectly inelastic 
(B) The collision may be inelastic 
(C) The collision may be elastic 
(D) The collision must be inelastic 

1-44 !fin the first orbit ofa hydrogen atom the total energy of 
the electron is-21.76 x 10-19J, then its electric potential energy 
will be: 
(A) -43.52 x 10-19 J 

(C) -I 0.88 x 10-19 J 
(B) -2J.76 X 10-19 J 
(D) -J3,6 X 10-19 J 

1-45 In the figure six lines of emission spectrum are shown. 
Which of them will be absent in the absorbtion spectrum. 

(A) 1,2,3 
(C) 4,5,6 

l 
c· 

l 6 B 

1 4 5 X 

2 3 A 

Figure 1.30 

(B) 1,4, 6 
(D) 1,2,3,4,5,6 

41 

1-46 An orbital electron in the ground state of hydrogen has 
an angular momentum L1, and an orbital electron in the first 
orbit in the ground state oflithium (double ionised positively) 
has an angular momentum L2 .Then : 
(A) L1 = L2 (B) L

1 
= 3L

2 
(C) L2 = 3L1 (D) L2 = 9L1 

1-47 The ratio of the maximum wavelength ofthe Lyman series 
in hydrogen spectrum to the maximum wavelength in the 
Paschen series is : 

3 
(A) I 05 

(C) 52 
7 

6 
(B) 15 

7 
(D) 108 

1-48 Consider atoms H, He•, Li++ in their ground states. 
Suppose E,, E2 and E

3 
are minimum energies required so that 

the atoms H, He+, Li++ can achieve their first excited states 
respectively, then : 
(A) E1=E2=E

3 
(C) E1<E2 <E3 

(B) £ 1 > E2> E3 
(D) £ 1 =E2 =E3 

1-49 The radius of first Bohr orbit of hydrogen atom is 0.53 A. 
Then the radius of first Bohr-orbit ofmesonic atom (negative 
meson has mass 207 times that ofelectron but same charge) is : 
(A) 2.85 x I 0-13 m (B) 1.06 x I 0-13 m 
(C) 0.53 x 10-'°m (D) 7.0 x J0-12 m 

* * * * * 

Study Physics Galaxy with www.puucho.com

www.puucho.com



l._4? 

Advance MCOs with One or More Options Correct 
1-1 The ground state and first excited state energies of 
hydrogen atomare-13.6 eVand-3.4eVrespectively. If potential 
energy in ground state is taken to be zero. Then : 

(A) potential energy in the first excited state would be 20.4 eV 
(B) total energy in the first excited state would be 23.8 eV 
(C) kinetic energy in the first excited statewould be 3.4 eV 
(D) total energy in the ground state would be 13.6 eV 

1-2 An electron is excited from a lower energy state to a higher 
energy state in a hydrogen atom. Which of the following 

quantity/quantities decreases/decrease iti the excitation ? 
(A) Potential energy (B) Angular speed 
(C) Kinetic energy (D) Angular momentum 

1-3 An electron in a hydrogen atom makes a transition n 1 ~ n2 
where n I and n2 are principle quantum numbers of the two 

states. Assume the Bohr model to be valid. The time period of 
the electron in the initial state is eight times that in the final 

state. The possible values of n I and n2 are : 
(A) n1 =4,n2 =2 (B) _n 1 =8,n2 =2 
(C)n1 =8,n2 =1 (D)n 1=6,n2 =3 

1-4 An electron in hydrogen atom first jumps from second 
excited state to first excited state and then from first excited 

state to ground state. Let the ratio of wavelength, momentum 
and energy of photons emitted in these two cases be, a, b and 

c respectively. Then : 

I 
(A) c= - (B) a=9/4 

a 
(C) b=S/27 (D) c=S/27 

1-5 The magnitude of energy, the magnitude of linear 
momentum and orbital radius ofan electron in a hydrogen atom 

. corresponding to the quantum number n are E, P and r 

respectively. Then according to Bohr's theoryofhydrogen atom : 

(A) EPr is proportional to J_ 
n 

(B) PIE is proportional to 11 

(C) Er is constant for all orbits 
(D) Pr is proportional ton 

1-6 The wavelengths and 
frequencies of photons in 

transitions I, 2 and 3 for hydrogen 

like atom are A.1, ½, ½, v 1, v2 and 
v3 respectively. Then: 

(A) v
3 
=v1 +v2 

(B) 

2 3 

Figure 1.00 

1-7 Which of the following transitions in He+ ion will give rise 

to a spectral line which has the s::me wavelength as some spectral 

line in the hydrogen atom ? 
(A) n =4 ton= 2 

(C) n=6ton=3 
(B) n=6ton=2 
(D) n=8ton=4 

1-8 In the Bohr model of the hydrogen atom, let R, Vand E 
represent the radius of the orbit, speed of the electron and the 

magnitude of total energy of the electron respectively. Which 

of the following quantities are proportional to the quantum 

numbern? 
(A) VR 

(C) V 
E 

(B) RE 

(D) Ji 
E 

1-9 In an electron transition inside a hydrogen atom, angular 

momentum of electron may change by 

(A) h 

h 
(C) - "'X 

211i 

(B) h 
1l 

(D) h 
4n 

1-1 O A beam of ultraviolet light of all wavelength passes 

through hydrogen gas at room temperature, in !hex-direction. 

Assume that all photons emitted due to electron transitions . 

inside the gas emerge in they-direction. Let A and B denote the 

lights emerging from the gas in the x-and y-directions 

respectively: 
(A) Some of the incident wavelengths will be absent in A 

(B) Only those wavelengths will be present in B which are 

absent in A 
(C) B will contain some visible light 

(D) B will contain some infrared light 

1-11 Whenever a hydrogen atom emits a photon in the Balmer 

series: 
(A) It may emit another photon in the Balmer series 

(B) It must emit another photon in the Lyman series 
(C) The second photon, if emitted, will have a wavelength of 

about 122 nm 
(D) It may einit a second photon, but the wavelength of this 

photon cannot be predicted 

1-12 Which of the foliowing statements about hydrogen 

spectrum is/are cotrect? 
(A) All the lines ofLyman series lie in ultraviolet region 

(B) All the lines of Balmer series lie in visible region 
(C) All the lines of Pasch en series lie in infrared region 

(D) none of these 
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1-13 A neutron collides head-on with a stationary hydrogen 
atom in ground state. Which of the following statements is/are 
correct? 
(A) ifkinetic energy of the neutron is less than 13.6 eV, collision 
must be elastic 
(B) ifkinetic energy of the neutron is less than 13.6 eV, collision 
may be inelastic 
(C) inelastic collision may take place only when initial kinetic 
energyofneutron is greater than 13.6 eV 
(D) perfectly inelastic collision cannot take place 

1-14 If, in hydrogen atom, radius of nth Bohr orbit is rn, 
frequency of revolution of electron in nth orbit is I,, and area 
enclosed by nth orbit is A,,, time period of electron is T,, then 
which_ of the following graphs is/are correct? 

TD. log(~] 

(A) (B) 

0 n logn 

log[~) log[f"] . T, 

(C) (D) 

0 logn 0 logn 

1:15 Markcorrectstatement(s): 
(A) Bohr's theory is applicable to hydrogen alone because its 
nucleus is very light 
(B) Binding energy ofelectrori (in ground state) of 

I 
H2 is greater 

than that of 1H
1 in ground state 

(C) all the lines ofBalmer series lie in visible spectrum 
(D) none of these 

1-16 A photon of energy 10.5 eV is allowed to interact with a 
hydrogen atom in its ground state. Then : 
(A) the photon is completely absorbed by the H-atom 
(B) the photon cannot excite the H-atom and comes out with 
energy 10.5 eV 
(C) the photon transfers 10.2 eV energy to H-atom ex~iting it to 
first excited state 
(D) none of these 

1-17 When a hydrogen atom is excited from ground sfate to 
first excited state : 
(A) Its kinetic energy increases by 10.2 eV 
(B) Its kinetic energy decreases by 10.2 eV 
(C) Its potential energy increases by 20.4 eV 
(D) Its angular momentum increases by 1.05 x I 0-35 J-s 

- -. 4il 
1-18 Suppose the potential energy between electron and 

• • 2 

d. - . · b Ke proton at a 1stance r 1s given y--3-. 
2r 

Using Bohr's theory choose the correct statements : 
(A) Energy in the nth orbit is proportional to n3 

(B) Energy in the nth orbit is proportional to n6 

(C) Energy is proportional tom2 (m: mass of electron) 
(D) Energy is proportional to,;,-3 (m: mass of electron) 

1-19 An electron in an hydrogen atom has total energy of 
-3.4 eV. Choose the correct statement(s): _ 
(A) The kinetic energy of the electron in that orbit is 3.4 eV 
(B) The potential energy of the electron in that orbit is-6.8 eV 
(C) Angular momentum of the electron in that orbit is hire 
(D) Angular momentum of the electron for that orbit is 2h/rc 

1-20 When Z is doubled in an atom, which of the following 
statements are consistent with Bohr's theory ? 
(A) Energy of a state is double 
(B) Radius of an orbit is doubled 
(C) Velocity ofelectrons in an orbit is doubled 
(D) Radius of an orbit is halved 

1-21 The electron in a hydrogen atom jumps back from an 
excited state to ground state, by emitting a photon of 

16 
wavelength ')..0= 

15 
R , where R is Rydberg's constant. In place 

ofemitting one photon, the electron could come back to ground 
state by 
(A) Emitting 3 photons of wavelengths ')..1, ')..2 andt3 such that 

I I I !SR 
-+-+-=--
,.., t..2 "-, I 6 

(B) Eniitting 2 photons of wavelength ')..
1
and A.

2 
such that 

I I I SR 
-+-=--
'-, '-2 16 

(C) Emitting 2 photons of wavelength t..
1 

and ½ such that 

I 6 ,..,+,..2 = !SR 

(D) Emitting 3 photons of wavelength "-p '-, and ')..3 such that 

16 
t..,H-i+"-3= I-SR 

1-22 The photon radiated from a hydrogen atom corresponding 
to 2nd line of Lyman series is absorbed by a hydrogen like atom 
'X' in 2nd excited state. As a result the hydrogen like atom 'X' 
makes a transition to n'horbit. Then predict 'X' and the quantum 
number'n': 
(A) X= He+, n=4 
(C) X=He+,n=6 

(B) X=Li'+, n=6 
(D) X=L,-,n=9 

Study Physics Galaxy with www.puucho.com

www.puucho.com



'44 

1-23 A particular hydrogen like atom has its ground state 
binding energy 122. 4 eV. It is in ground state. Then 
(A) Its atomic number is 3 
(B) An electron of90 eV can excite it 

(C) An electron ofkinetic energynearly 91.8 eV can be brought 
to almost rest by this atom 
(D) An electron ofkinetic energy2.6 eV mayemeree from the 
atom when electron ofkinetic energy 125 eV collides with this· 

atom 
Momentum ratio of photons is 

1-24 If radiations ofallowed wavelengths from ultraviolet to 
infrared are passed through hydrogen gas at room temperature, 
absorption lines will be observed in the 
(A) Lyman series (B) Balmer series 
(C) Both (A) and (B) (D) Neither (A) nor (B) 

1-25 In the hydrogen atom, if the reference level of potential 
energy is assumed to be zero at the ground state level. Choose 
the incorrect statement. 
(A) The total energy of the shell increases with increase in the 
vaueof 11 

(B) The total energy of the shell decrease with increase in the 

value of 11 

(C) The difference in total energy of any two shells remains 

the same 
(D) The total energy at the ground state becomes 13.6 eV 

1-26 Choose the correct statement(s) for hydrogen and 
deuterium atoms (considering the motion of nucleus) 
(A) The radius offirst Bohr orbit of deuterium is less than that 

of hydrogen 
(B) The speed of electron in first Balmer line of deuterium is 

more than that of hydrogen 
(C) The wavelength of first Balmer line of deuterium is more 

than that of hydrogen 
(D) The angular momentum of electron in the first Bohr orbit 
of deuterium is more than that of hydrogen 

1-27 A neutron collides head--0n with a stationary hydrogen 
atom in ground state. Which of the following statements ar~ 
correct (Assume that the hydrogen atom and neutron has 
same mass) 

- Ato~i~ P~i_i~ 

(A) Ifkinetic energy of the neutron is less than 20.4 e V collision 
must be elastic 
(B) If kinetic energy of the neutron is less than 20.4 eV collision 
may be inelastic 
(C) Inelastic collision may be take place only when initial 
kinetic energy qf neutron is greater than 20.4 eV 

(D) Perfectly inelastic collision can not take place 

1-28 The figure above shows an energy level diagram for the 
hydrogen atom. Several transit.ions are marked as I, II, III, 
___ . The diagram is only indicative and not to scale. 

00 

III t 

II 1vl v1 VI 

I 

Figure 1.00 

(A) The transition in which a Balmer series photon absorbed 

is VI. 
(B) The wavelength oftheradiaticin involved in transition II is 

486nm. 
(C) IV transition will occur when a hydrogen atom is irradiated 
with radiation of wavelength 103nm. 
(D) IV transition will emit the longest wavelength line in the 
visible portion of the hydrogen spectrum: 

1-29 A hydrogen atom is in the 4th excited state, then: 

(A) the maximum number of emitted photons will be I 0 
(B) the maximum numberof emitted photons will be 6 
(C) it can emit three photons in ultraviolet region 
(D) ifan infrared photon is generated, then a visible photon 
may follow this infrared photon 

1-30 An electron with kinetic energy E eV collides with a 
hydrogen atom in the ground state. The collision is observed 

to be elastic for : 
(A) 0<E<oo 
(C) 0<E< 13.6eV 

(B) 0<E< I0.2eV 
(D) 0<E<3.4eV 

* * * * * 
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Unsolved Numerical Proble1ns for Preparation of NSEP, INPhO & IPhO 
Fordetailedpreparatio11 o/INPhO a11d IPhO st11tle11ts ca11 refer atlva11ce study material 011 www.physicsgala>.')'.com 

1-1 A positive ion having just one electron ejects it if a photon 

of wavelength 228 A or less is absorbed by it. Identifying the 

ion. 

1-2 A hydrogen like ion has the wavelength difference between 

the first lines of Balmer and Lyman series equal to 59 .3 nm. 

Identify the atomic number ofion. 

Ans. [3] 

1-3 A beam of ultraviolet radiation having wavelength between 

100 nm and 200 nm is incident on a sample ofatomic hydrogen 

gas. Assuming that the atoms are in ground state, which 

wavelengths will have low intensity in the transmitted beam? If 

the energy of a photon is equal to the difference between the 

energies of an excited state and the ground state, it has large 

probability of being absorbed by an atom in the ground state. 

Ans. p.1 = 122 nm; A.2 = 103 nmJ 

1-4 A hydrogen atom inn= 6 makes two successive transitions 

& reaches the ground state. In the first transition a photon of 

1.13 eV is emitted. Find the energy of the photon emitted in the 

second transition & value ofn for the intermediate state. 

Ans. [12.1 eV, 3] 

1-5 Demonstrate that the frequency v of a photon emerging 

when an electron jumps between neighbouring circular orbits 

ofa hydrogen like atom satisfies the inequality v +, < v < v 
n " 

where v
11 

and v 
11 

+ 1 are the frequencies of revolution of that 
electron around the nucleus along the_circular orbits. Also show 

that for large values of n all these three are almost equal. 

1-6 Find the quantum number n corresponding lo the excited 

state of He+ ion if on transition to the ground state that ion 

emits two photons in succession with wave lengths 108.5 and 
30.4nm. 

Ans. [n = 5] 

1-7 (a) Find the maximum wavelength 1,. oflight which can 
ionize a H-atom in ground state. 

(b) Light of wavelength 1,. incident on a H-atom which is in its 

first excited state. Find the kinetic energy of the electron coming 

out. 

Ans. [(a) 913 A, (b) 10.2 eV] 

1-8 A hydrogen atom in ground state absorbs a photon of 

ultraviolet radiation of wavelength 500 A. Assuming that the 

entire photon energy is takes up by the electrons, with what 

kinetic energy will the electron be ejected. 

Ans. I 11.24 eV] 

1-9 Suppose, in certain conditions only those transitims are 

allowed to hydrogen atoms in which the principal quantum 
number n changes by 2. 

(a) Find the smallest wavelength emitted by hydrogen. 

(b) List the wavelengths emitted by hydrogen in the visible 

range(380nm to780nm) 

Ans. [(a) 103 nm; (b) 487 nm] 

1-10 A particle of mass 111 moves along a circular orbit in a 
k·2 

centrosymmetrical potential field U (r) = T · Using the Bohr's 

quantization condition, find the permissible orbital radii and 

energy levels of that particle. 

1-11 A doubly ion"ized Lithium atom is hydrogen - like with 
atomic number 3; 

(a) Find the wavelength of radiation required to excite the 

electron in L ++ from the first to the third Bohr orbit. 

(Ionisation energy of the hydrogen atom equals 13.6 eV). 

(b) How many spectral lines are observed in the emission 
spectrum of the above excited system? 

Ans. [(a) 113.7 A (b) 3] 

1-12 A parallel beam, oflight of wavelength 100 nm passes 

through a sample of atomic hydrogen gas in ground state. 

(a) Assume that when a photon supplies some ofits energy to 

a hydrogen atom, the rest of the energy appears as another 

photon moving in the same direction as the incident photon. 

Neglecting the light emitted by the excited hydrogen atoms 

in the direction of the incident beam, what wavelengths 
may be observed in the transmitted beam? 

(b) A radiation detector is placed near the gas to detect 

radiation coming perpendicular to the incident beam. Find 

the wavelengths of radiation that" may be detected by the 
detector. 

Ans. l(a) 100 nm, 560 nm, 3880 nm; (b) 103 nm, 121 nm, 654 nm] 
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1-13 A hydrogen.like atom ofatomic number Zis in an excited 
state of quantum number 211. It can emit a maximum energy 

photon of204 eV. !fit makes a transition to quantum siate 11, a 
photon ofenergy40.8 eV is emitted. Find n,Zand the ground 
state energy (in eV) of this atom. Also calculate the minimum 
energy (in eV) that can be emitted by this atom during 
de-excitation. Ground stateenergyofhydrogen atom is- 13.6 eV. 

Ans. [2, 4 - 217.6 eV, 10.58 eV] 

1-14 A stationary He •-iori emitted a photon corresponding to 
the first line of the Lyman series. That photon liberated a 

photoelectron from a stationary hydrogen atom in the ground 

state. Find the velocity of photoelectron. 

Ans. [v = 3.1 x 106 mis, where mis the mass of the electron] 

1-15 The average kinetic energy of molecules in a gas at 
temperature Tis l.5 KT. Find the temperature at which the 
average Kinetic energy of the molecules of hydrogen equals 
the binding energy of its atoms. Will hydrogen remain in 

molecular form at this temperature? 

Ans. [1.05 x 105K, Yes} 

1-16 A well collimated parallel pencil of cathode rays falls 
through a potential differeuce 3 kV & enters the spacing between 
two parallel metallic plates, parallel to their length the spacing 
between the plates being 0.5 cm. The peucil.strikes a fluorescent 
screen, mounted perpendicular to the length of the plates at the 

farther end of the plates & produces fluorescent spot. If now a 
potential difference of 3V is applied across the two plates, 
calculate the linear deflection of the spot on the screen. Given 

the length of the plates is 10 cm. 

Ans. [0.05 -cm] 

1-17 A hydrogen in a state having a binding energyof0.85 eV 

makes transition to a state with excitation energy is I 0.2 eV. 

(a) Identify the quantum no. n ofan upper and the lower energy 
states involved in the transition. 

(b) Find the wavelength of the emitted radiation. 

Ans. [4, 2, 4870 A] 

1-18 A hypothetical, hydrogen like atom consists ofa nucleus 
of mass m

1 
and charge(+ Ze) and a mu-meson of mass m2 and 

charge (- e). Using Bohr's theory, derive an expression for 
distance between nucleus and mu-meson for principal quantum 
number n and derive a relation for energy also. Hence obtain 

expression for reduced mass. 

~to~ic _Pti~lc~] 

1-19 Whenever a photon is emitted by_ hydrogen in Balmer 
series, it is followed by another photon in Lyman series. What 
wavelength does latter photon correspond to ? 

Ans. [1224 AJ 

1-20 A particular hydrogen-like ion emits radiation of frequency 
2.467 x 1015 Hz when it makes transition from n = 2 ton= I. 
What will be the frequency of the radiation emitted a transition 
from 11=3 ton= I? 

Ans. [2.92 x 10 15 Hz] 

1-21 Monochromatic radiation of wavelength 1'. is incident on 
hydrogen sample in ground state. H-atom absorbs a fraction of 
light & subsequently emit radiation of six different wavelengths. 
Find the value ofA.. 

Ans. [975 Al 

1-22 A single electron orbits around a stationary nucleus of 
charge+ Ze, where Z is a constant and e is the magnitude of the 
electronic charge. It requires 47.2 eV to excite the electron from 
the second Bohr orbit to the third Bohr orbit. Find: 

(i) The value of Z. 

(ii) The energy required to excite the electrons from the third 
orbit to fourth. 

(iii) The wavelength of the electromagnetic radiation required 
to remove the electron from the first Bohr orbit to infinity.· 

(iv) The kinetic energy, potential energy and the angular 
momentum of the electron in the first Bohr orbit. 

(v) The radius of the first Bohr orbit. 
(the ionization energyofhydrogen atom= 13.6 eV, Bohr radius 
= 5.3 x 10-11 m, velocity of light= 3 x 108 ms-1, Planck's 
constant= 6.63 x 10-34 Js) 

Ans. [(i) 5; (ii) I 6.5i eV; (iii) 621/17 A = 36.5 A; (iv) 340 eV, - 680 eV, 

h/2n; (v) 0.106 AJ 

1-23 At what minimum kinetic energy must a hydrogen atom 
move for its inelastic head-on collision with another, stationary, 
hydrogen atom to make one of them capable of emitting photon ? 
Both atoms are supposed to be in the ground state prior to the 
collision. 

Ans. [Tmin = 20.4 eV) 

1-24 Atoms of a hydrogen like gas are in a particular excited 
energy level. When these atoms de-excite, they emit photons 
of different euergies. Maximum and minimum energies of emitted 
photons are £max= 52.224 eV and Em,o = 1.224 eV respectively. 
Identify the gas and calculate principal quantum number of 
initially excited energy level. · (Ionisation energy of hydrogen 
atom= 13.6eV) 

Ans. [He+, 5] 
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1-25 A hydrogen atom moving at a speed v collides with 

another hydrogen atom kept at rest. Find the minimum value of 

v for which one of the atoms may get ionized. The mass of a 

hydrogen atom is 1.67 x 10-27 kg. 

Ans. [7 .2 ·x 104 m~s] 

1-26 A doubly ionized lithium atom is hydrogen like with Z = 3. 

(a) Find the wavelength of the radiation required to excite the 

electron in Li++ from the first to the third Bohr orbit 

(Ionization energy ofhydrogen equals 13.6 eV) 

(b) How many spectral lines are observed in the emission 

spectrum of the above excited system ? 

Ans. [(a) 114.3 A, (b) 3] 

1-27 Electrons are emitted from an electron gun at almost zero 

velocity and are accelerated by an electric field E through a 

distance of I m. The electrons are now scattered by an atomic 

hydrogen sample in ground state. What should be the minimum 

value of E so that red light of wavelength 6563 A may be emitted 

in the hydrogen ? 

Ans. [12.J .volts/m] 

1-28 A hydrogen like gas emits radiation of wavelengths 460 A, 
828 A and 1035 A, only. Assume that the atoms have only two 

excited states and the difference between consecutive energy 
levels decreases as energy is increased. Taking the energy of 

the highest energy state to be zero. Find the energies of the 

ground state and the first excited state. 

Ans. [- 27.2 eV, - 12 eV] 

1-29 A gas of hydrogen-like ions is prepared in a particular 

excited state A. It emits photons having wavelength equal to 

the wavelength of the first line of the Lyman series together 

with photons of five other wavelengths. Identify the gas and 

find the principal quantum number of the state A. 

Ans. [He+, 4! 

1-30 Find the temperature at which the average thermal kinetic 

energy is equal to the energy needed to take a hydrogen atom. 

from its ground state ton= 3 state. Hydrogen can now emit red 

light of wavelength 653.1 nm. Because ofMaxwellian distribution 

of speeds, a hydrogen sample emits red light at temperatures 

much lower than that obtained from this problem. Assume that 

hydrogen molecules dissociate into atoms. 

Ans. [9.4 x I 04 K] 

1-31 A spectroscopic instrument can resolve two nearby 

wavelengths A and)..+ I!,,). if Al l!.A is smaller than 8000. This is 

used to study the spectral lines of the Balmer series ofhydrogen. 

,. 
47 

Approximately how many lines will be resolved by the 

instrument? 

Ans. [38] 

1-32 A hydrogen atom in the normal state is located at a 

distance r = 2.5 cm from a long straight conductor carrying a 

current I = IO A. Find the maximum force acting on the atom. 

Ans. [F = 3 x 10-26 N] 

1-33 Using Bohr's theory show that when n is very large the 

frequency of radiation emitted by hydrogen atom due to 

transition of electron from n to (n - I) is equal to frequency of 

revolution ofelectron in its orbit. 

1-34 In a hydrogen like ionized atom a single electron is orbiting 

around a stationary positive charge. !fa spectral line on. equal 

to 4861 A is observed due to transition from 11 = 12 ton= 6. 

What is the ,vavelength ofa spectral line due to transition from 

n = 9 ton= 6 and also identify the element. 

Ans. [6563 A, Z ~ 3] 

1-35 The energy of an electron in an excited hydrogen atom is 

- 3/4 eV. Calculate the angular momentum of the electron 

according to Bohr's theory. Given. Rydberg's constant 

R= 1.09737 x 107 m-', Planck'sconstanth=6.626176 x 10-34 Js 

and speed oflight c = 3 x I 08 ms-1. 

Ans. [2.11 x 10-34 Js] 

·1-36 A gas of identical hydrogen-life atoms has same atoms in 

the lowest energy level A and some atoms in a particular upper 

level B and there are no atoms in any other energy level. The 

atoms of the gas make transition to a higher energy level by 

absorbing monochromatic light of photons energy 7.56 eV. 

Subsequently, the atoms emit radiation of only six different 

photon energies. Some of emitted photons have energy7 .56 eV, 

some have energy more and some have less than 7.56 eV. 
Calculate 

(i) the principal quantum number of the initially excited level 

B, 

(ii) maximum and minimum energies of emitted photons and 
(iii) ionisation energy for gas atoms. 

Ans. !(i) 2, (ii) 37.8 eV, 1.96 eV, (iii) 40.32 eV] 

1-37 Two hydrogen like atoms A &Bare of different masses & 

each atom contains equal number of protons & neutrons. The 

difference in the energies between the first Balmer lines emitted 

by A &B is5.667 eV. When atoms A &B, moving with the same 

velocity. In the process atom B imparts twice the momentum to 

the target than that A imparts. Identify the atoms A &B. 

Ans. [ZA = I , ZB = 2] 
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1-38 A hydrogen like atom (atomic number Z) is in a higher 
excited state of quantum number n. This excited atom can make 
a transition to the first excited state by successively emitting 
two photons of energies l0.20 eV & 17.00 eV respectively. 
Alternatively, the atom from the same excited state can make a 
transition to the second excited state by successively emitting 
two photons of energies 4.25 eV & 5.95 eV respectively. 
Determine the values of n & Z. (Ion1sation energy of hydrogen 
atom= 13.6eV) 

Ans. [11 = 6, Z= 31 

Ato~iC: P~h~i~~J 
1-39. A gas of hydrogen-like ions is prepared in such a way 
that the ions are only in the ground state & the first excited 
state .• A monochromatic light of wavelength 1216 A is absorbed 
by the ions. The ions are lifted to higher excited states and emit 
radiation of six wavelengths, some higher & some lower than 
the incident wavelength. Find the principle quantum number of 
all the excited states. Identify the nuclear charge on the ions. 
Calculate the values of the maximum and minimum wavelengths. 

Ans. [2, 3, 4, q= + 2e, Am.._, =:4150 A, Amin= 245 A] 

* * * * * 
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- Photo Electric Effect & Matter Waves 

FEW WORDS FOR STUDENTS 

To understand atomic phenomena, JVe need both a model of atom 
and a theory that describes the behaviour of atoms. In this chapter 
JVe JVill examine some of the experiments that led to our present 
understanding of the atoms. These e'!:periments JVhich JVe are going 
to study also contributed to the development of quantum mechanics. 
The ideas of Planck, Einstein and Bohr are especially important 
in describing the fundamental theory of atoms. You JVill find that 
ideas such as dual nature of light and concept of matter JVaves 
play a fundamental role in explaining observations in different 
experiments related to atomic theory . 
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Figure-(a) shows the laboratory experimental setup for study of photoelectric effect to analyze the variation of current-voltage characteristics 
and figure-(b) shows the microscopic view of the phenomenon of photoelectric effect how a light quanta (photon) is absorbed and without 
any time leg an electron is emitted under the conditions of photoe~ectric effect. 
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Planck's hypothesis about the way energy is carried in bundles Here if Sis the surface area of the metal surface then thermionic 

by light become useful in explanation of one of the important current at the surface can be given as 

ph.enomenon of modern physics-photoelectric effect. 
Photoelectric effect is the emission of electrons when light of 

an appropriate frequency is incident on a metallic surface. It 

was observed that electrons are ejected from a metal surface 

some times even when incredibly dim light such as that from 

starts and distant galaxies, incident on it. This shows that the 

electron emission .from a metal is not only based on the intensity 
ofincident light but it is basically the energyofincident photons 
no matters if number of photons are very less in a .dim light, 

photoelectric effect can be seen. 

.c 
In metals there are free electrons which are loosely bounded to 

the nucleus as compared to nonmetals, so it is relatively easy to 

remove an electron from a metal surface as compared to a 

nonmetal surface. First we'll discuss some different ways of 

electron emission processes. 

2.1 Electron Emission Processes 

We know from an atom the minimum energy required to remove 

an electron is called Ionization Potential. Similarly the minimum 

energy required to remove an electron from a metal surface is 

called' Work Function' for that metal su,face. 

Ther_e are several ways in which we can_ supply work fµnction 

to a metal surface, which we call electron emission process. In 
general there are four electron emission processes. These are : 

(I) Thermionic Emission 

(2) Photoelectric Emission 

(3) Secondary Emis§ion 

(4) Field-Emission 

2.1.1 Thermionic Emission 

When a metal surface is heated, its temperature increases and 
with temperature the thermal agitation of electrons in the surface 
also increases wlien the temperature of surface attains a value 
when the agit~tion energy of free electrons approaches the 

work functiori of the surface these electrons start coming out 
· from" the metal surface and constitutes a continuous current 

i(ito the surface if the surface is maintained at a constant 

potential; which we call thermionic current. The current density 
of thermionic current depends mainly on the surface 
temperature and work function of the metal surface given by 

I=JS=A ST2 e-.lKI' ... (2.2) 

2:1.2 Photoelectric Emission 

In this process, work function is provided in the form oflight 
photons, as shown in figure-2.1. If the energy of incident 
photons is more then the work functfon of the metal surface, 
the free electrons of the surface absorb these photons and 
comes out from the surface as shown. 

. '· 

Figure 2.1 

2.1.3 Secondary Emission 

This is a process in which the work function is supplied to the 
free electrons of a metal surface by collisions with the fast 
moving secondary particles like neutrons. p-particles etc. For 
this a beam of fast moving particles is incident on a metal surface 
like neutrons from a neutron gun in the figure-2.2 shown. Due 
to high kinetic energy these neutrons penetrate the metal and 
during collisions with the free electrons of the metal transfer 
energy to these-electrons, if this energy is more then work 
function these electrons are ejected out from the metal surface. 

~utrongun 

-~ 
• • • • • • ,-

• 

/ 
Figure 2.2 

2.1.4 Field Emission 

"Richardson Dushman Equation", given as 

Here A is a constant called 'Richardson Constant'. 

This is.a process in which work function ofa metal is provided 
... (2.1)' to the free electron of a metal surface_ by applying a strong 

electric field on the metal surface. As shown in figure-2.3 ifan 
. electric field in downward direction is increased on the metal, 
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the pull on electron due to this electric field increases and it 

increases the electrical potential energy of the free electrons, 
when this energy increases beyond the work function, the 
electron will come out from the metal surface. 

i 

l l l l 
eE eE eE 

Metal surface • • • e- ,- e-

,, 

Figure 2.3 

2.2 Photoelectric Effect 

Photo electric effect is the phenomenon of photoelectric 
emission when a light beam having photon energy more than 

work function incident on a metal surface and ejects electrons 
from the surface. 

Based on phenomenon of photoelectric effect, several 

eXperiments are done by scientists and some conclusions were 
made for understanding this phenomenon and its applications 

in detail. These conclusions are summarized in some points 
which are called fundamental laws of photo electric effect. Now 

we'll discuss these fundamental laws then later we'll discuss 

about the experimental study of photo electric effect. 

2.2.1 Fundamental Laws of Photoelectric Effect 

On the basis of Planck's idea of quantization of energy, in year 
1905 Albert Einstein proposed his theory of Photoelectric Effect. 

1905 was the same year in which his special theory ofrelativity 

was given. Some Sequential points are mentioned here to 
understand the fundamentals of photoelectric effect. 

(1) "When light incident on a metal surface, photoelectric effect 
will start only if the frequency of incident radiation is more than 
a fixed frequency, which we call threshold frequency''. 

We have discussed that to start photoelectric emission the 

energy ofincident photon on metal surface must be more than 
the work function of the metal. If q, is the work function of the 
metal then there must be a minimum frequency of the incident 
light photon which is just able to eject the electron from the 
metal surface. This minimum frequency or threshold frequency 

v th can be given as 

· s17 

Threshold frequency vth is a characteristic property of a metal 
as it is the minimum frequency of the light radiation required to 
eject a free electron from the metal surface. 

Threshold Wavelength 

As the threshold frequency is defined, we can also define 
threshold wavelength "',h for a metal surface. Threshold 
wavelength is also called cut off wavelength. For a given metal 
surface threshold wavelength is the longest wavelength at which 

photo electric effect is possible. Thus we have 

~=<!> 
A.th 

So for wavelength ofincident light 1c> "'"'' the energyofincident 
photons will become less then the work function of the metal 

and hence photoelectric effect will not start. 

Thus for a given metal surface photoelectric emission will start 

atv>vth or 1c<1cth. 

(2) Following Planck's idea, Einstein suggested that the energy 
of photon (hv> q,) which is more then work function ofa metal 
when incident on the metal surface is used by the electron after 
absorption in two parts. 
(i) A part of energy of absorbed photon is used by the free 
electron in work done in coming out from the metal surface as 
work function. · 

(ii) The remaining part of the photon energy will be gained by 
the electron in the form of kinetic energy after ejection from the 
metal surface. 

V 

-1 '• 

Work function= $ 

Figure 2.4 

r 

If a light beam of frequency v (each photon energy= hv) is 
incident on a metal surface having work function q,,then for 

hv > q,, we have 

· ... (2.4) 

In equation-(2.4) the second term on right hand side of equation 

is ½mv!ax, which is the maximum kinetic energy of the ejected 

... (2.3) electron. 
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In practical cases whenever an electron absorbs a photon from 
incident light, it comes out from the metal surface ifhv> cj, but in 

process of ejection it may collide with the neighbouring 
electrons and before ejection it may loose some energy during 

collisions with the neighbouring electrons. In this case after 
ejection the kinetic energy of ejected electrons will be certainly 

less then (hv- cj,). If we assume there are some electrons which 

do not loose any energy in the process of ejection, will come 
out from the metal surface with the maximum kinetic energy 

given as 

... (2.5) 

Thus all the ejected electrons from the metal surface may have 

different kinetic energies, distributed from Oto ½mv!"'. 

(3) During the phenomenon of photoelectric effect one incident 
photon on metal surface (hv > cj,) can eject at most only one 

electron. As according to Plank's explanation a photon is an 
energy packet, which if absorbed, fully absorbed not partially. 

Thus one photon can not be absorbed by more then one 

electron. 

Here one more point is important that energy of photon incident 

on metal will not necessarily cause emission of an electron 

Photo Electric Effect & Matter.Wave; l 

(7) From equation-(2.5) we can see that if the frequency of 

incident radiation increases, it will increase the kinetic energy 
of ejected, photoelectron because for a given metal surface, 

work function is constant. 

Lets discuss some examples on fundamentals of photoelectric 

effect to understand the concepts in a better way. 

# illustrative Example 2.1 

The photoelectric threshold of the photo electric effect of a 

certain metal is 2750 A. Find 
(0 The work function of emission of an electron from this 

·metal, 
(ii) Maximum kinetic energy of these electrons, 

(iiO The maximum velocity of the electrons ejected from the 

metal by light with a wavelength 1800 A. 

Solution 

(i) Given that the threshold wavelength of a metal is 

"-m = 2750 A. Thus workfunction of metal can be given as 

even if its energy is more then work function. In the process of 

ejection as discussed ea_rlier, the electron after absorption may => 
be involved in many other process like collisions etc. iu which 

"'= 12431 V 
"' 2750 e 

it can lose energy hence the ratio ofnumber of electrons emitted => cj,=4.52eV 

to the number of photons incident on metal surface is less then 
unity. This fraction we call photo efficiency of the metal surface. 

Photo efficiency or quantum efficiency of a metal surface can 

be given as 

no. of electrons ejected from a metal surface 
TJ = total no. of photons incident on the surface 

(4) If during photoelectric effect keeping the frequency cif 

incident radiation constant, the intensity of radiation is 
increased. This means we are increasing the number ofincident 

photons per second in the beam. As each photon is capable to 
eject an electron, the number of ejected electrons per second, 

which we call photocurrent increases. 

(5) During photoelectric effect, the rate at which the electrous 
are emitted from the surface is entirely independent from the 
temperature of the surface. This shows that the Photoelectric 
emission is entirely independent from the Thermionic emission. 

(6) During Photoelectric Effect, there is no time lag between 

absorption of the photon by the surface and the emission of 

the photoelectron from the surface. 

(ii) The energy of incident photon of wavelength 1800 A on 

metal in eV is 

12431 
E= 1800 eV 

£=6.9eV 

Thus maximum kinetic energy of ejected electrons is 

KEmax=E-cj, 

KE'""' =6.9-4.52eV 

KEmax =2.38 eV 

(iiO If the maximum speed ofejected electrons is v max then we 

have 

2x 2.38xl.6x 10-19 

9.Ix!0-31 

vmax=9.]5x JO'm/s 
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#Il/11strative Example 2.2 

Light quanta with an energy4.9 eV eject photoelectrons from 

metal with work function 4.5 eV. Find the maximum impulse 
transmitted to the surface of the metal when each electrons flies => 

The energy in eV of incident photons is 

E= he 
' ).. 

E= 12431 V 
1800 e 

out. 

Sol11tio11 

According to Einstein's photo-electric equation 

1 2 E= 2mvmruc=hv-~ 

=4.9-4.5=0.4eV 

If Ebe the energy of each ejected photo electron 

momentum of electrons is 

P= .,/2mE 

We know that change of momentum is impulse. Here the whole 

momentum of electron is gained when it is ejected out thus 
impulse on surface is given as 

J= .,/2mE 

Substituting the values, we get maximum impulse 

J= ~2x9.lxl0-31 x0.4xl.6xl0-19 

J = 3.45 x 10-25 kg m/sec. 

# Illustrative Example 2.3 

In an experiment tungsten cathode which has a threshold 2300 A 
is irradiated by ultraviolet light of wavelength 1800 A. Calculate 

· (i) Maximum energyofemittedphotoelectron and 

(i~ Work function for tungsten. 

(Mention both the results in electron-volts) 

Given Planck's constant h = 6.6 x 10-34 joule-sec, 

leV= 1.6 x 10-19 jouleandvelocityoflightc=3 x 108 m/sec 

Solution 

The work function of tungsten cathode is 

$= 12431 V 
2300 e 

$=5.4eV 

The maximum kinetic energy of ejected electrons can be given 
as 

KEmruc=E-~ 

KEmruc =6.9-5,4eV 

KEmruc=I.5eV 

# Il/11strative Example 2.4 

Light of wavelength 1800 A ejects photoelectrons from a plate 
of a metal whose work function is 2 eV. !fa uniform magnetic 
field of5 x JQ-5 tesla is applied parallel to plate, what would be 

the radius of the path followed by electrons ejected normally 
from th_e plate with maximum energy. 

Sol11tio11 

Energy of incident photons in e Vis given as 

E= 12431 V 
1800 e 

As work function of metal is 2 e V, the maximwn kinetic energy of 

ejected electrons is 

KE =E-,. max 'I' 

KEmruc =6.9-2 eV 

KEmruc=4.9eV 

Ifvmruc be the speed of fastest electrons then we have 

½mv!"" =4.9 x 1.6 x 10-19joule 

2x4.9xl.6x 10-19 

V = 
max 9.Ixl0-31 

v==l.31 x J06m/s 

When an electron with this speed enters a uniform magnetic 
field normally it follows a circular path whose radius can be 
given by 

mv· 
r=-

qB 

· mv2 

[As qvB=-] 
r 

9.lx!0-31 xl.3!x!06 

r= 
l.6xl0-19 x5xl0-s 

r=0.l49m 
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# Illustrative Example 2.5 

The radiation emitted, when an electron jumps from n = 3 to 

Photo Electric Effect & Matter W al/eS-\ 

(iii) The energy of incident radiation is 1.89 eV thus the 

corresponding wavelength is 

n = 2 orbit is a hydrogen atom, falls on a metal to produce photo· 

electrons. The electrons from the metal surface with maximum =:, 

kinetic energy are made to move perpendicular to a magnetic 

1'.= 12431 A 
1.89 

1'.=6.577.2A. 

field of(l/320) Tin a radius of! 0--3 m. Find (i) the kinetic energy 

of electrons (ii) work function of metal and (iii) wavelength of 

radiation. 

Solution 

(i) The energy of electron in the nth energy level of hydrogen 

atom is given by 

E = _ 13.6 eV 
n n2 

For n = 3, we have 

E = -
13

·
6 

=-1.51 eV 
3 (3)2 

and for n = 2, we have 

Now, 

E = -
13

·
6 

=-3.4eV 
2 (2)2 

!!.E32 =E3-E2 =-l.51 +3.4 

=1.89eV=hv 

Now these radiations incident on a metal surface. The photo 

electrons emitted from the metal surface move perpendicularly 
in magnetic field B. Let v be the velocity of photo electrons in a 

circle ofradius r. Then, 

=:, 

=:, 

mv2 

-- =qvB 
r 
mv=qBr 

P = (I.6 x io--19J (3;0 )oo-3J 

p=5 X JQ--25 kg-m/s 

The kinetic energy of photo electrons is 

=:, 

=:, 

=:, 

P2 (Sxl0-25)2 
E = - = ---'----''-c-,- J 

k 2m 2x(9.lxl0-31 ) 

25 X 10-SO 
E = ---=-~--~~ev 

k 2x(9.lxl0-31 )x(I.6x10-19 ) 

£,.,o.86eV 

(ii) According to Einstein's photo-electric equation 

=:, 

=:, 

I 
hv =~+2 mv2=, 

1.89 =~+0.86 

~=l.03eV 

# Illustrative Example 2. 6 

Photoelectrons are emitted when 4000 A radiation is incident 

on a surface of work function 1.9 eV. These photoelectrons 
pass through a region containing CL-particles. A maximum energy 
electron combine with an CL-particle to form a He+ ion, emitting 
a single photon in this process. He+ ions thus formed are in 

their fourth excited state. Find the energies (in eV) of the 

photons; lying in the 2 to 4 eV range, that are likely to be emitted 

during and after the combination. Take h =4.14 x 10-15 eVs. 

Solution 

The energy of the incident photon is 

he 12431 
E;=hv= T = 4000 eV 

=:, 

From Einstein's photoelectric equation, the maximum kinetic 

energy of the emitted electrons is 

KE'""'= hv-~= 3.1 eV-1.9 eV = 1.2 eV 

It is given that 
(electron with Emaxl + He~ He+ +photon(in 4th excited state). 

The fourth excited state corresponds ton= 5. For He+ ion Z = 2. 

Now, we know that the energy of the electron in the nth state for 

a hydrogen like ion is 

z2 
En =-(13.6 eV) - 2 ... (2.6) 

n 

(2)2 
E =-(13.6eV)x--=-2.18eV 

5 (5)2 
Thus, 

The energy of the emitted photon in the above combination 

reaction is 

E=KEmax +(-£5) 

=:, E= 1.2eV +2.18eV=3.38eV 

This energy is within the range2 to4 eV. 

After the recombination reaction, the electron may undergo 
transitions from a higher level to a lower level, thus emitting 
photons. Using Equation-(2.6), the energies in _the lower 
electronic levels of He+ ions are 

(-13.6eV)x(2)2 
E = ~-~~~=-3.4eV 

4 (4)2 
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(-13.6eV)x(2) 2 
E = -'-------;'---'--'- =-6.04eV 

3 (3)2 

(-13.6eV)x(2) 2 
E =~--~~~ 

2 (2)' 
13.6 eV 

(-13.6 eV)x (2)2 

E = -'---~~~ =-54.4eV 
I (1)2 and 

We have seen above that £ 5 = - 2.18 V. The energies of the 
emitted photons are given by the differences of these energies. 
The differences of energies lying in the range 2 to 4 eV are 

(I) t,.£
43 

= £
4
-£

3 
=-3.4-(-6.04) 

(2) 

=2.64eV 

M 53 =E
5
-E

3 
=-2.18-(-6.04) 

=3.86eV 

In addition to E = 3.38 eV. Hence, the energies of the photons 
that are likely to be emitted with energies in the range 2 to 4 eV 
are2.64 eV, 3.38 eVand 3.86 eV. 

Web Reference at www.physicsgalaxy.com 

Age Group-High School Physics I Age 17-19 Years 
Section-MODERN PHYSICS 
Topic - Photoelectric Effect 
Module Number - 1 to 13 

Practice Exercise 2.1 

(i) Lithium has a work function of2.30 eV. It is exposed to 
light of wavelength 4800 A. Find the maximum kinetic energy 
with which electron leaves the surface. What is the longest 
wavelength which can produce the photoelectrons ? 

[0.29 eV, 5404.78 A] 

(ii) A photon of wavelength 33 io A falls on photocathode 
and ejects an electron of energy 3 x I o-19 joule. If the wavelength 
of incident photon is changed to 5000 A, the energy of the 
ejected electron is 0.97 x I 0-19 joule. Calculate the value of the 

. work function of photo-cathode and Planck's constant. (Take 
speedoflightc=3 x I08 m/sec.). 

[1.88 eV, 6.634 x 10·34 J-sl 

(iii)_ The maximum kinetic energy of the photoelectrons 
emitted from a metal surface of work function 1.7 eV is 10.4 eV. 
Find the wavelength of the radiation used. Also identify the 
energy levels in hydrogen atom which will emit this wavelength. 

(1027.35 A. n ~ 3 ton~ I] 

55 

(iv) A small metal plate (work function=$) is kept at a distance 
d from a singly ionized, fixed ion. A monochromatic light beam 
is incident on the metal plate and photoelectrons are emitted. 
Find the maximum wavelength of the light beam so that some of 
the photoelectrons may go round the ion along a circle. 

[ 8rce0dhc ] 

e2 + 8rte:04'd 

(v) A beam of monochromatic light of wavelength 1'. ejects 
photoelectrons from a cesium surface ($ = 1.9 eV). These 
photoelectrons are made to collide with hydrogen atoms in 
ground state. Find the maximum value of),, for which 

(a) hydrogen atoms may be ionized. 

(b) hydrogen atom get excited from the ground state to the 
first excited state and 

(c) the excited hydrogen atoms may emit visible light. 

[812.48 A, 1044.62 A, 901.45 AJ 

(vi") A monochromatic light source of frequencyv illuminates 
a metallic surface and ejects photoelectrons. The photoelectrons 
having maximum energy are just able to ionize the hydrogen 
atoms in ground state. When the whole experiment is repeated 
with an incident radiation of frequency (5/6. v), the photo 
electrons so emitted are able to excite the hydrogen atom beam 
which then emit a radiation of wavelength 1218 A. Find the 
work function of metal and the frequencyv. 

[6.80eV, 4.923 x 10 15 Hz] 

2.3 Experimental Study of Ph_oto Electric Effect 

Experiments with the photoelectric effect are performed in a 
discharge tube apparatus as illustrated in figure-2.5. The cathode 
of discharge tube is made up of a metal which shows 
photoelectric effect on which experiment is being carried out. 

Cathode 

Incident light 
v>vth 

Anode 

A 

t---------; Vt-----------; 

+ 
s V 

Figure 2.5 
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A high potential is applied to a discharge tube through a var~ shown in graph, we can see as potential difference increase~, 
voltage source and a voltmeter and an ammeter are connected curre'l!_ in circuit increases. But at a higher voltage VP! space 

to measure the potential difference across the electrodes and to charge vlt~es and at this voltage anode is able to pull the 
measure photoelectric current. Light with frequency more than slowest electron_Jzero kinetic energy) ejected by the cathode. 

threshold frequency of cathode metal is incident on it, due to Now as all the ejectep electrons from cathode start reading 

which photoelectrons are emitted from the cathode. These anode. If further potential difference is increased, it will not 
electrons will reach the anode and constitute the photoelectric make any difference in the'number of electrons reaching the 

current which the ammeter will show. anode hence, further increase in pptential difference will not 

Now we start the experiment by closing the switch S. Initially 

the variable battery source is set at zero potential. Even at zero 
potential variable source, ammeter will show some current 

because due to the initial kinetic energy some electrons will 

reach the anode and cause some small current will flow. But as 
we know majority of ejected electrons have low values of kinetic 

energies which are collected outside the cathode and create a 

cloud of negaiive charge, we call space charge, as shown in 

figure-2.6 

Incident light 

Space charge 

Cathode Anode 

.-.~ 

A 

f-----------{ VI---------, 

+ 
s V (small potential difference) 

Figure 2.6 

If the potential difference applied across the discharge tube is 

gradually increased from the variable source, positive potential 
of anode starts pulling electrons from the space charge. As 
potential difference increases, space charge decreases and 
simultaneously the photoelectric current in circuit also 
increases. This we can also see in the variation graph of current 

with potential difference as shown in figure-2. 7. 

isl --------~-...-,------

--+-----,!-------- V 
Pl 

Figure 2.7 

increase the current. This we can see in figure-2.7 that beyond 

Vp1 current in circuit becomes constant.~ current isl is called 
saturation current. This potential difference Vp1 at which current 
becomes saturated is called "pinch off voltage", 

' ,,, 
Now if the frequency of incident light is kept constant and its 

intensity is further increased; then the number of i~cident 
photons will increase which increases the number of ej~ed 

photo electrons so current in circuit increases and now in th\ 
case at higher intensity of incident light, current will not get· 
~aturated at potential difference VP, as now due to more electron 
emission, space charge will be more and- it will not vanish at 

Vp1• To pull all the electrons emitted from cathode more potential 
difference is required. This we can see from figure-2.8, that at 

higher intensity /2 (/2 > / 1) current becomes saturated at higher 

value of potential difference V n· 

;s2 - - - - - - - - - - --~-_,-......,----~- 12 

_ _,_ ____ _L__~---- V 
Pl Vn 

Figure 2.8 

Intensity 12 > 11 

Beyond V n• we can see that all the electrons ejected from 
cathode are reaching the anode and current becomes saturated 
at i,2 because of more elecirons. Another point we can see from 

figure-2.8 that when V = 0 then also current is more at high 

intensity incident radiation as the number of electrons of high 
kinetic energy are also more in the beginning which will reach 
anode by penetrating the space charge. 

2.3.1 Kinetic Energies of Electrons Reaching Anode 

We know that when electrons are ejected from cathode then 

kinetic energies mayvaryfrom Oto ½mv~"". if Vis the\otential 

difference applied across the discharge tube then it will 

accelerates the electron while reaching the anode. The electron 
which is ejected from cathode with zero kinetic energy will be 
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the slowest one reaching the anode if its speed is v1 at anode 

then we have 

... (2.7) 

Similarlythe electron ejected from cathode with maximum kinetic 

energy ½ mv~"' will he.the fastest one when it will reach anode. 

!fits speed is v2 at anode then we have 

I 2 I 2 

2 mvmax + eV= 2 mv2 ... (2.8) 

Thus we can say that all the electrons reaching anode will have 

their speeds distributed from v1 to v2• 

2.3.2 Reversed Potential Across Discharge Tube 

Now the experiment is repeated with charging the polarity of 

source across the discharge tube. Now positive terminal of 
source is connected to the cathode of discharge tube. When a 
light beam incident on the cathode with (hv >$),photoelectrons 
are ejected and move toward anode with negative polarity. 

Incident light 
v> vth 

Cathode· Anode 

+ 
V 

Figure 2.9 

Now the electrons which are ejected with very low kinetic energy 
are attracted back to the cathode because ofits positive polarity. 
Those electrons which have high kinetic energies will rush 

toward, anode and may constitute the current in circuit. 

Jn,this case the fastest electron ejected from cathode will be 
retar_ded during its journey to anode. As the maximum kinetic 

\ 

energ}just after emission at cathode is ½mv~"'' if potential 

differen~across the discharge tube is Vthen _the speed v1with 
which ei;.1ons will reach anode can be given as 

... (2.9) 

Thus all the electron's which are reaching anode will have speed 
less then or equal to v

1 
. Remaining electrons which have 

relatively low kinetic energy will either be attracted to cathode 
just after ejection or will return during their journey from cathode 

57' 

to anode. Only those electrons will cause current to flow in 

circuit which have high kinetic energies more then eVwhich 
can overcome the electric work against electric forces on electron 

due to opposite polarity of source. 

2.3.3 Cut off Potential or Stopping Potential 

We have seen that with reverse polarity electrons are retarded 

in the discharge tube. If the potential difference is increased 
with reverse polarity, the number of electrons reaching anode 
will decrease hence photo electric current in circuit also 

decreases, this we can see from figure-2.10 which shows 

variation ofcurrent with increase in voltage across discharge 

tube in opposite direction. Here we can see that at a particular 

reverse voltage V0, current in circuit becomes zero. This is the 

voltage at which the fastest electron from cathode will be retarded 
and stopped just before reaching the anode. 

v, 0 
<-

Reverse voltage 

..-~----.12 Intensity 11 > 11 
Frequency v 

.,--,---,----_J
1 

(same for both radiation) 

V 

Figure 2.10 

This voltage V0, we can calculate from equation-(2.9) by 

substituting v1= 0 hence 

1 2 
2mvmax - eVo =O 

1 2 
2mvmax 

Vo= e ... (2.IO) 

hv-~ 
V=--o e ... (2.11) 

We can see one more thing in figure-2.10 that the graphs plotted 
for two different intensitiesJ1 and 12, V0 is same. Current in both 
the cases in cut off at same reverse potential V0• The reason for 
this is equation-(2. I 0) and (2.11 ). If is clear that the value of V0 
depends only on the maximum kinetic energy of the ejected 
electrons which depends only on frequency oflight and not on 
intensity of light. Thus in above two graphs as frequency of 
incident light is same, the value of V0 is also same. This reverse 

potential difference V0 at which the fastest photoelectron is 

stopped and current in the circuit becomes zero is called cut off 

potential or stopping potential. 
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2.3.4 Effect of Change in Frequency of Light on Stopping 
Potential 

If we repeat the experiment by increasing the frequency of 
incident light with number of incident photons constant. the 
variation graph of current with voltage will be plotted as shown 
in figure--2.1 L 

-- - ---, 
Photo Electric Effect & _Matter_ Waves j 

v, 

0 
---.,+--.L--'--------+V 

,,,," v=vth hv1h -,- ,/_,,, 

Frequency (v2 > v1) Figure 2.12 

. ;,, --------- Hereequation-(2.14) can be written as 

v, 
~ 

~ v, _...L_.2__:.1-___ _,_ ________ ~v 

Figure 2.11 

This graph is plotted for two incident light beams of different 
frequency v 1 and v2 and having same photon flux. As the 
number of ejected photoelectrons are same in the two cases of 
incident light here we cao see that the pinch off voltage V01 as 

well as saturation current i,1 are same. But as in the two cases 
the kinetic energy of fastest electron are different as frequencies 

· are different, the stopping potential for the two cases will be 

different. In graph II as frequency ofincident light is more, the 

maximum kinetic energy of photoelectron will also be high and 
to stop it high value of stopping potential is needed. These 
here V01 and V02 can be given as 

and 

V: = hv1 -$ 
01 e 

hv2 -$ 
Vo,= 

e 

... (2.12) 

... (2.13) 

In general for a given metal with work function $, if V0 is the 
stopping potential for an incident light of frequency v then we 
have 

eV0 =hv-$ 

... (2.14) 

I 2 

2 mvm"' =eV0 =h(v-v,h) ... (2.16) 

This equation-(2.16) is called Einstein's Photo Electric Effect 
equation which gives a direct relationship_ between the maximum 
kinetic energy stopping potential frequency of incident light 
and the threshold frequency. 

# Ill11strative Example 2. 7 

Find the frequency oflight which ejects electrons from a metal· 
surface fully stopped by a retarding potential of3 V. The photo 
electric effect begins in this metal at frequency of6 x 1014 sec-1• 

Find the work function for this metal. 

S0l11tion 

The threshold frequency for the given metal surface is 

V =6x lQ14Hz 
th 

Thus the work function for metal surface is 

$= h v,h 

$= 6.63 X JO-J4 X 6 X JQl4 

~=3.978 X J0-19 J 

As stopping potential for the ejected electrons is 3 V, the 
maximum kinetic energyofejected electrons will be 

KEmax =3eV 

KE = 3 x 1 6 x 10-19 J max • 

KE =4.8 x 10-19 J 
mru< 

V: = (!!.) v- hv,h 
0 e e 

... (2.15) According to photo electric effect equation, we have 

Equation-(2.15) shows that stopping potenti~l V0 is linearly 
proportional to the frequencyv ofincident light. The variation 
of stopping potential with frequency v can be shown in 
figure-2.12. 

hv = hv,h + KEmax 

=> frequency ofincident light is 

~+KEm"' 
v= h 
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3.978x 10-I9 +4.8 X [0-!9 

=> v= 
6.63 X 10-34 

=> 

# Illustrative Example 2.8 

Electrons with maximum kinetic energy 3 eV are ejected from a 
metal surface by ultraviolet radiation of wavelength l 500 A. 
Determine the work function of the metal, the threshold 

wavelength of metal and the stopping potential difference 

required to stop the emission of electrons. 

Solution 

Energy of incident photon in eVis 

E= 12431 V 
1500 e 

=> £=8.29eV 

According to photo electric effect equation, we have 

E=$+KEm"" 

=> 

=> 

=> 

~=E-KE 'I' mW< 

$=8.29-3eV 

$=5.29eV 

Threshold wavelength for the metal surface corresponding to 

According to photo electric effect equation we have 

=> 

=> 

E=$+KEma, 

KEm""=E-$ 

KEm"" =2.85-l.24eV 

=> KE== l.61 eV 

The stopping potential for these ejected electrons can be given 

as 

=> 

KEm"" V=--
o e 

V
0 

= l.6~ eV = l.61 volts. 

#Ilhtstrative Example 2.10 

Determine the Planck's constant h if photoelectrons emitted 

from a surface of a certain metal by light of frequency 
2.2 x 1015 Hz are fully retarded by a reverse potential of6.6 V 

and those ejected by light of frequency 4.6 x 1015 Hz by a 

reverse potential of 16.5 eV. 

So/11tion 

From photo electric effect equation, we have 

Here 

work function 5.29 eV is given as and 

hvl =$+eVOI 

hv2 =$+2eV02 

... (2.17) 

... (2.18) 

,. = 12431 A 
th 5.29 

=> '-th = 2349 .9 A 

Stopping potential for the ejected electrons can be given as 

KEm;,, 3eV 
V = -- = -- =3volt o e e 

# Illustrative Example 2.9 

Calculate the velocity ofa photo-electron, if the work function 

of the target material is 1.24 eV and the wavelength ofincident 
light is 4360 A. What retarding potential is necessary to stop 

the emission of the electrons? 

Solution 

Energy of incident photons in e Von metal surface is 

E= 12431 V 
4360 e 

=> £=2.85eV 

Subtracting equation-(2.17) from equation-(2.18), we get 

h (v2 -v1) = e (V02 - V01 ) 

=> 
CV02 -Vo1l(l.6xl0-I9

) 

h = (v, -vi) 

=> 
(I 6.5 -6.6)(1.6 x I 0- I 9) 

h=---~~--~ 
(4.6-2.2)xl015 

=> h = 6.6 x 1 o-34 J-s. 

# Il/11strative Example 2.11 

When a surface is irradiated with light of wavelength 4950 A, a 
photo current appears which vanishes if a retarding potential 

greater than 0.6 volt is applied across the photo tube. When a 
different source of light is used, it is found that the critical 
retarding potential is changed to l. l volt. Find the work function 
of the emitting surface and the wavelength of second source. If 
the photo electrons (after emission from the surface) are 

subjected to a magnetic field of IO tesla, what changes will be 
observed in the above two retarding potentials. 
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Solution 

In first case the energy of incident photon in eV is 

12431 
E, = 4950 eV 

=2.51 eV 

The maximum kinetic energy of ejected electrons is 

KEmox 1 = eV01 

=0.6eV 

Thus work function of metal surface is given as 

"=E -KE 't' I max l 

$=2.51-0.6eV 

$= 1.91 eV 

In second case the maximum kinetic energy of ejected electrons 
will become 

Thus the incident energy of photons can be given as 

. => 

£2 = $+ KEmax2 

£ 2 = 1.91 + 1.1 eV 

£ 2 =3.01 eV 

Thus the wavelength of incident photons in second case will 
be 

"'= 12431 A 
3.01 

"'=4129.9A 

When magnetic field is present there will be no effect on the 

stopping potentials as magnetic force can not change the kinetic 
energy of ejected electrons. 

# Illustrative Example 2.12 

(a) If the wavelength of the light incident on a photoelectric 
cell be reduced from"-, to"-, A, then what will be the change in 
the cut-off potential ? 

(b) Light is incident on the cathode of a photocell and the 
stopping voltages are measured for light of two different 
wavelengths. From the data given below, determine the work 
function of the metal of the cathode in eVand the value of the 
universal constant hc/e. 

Wavelength (A) 

4000 
-4~,:Yl . 

Stopping voltage (volt) 

1.3 
0.9 

Solution 

(a) Let the work function of the surface be $. If v be the 
frequency of the light falling on the surface, then according to 

Einstein's photoelectric equation, the maximum kinetic energy 

KEmox ofemitted electron is given by 

KE =hv-"= he_,. 
max 't'A,'I' 

We know that, 

Where V0 = cut-off potential. 

he 
eV0 = "I"-$ 

V = he _.P_ 
0 eA. e 

Now, 

LiV = he(_l __ I) 
. o e "-2 "-1 

LiVo= h:("'{~:2) 
(b) From equation-(2.19), we have 

he LiVo("-1"-2) 
e "-1 -A-2 

he (1.3-0.9)[(4000 X 10-IO)x ( 4500x) 0-IO)] 
=> -= 

e 500x!O-IO 

We use, 

he € = J.44 X J(r"V/m 

V = he _.P_ 
o eA e 

$ _ he V _ l.44xl0-6 

-;; - -;;,:-- 0 - 4000x 10-10 

$=2.3eV 

# Illustrative Example 2.13 

1.3 

... (2.19) 

A low intensity ultraviolet light of wavelength 2271 A irradiates 
a photocell made of molybdenum metal. Ifthe stopping potential 
is 1.3 V, find the work function of the metal. Will the photocell 
work ifit is irradiated bya high intensity red light of wavelength 

6328A? 

Study Physics Galaxy with www.puucho.com

www.puucho.com



i~-~~o ~~e9tric~ Effect & Matter Waves 

Solution 

The energy in e V of incident photons is 

·E= 12431 V 
2271 e 

£=5.47 eV 

As stopping potential for ejected electrons is 1.3 V, the maximum 
kinetic energy of ejected electrons will be 

KE =eV. max 0 

Now from photoelectric effect equation, we have 

E-="+KE 'l' max 

"=E-KE 'l' max 

$=5.47-1.3 eV 

$=4.17eV 

Energy in eV for photons ofred light of wavelength 6328 A is 

E'= 12431 V 
6328 e 

E'= l.96eV 

As E' <$,photocell will not work if irradiated by this red light no 
matter however intense the light will be. 

# Illustrative Example 2.14 

A peak emission from a black body at a certain temperature 
occurs at a wavelength of9000 A. On increasing the temperature, 
the total radiation emitted is increased 81 times. At the initial 
temperature when the peak radiation from the black body is 
incident on a metal surface, it does not cause anyphotoemission 
from the surface. After the increase of temperature the peak 
radiation from the black body caused photoemission. To bring 
these photoelectrons to rest, a potential equivalent to he 
excitation energy between the n = 2 and n = 3 Bohr levels of 
hydrogen atom is required. Find the work function of the metal. 

Solution 

Let Tbe the initial absolute temperature of the black body. The 
total energy emitted by the body per unit area per second is 
given by 

E=crT4 

Wbere a is the Stefan's constant. Wben the temperature of the 
black body is raised to T'. We have 

E'=aT' 4, 

Hence, (T')4 
81= r 

Which_gives T'=3T. 

It is given that peak emission at temperature T occurs at a 
wavelength '/,,m = 9000 A. If'/,,',,, is the wavelength for peak 
emission at temperature T', then from Wien's displacement law 

\,,T= constant, ':"e have 

'/,,' T'='/,, T m m 

T T 
'!,,' ='/,, -=9000Ax - =3oooA. 

m 111 T' 3T 

According to the problem, the kinetic energy of the emitted 
photo-electrons= excitation energy for transition n = 2 ton= 3, 

which is 

KEmax=E,2=(13.6eV) Cl2 - 312) 

5 
KEmex = 13.6 x 36 = l.89eV 

The energy of the photon of wavelength'/,,'= 3000 A in eVis 

E= 12431 V 
3000 e 

£=4.14eV 

Now, from Einstein's photoelectric equation, the work function 
for the metal surface is given as 

$=£-KE'""' 

$=4.14-l.89eV 

$=2.25eV 

Web Reference atwww.physicsgalaxy.com 

Age Group- High School Physics I Age 17-19 Years 
Section-MODERN PHYSICS 
Topic- Photoelectric Effect 
Module Number- 14 to 18 

Practice Exercise 2,2 

(i) The stopping potential for photoelectrons emitted from 
surface illuminated by light of wavelength 5896 A is 0.36 Volt. 
Calculate the maximum kinetic energy of photoelectrons, the 
work function of the surface and the threshold frequency. 
(Take h = 6.63 x 10-34 Joule-sec, c = 3.0 x 108 m/sec and 
I eV = 1.6 x 10-19 Joule). 

[0.36 eV, 1.748 eV, 4.22 x 10 14 Hz] 
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(ii) A vacuum photo cell consists of a central cathode and 
an anode. The internal surface is silver of work function 4.5 eV. 
The contact potential difference between the electrodes is equal 

. to 0.6 volt. The photo cell is illuminated by light of wavelength 

2300A, 

(a) What retarding·potential difference should be applied 

between electrodes of photo-cell for the photo-curren, to drop 

to zero? 

(b) If a retarding potential of I volt is applied between 

electrodes at what limiting wavelength"' oflight incident on the 
cathode will the photo-current begin ? 

[(a) 1.5 V (b) 2536.94 A] 

(iii) Find the frequency oflight which ejects _electron from a 

metal surface, fully stopped by a retarding potential of3 V. The 
photoelectric effect begins at a frequency of6 x 1014 Hz .. Find 

the work function of the metal. (Given h = 6.63 x 10-34 Js). 

[1.33 x 10 15 Hz, 2.486 eV] 

(iv) In an experiment on photoelectric emission, following 
observation are made: Wavelength of incident light is given as 
A.= 1980 A and stopping potential= 2.5 V. Find (a) threshold 

frequency (b) work function and (c) energy of photoelectrons 

with maximum speed. 

[(a) 9.122 x 10 14 Hz, (b) 3.78 eV, (c) 2.5 eV] 

(v) Monochromatic light of wavelength 6402 A irradiates a 

photocell made of caesium on tungsten. The stopping potential 
is measured to be 0.54 V. What will be the new stopping potential 
of the cell ifitis irradiate by monochromatic light of wavelength 

4272A? 

[1.508 VJ 

(vO In a photoelectric experiment, it was found. that the 
stopping potential decreases from 1.85 V to 0.82 V as the 

wavelength of the incident light is varies from 3000 A to 4300 A. 
Calculate the value of the Planck's constant from these data. 

[5.451 X 10-34 J-S] 

(vii) In a_n experiment on photoelectric effect, light of 
wavelength4000 A is incident on a cesium plate at the rate of5 

watt. The potential of the collector plate is made sufficiently 
positive w.r.t. the emitter so that the current reaches its saturation 
value, assuming that on the average one out of every I 06 

photons is able to eject a photoelectron, find the photocurrent 

in the circuit. 

[1.6 µA] 

(viii) A clean metallic surface emits electrons when irradiated 
by light of wavelength less than 6210 A. When it is radiated by 

Photo Electric Effec! -~ ~M_atterWaves] 

light of wavelength 4140 A, the stopping potential in this case 
required is 1 V. Calculate: 
(a) Value for Planck's constant. 

(b) . The maximum velocil'; of electrons emitted in the second 
case. 

[(a) 6.624 x 10-34 (b) 5.927 x 105 mis] 

2.4 No. of Photon Emitted by Source Per second 

if Bis a light bulb of power P watt as shown in figure. If the 
wavelength oflight emitted by the bulb is"' then energy of each 

photon emitted by the bulb can be given as 

E= he 
A. 

---------- -- ... ----- ...... ,,, 
,,,,,. ',,, 

/ . 
/ \ 
' . ' . ' . 

' ' ' ' ' \ 

... (2.20) 

' ' ' B ' 

i cY5' r ,\A 
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' \ ' 

', / 
', _,/' 

'-- ... ,,, ---.. ,_ ...... -----------
Figure 2.13 

As the power of bulb is P watt or we can say that bulb is 

emitting light energy P joule per second in the form of photons. 

!fit is 100% efficient. Then the number of photons emitted per 
second by the source (bulb) can be given as 

p p,. 
n= E =hc . .. (2.21) 

These all photons are assumed to be emitted uniformly in all 

directions if bulb in figure-2.13 is taken as a point isotropic 

source of light. Here we can consider that all the light energy 
emitted by the source is uriiforrnlydistributed in the spherical 

region with centre at the source. As light propagates at speed 
oflight c, the radius of this sphere will uniformly increase at a 
rate of c = 3 x I 08 mis in free space. 

2.5 Intensity of Light due to a Light Source 

Figure-2.14 shows a torch which emits a uniform cylindrical 
light beam of cross-sectional area = S. If torch emits a total 

_power Pin the beam, the intensityoflight beam can be given as 
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the energy crossing per-second per unit cross-sectional area of 
the beam as 

Power =P 

p 
I= - watt/m2 
. s 

t._ 
··, .. 

,------------

:-----------

.. ·., 
Cross-sectional area of beam = S 

Figure 2.14 

As cross-sectional area of the beam is constant throughout, 
the beam intensity at every point remains constant. 

Similarly we can find the intensityoflight due to a point isotropic 
source as shown in figure-2.15 

Figure 2.15 

Figure-2.15 shows a bulbs B of power P watt emitting light in all 
directions uniformly. If we wish to find light intensity at a point 
A, at a distance r from the bulb B then it can be given as 

p 
I= --2 watt/m2 ... (2.22) 

4,rr 
Here it can be assumed that the while power Pis incident on the 
normal area ofa hypothetical sphere ofradius rpassing through 
point A with centre at bulb as shown in figure. Thus energy 
crossing per unit area per second at point A can be given by 
equation-(2.22). 

2.5.1 Photon Flux in a Light Beam 

Photon flux is defined as the number of photons incident on a 
normal surface per second per unit area. If a light beam of 

intensity I watt/m2 having wavelength 1' incident on a surface 
then number of photons per second per unit area in the beam 

can be given as 

Photon flux ... (2.23) 

Ifwe consider a point source of power Pwatt which emits light 
in all directions, produces photons per second at a rate 

... (2.24) 
P1' 

n=--
hc 

These all photons are distributed in the three dimensional 
spherical space around the source. Ifwe find the photon flux at 
a distance r from the point source, it can be given as 

n 
<I}.,= 4itr2 • 

... (2.25) 

2.5.2 Photon Density in a Light Beam 

When photon are emitted by a light source, they move away 
from the source with speed oflight. Ifwe consider a uniform 
cylindrical beam oflight as shown in figure-2.16. lfthe torch of 
power P watt is producing a uniform light beam of cross
sectional area Sthen the intensity oflight beam is 

I= P 
s 

.. -- ... 

,---__, ,F--------------/-:r:; \---------------
- {: ------. ________ \{~'.__./----. ----------Power=P 

Area= S 
(a) 

(b) 

Figure 2.16 

Ifwe find the photon flux at the cross-sectional area S oflight 
beam, it can be given as 

11' <I¾,= hc [Here 1' +..-wavelength oflight] ... (2.26) 

Equation-(2.26) gives the number of photons incident per unit 
area of section S. Now during one second these photons will 
cover a distance c and all the photons in the shaded volume Sc 
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offtgure-2.16(b ), have crossed the section in one second, thus 

total number of photons in this shaded volurne can be given as 

N = Q X s 
he 

Thus photon density in the light beam can be given as 

N IA. $N 
p h = -

8 
= - 2 = - photons/m2 ..• (2.27) 

p Che C 

As the beam is uniform and cylindrical, the photon density 

. throughout the beam remains, constant and at any point in 

space photon density can be given as 

$ N photon flux 
P ph = c = speed of light ... (2.28) 

Similarly for a point isotropic source oflight we can say that as 

the emitted photons move away from the source, the distance 
between photons increases and the photon density decreases. 

Ifwe wish to find photon density at a distance r from a point 

source of light of power P watt, then we first find the photon 

flux at a distance r from the source which is given as 

~= PA/4; 
41tr 

... (2.29) 

Thus at a distance r from the source photon density can be 

given as 

$N PA 
p =-= 

ph c 41tr2 hc2 ... (2.30) 

# Illustrative Example 2.15 

Find the number of photons emitted per second by a 25 watt 
source of monochromatic light of wavelength 6000 A. 

Solution 

Energy of one photon 

E=hv=hc!A 

P PA 
No. of photons = E = hc 

Substituting the values, we get 

No. of photons 
25x600x!O-to 

6.63 X JO-J4 X 3 X JQ8 

=7.546 X )019• 

# Illustrative Example 2.16 

Calculate the number of photons emitted in IO hours bya.60 W 

sodium lamp (A= 5893 A). 

Photo Electric ~flee! & Matter Waves] 

Solution 

The energy of the photon 

E= he 
A 

E= (6.63x!0-34)(3x108
) 

5893,d0-10 

£=3.374 x 10-19 Joule 

Number of photon emitted by sodium lamp in one second 

60 

3.374x!0-19 

Thus number of photons emitted by sodium lamp in 10 hours 

N. =Nt= 60x!Ox3600 = 6.40x 1024 
Total 3.374x 10-19 

# illustrative Example 2.17 

A cylindrical rod of some laser material 5 x 10-2 m long and 
10-2 min diamet~r contains 2 x 1025 ions per m3• lfon excitation 

all the ions are in the upper energy level and de-excite 
simultaneously emitting photons in the same direction, calculate 

the maximum energy contained in a pulse of radiation of 
wavelength 6.6 x 10-7 m. Jfthe pulse lasts for 10-7 s. Calculate 

the average power of the laser during the pulse. 

Solution 

Total number ofions in the rod 

N= number of ions per unit volume x volume of rod 

~ N=(2 x 1025) x {3.\4x (0.005)' x (5 x 10-2)} 

~ N=7.85x!019 

The number of photons excited in one direction is equal to the 

total number of ions because all ions are excited. Now excited 

energy 

E= number of excited photons x energy of photon 

- - 19 he 
E=(7.85x 10 )x T 

( 19 
(6.6x!0-34 )x(3x!08

) 
E= 7.85x)O )x 7 6.6xl0-

E=23.55 J 

Average power 

P= Energy = 23.55joule 
Time 10-1 second 

P=23.55 x 101w 

P=235.5MW. 
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# Ill11strative Example 2.18 

A l 00 watt sodium lamp is radiating light of wavelength 5890 A, 
uniformly in all directions, 

(i) At what rate, photo:i.s are emitted from the lamp? 

(ii) At what distance from the lamp, the average flux is 

1 photon/cm2-s ? 

(iii) At what distance the a~e;age density is 1 photon/cm3 ? 

(iv) What are the photon flux and photon density at 2 m from 

the lamp? 

Solution 

(i) The energy of photon is given by 

Now, they occupy a volume dV enclosed between spheres of 

radii rand r + dr. Hence the average density at r is given by 

Ndt 
p= dV 

N dr 
or dV=-x

p e 

4 N dr 
-n[(r+dr)3-r3]= -x-
3 p e 

Taking the limit, dr ~ 0, we have 

N 
p=--

41rr2c 

For-p = 1 photon/cm3 = 106 photons/m3, we get 

... (2.34) 

( 
3xl0

20 
) 

4x3.14xl06 x!08 

·,=282m 

E=hv= he 
:\. 

1990 x 10-2' joule 

:\. 
' . . 
·," Thus at a distance of282 m from 100 W lamp, there is on the 

l 990x!0-28 

E= 5890A 

£=3376 x 10-22 joule ... (2.31) 

Given that the lamp is emitting energy at the rate of 100 J/s 
(Power= 100 watt). Hence, number of photons N emitted is 
given by 

N = 
1 

OO ~ 3 x 1020 photons/sec. 
3376x!0-22 ... (2.32) 

(ii) We regard the lamp as a point source. Therefore, at a 

distance r from the lamp, the light energy is uniformly distributed 
over the surface of sphere of radius r. SoN photons are crossing 
area 4 7t ,2 of spherical surface per second. So flux at a distance 
r is given by 

N 
n=--

41rr2 

For a flux of n = 1 photon/cm2-s, we have 

1 = 
4
;, or r= ~( ~) 

_ (3xl0
20

) 
r- 4x3.14 cm 

r=4.9 x 104km ... (2.33) 

So at this distance, on the average one photon will cross through 
1 cm2 area normal to radial direction. 

(iii) The number of photons crossing through surface S ( 4 1t ,2) 
in time interval dt isN dt. During interval dt, the photons entering 
surface S has moved to a distance dr = c dt in radial direction. 

--~e only 1 photon/cm3 at any moment. 

(iv) Phcion.flux at r=2 m 

-~ 3x!020 
n= 

4n(200cm)2 

n,;, 5.9 X 1014 photons/cm2 
·-... 

Average density of photons at r = 2 m is given by 

3x!020 

P = 4x3.14x(200)2 x(3xl0'°) 

p = 2 X ) 04 photons/cm' 

# Illustrative Example 2.19 

One milliwatt of light of wavelength 4560 A is incident on a 
cesium surface. Calculate the. photoelectric current liberated 

assuming a quantum efficiency of0.5%, given Planck's constant 
h = 6.62 x 10-34 J-s and velocity oflight e = 3 x 108 mis. 

Solution 

The energy of each photon of incident light is 

he (6.62xl0-34 )(3x!08) 
E=hv = -= ~---~~-~ 

:\. (4560x10-10 ) 

£=4.35 X )0-19 J 

Number of photons in one milliwatt source 

10-3 
N=----

4.35 X 10-l9 

N=2.29 x 1015 /s 

(As power of source= 1 milliwatt= 1 o-3 W) 
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Number of photons released 

( O") 0.5 N,h= 2.29x I x JOO 

=:, N,h = 1.14 x 10 13 /s 

Thus photo-electric current 

/=(1.14 x 1013)(1.6 x IO-") 

/= 1.824 x Io-6 A= 1.824 µA 

# Illustrative Example 2.20 

A uniform monochromatic beam oflight of wavelength 365 x 10-9 

and intensity 10-8 W/m2 falls on a surface having absorption 
coefficient 0.8 and work function 1.6 eV. Determine the rate of 
number of electrons emitted per m2, power absorbed per m2 and 
t~e maximum kinetic energy of emitted photoelectrons. 

Solution 

The intensity ofradiation I is defined as the energy passing per 
unit tirrie per unit area normal to the direction of the beam. If N 
be the number of photons crossing unit area per unit time, then 

I= N x energy carried by one phofon 

l=N he 
).. 

N=!J:::. 
he 

If N1 be the number of incident photons per unit area per unit 

time, then 

/.).. I0-8 x365xl0-9 
N =_,_=-~-'--cc~-~ 

1 he 6.62x]0-34 x3xI08 

N, = 18.35 x 109 

The number of photons absorbed Nab by the surface per unit 
area per unit time is given by 

Nab= absorption coefficient of surface x Ni 

Nab= 0,8 X 8.35 X 109 

N =147x]0 10 m-2 s-1 
ab • , 

Now assuming that each photon ejects only one electrons, the 
rate of electrons emitted per unit area is given by 

N=N =147xI0 10 m-2 s-1 ab · 

rower absorbed/m2 = Absorption coefficient 

Incident power 

m' 
=Q.8 X J0-8=8 X ]0-9W/m2 

From Einstein's equation, maximum kinetic energy is given by 

KE =hv-W. = he -W. 
max O '}.. 0 

Photo. Electric Effect &-~-atte! ~'{'{j~ 

(6.62xl0-34 )(3xl08) . 0-19 KE = ~---~-~ - 1.6 x 1.6 x I 
""" 365xl0-9 

KE"""= 2.89 x I0-19joules= 1.80 eV. 

# Jl/11strative Example 2.21 

When a beam of 10.6 eV photon ofintensity2.0 W/m2 falls on a 
platinum surface ofarea 1.0 x Io-4 m2 and work function 5.6 eV, 
0.53% of the incident_photoiis eject photoelectrons. Find the 
number of p)lotoelectrons emitted per second and their minimum 
energies (in eV). Take I eV= 1.6 x 10-19 J. 

Solution 

Energy of the photon beam striking the platinum surface in time 
I =·I second is 

Eb= intensityofbeam x area of surface x time 

=:, Eb=(2.0Wm-2)x(J.Ox Jo-4m2)x ls 

=:, Eb =2.0 x J0-4Ws=2.0 x J0-4J 

Energy carried by each photon 

E = l 0.6 eV = I 0.6 x 1.6 x I 0-19 
p 

=:, E =1696xJ0-19 J p • 

Thus the number of photons striking the surface per second is 

Eb 2.0x!0-4 
n=-= 

EP 16.96xI0-19 

=:, n=l.18xJ014 

It is given that 0.53% of the incident photons eject 
photoelectrons. The number of photoelectrons emitted 

photoelectrons= 0 and the maximum energy is 

E""' = 10.6eV-5.6eV=5.0eV. 

# Jl/11strative Example 2.22 

A beam oflighthas three wavelength 4144A,4972A and6216 A 
with a total intensity of3.6 x I0-3 wm-3 equally distributed 
amongst the three wavelengths. The beam falls normally on an 

area 1.0 cm2 ofa clean metallic surface of work function 2.3 eV. 
Assume that there is no loss oflight by reflection and that each 

energetically capable photon ejects one electron. Calculate the 
number of photo electrons libe;ated in two seconds. 

Solution . 

Threshold wavelength for a metal of work function 2.3 eV is 

i.. = 12431 A 
th 2.3 

i..th = 5404. 7 A 
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Thus the only wavelength 4144 A and 4972 A will emit electrons 

from the metal surface as lesser then threshold wavelength. 

The energy incident on surface for each wavelength 

P = intensity of each wavelength .x area of the surface 

~ p 3.6 ~10-3 x (1.0 cm2) 

~ P=(I.2xJ0-7 W/m2)x(Jo-4m2) 

p = J.2 X 10-? watt 

The rate of emission of photo11 from source 

I 1.0 joule/sec 
r= - = 

E 4.125xl0-19 joule 

r=2.424 x 1018 /s. 

Number of photons striking per square meter per second on the 
plate 

2 425xl018 
N= . 

4x(3.14)x(2) 2 

Energy incident on surface for each wavelength in 2 seconds. ~ N=4.82 x lQ16m-2s-l 

E= (1.2 x I 0-7) x (2)= 2.4 x 10-7 joule 

The number of photons of wavelength A are 

E EA 
n= (hc!A.) he 

Number of photons n1 due to wavelength 

4144A =(4144 x I0-10 m) 

(l .2x 10-7 )( 4144x I 0-10 ) 
n = 1 (6.63xl0-34 )(3x]08) 

~ n1=0.5x]Ol2 

Number of photons n2 due to wavelength 4972 A· 

(2.4x 10-7 )(4972x 10-10 ) 
n = -2 (6.63xl0-34 )(3x]08) 

n2 =0.575 X 1012 

Total photonsN=n1 +n2 =0.5 x 1012 +0.575 x 1012 

N= 1.075 X 1012 

# Il/11strative Example 2.23 

A small plate ofa metal (work function= 1.17 eV) is placed at a 

distance of 2. m from a monochromatic light source of 
wavelength 4800 A and power 1.0 watt. The light falls normally 

on the plate. Find the number of photons striking the metal 
plate per square meter per second. If a constant magnetic field 
of strength I 0-4 tesla is applied parallel to the metal surface, 
find the radius of the largest circular path followed by the emitted 
photo electrons. 

Solution 

Energy of incident photon in e Vis 

E= 12431 V 
4800 e 

~ 

~ 

E=2.58eV 

£=2.58 X J.6 X ]Q-19 J 

£=4.]25 X ]0-19 

The maximum kinetic energy of the photo-electrons emitted 
from the plate having work function q,= 1.17 eV is given by 

KE =E-,1. max 'I' 

KE =2.58-1.17 
max 

KEmax = 1.41 eV 

The maximum velocity of photo-electrons ejected is given as 

I 2 

2 mvm,, = 1.41 eV 

2xl.4]xl.6xl0-19 
vrn.'lX= 9.lxl0-31 

~ Vmax =7.036 X ]05m/s. 

The radius of the circle traversed by photo electron in magnetic 

field B is given by 

mv (9.lxl0-31 )(7.036xl05
) 

r= 
qB (l.6xl0-19)x.(I0-4) 

~ r=40.0 x I0-3metre=4.0cm. 

# Il/11strative Example 2.24 

mv2 

[AsqvB= -,.-] 

A 40 W ultraviolet-light source of wavelength .2480 A illuminates 

a magnesium (Mg) surface placed 2 m away. Determine the 

number of photons emitted from the source per second and the 

number incident on unit area of the Mg surface per second. The 
photo-electric work function for Mg is 3.68 eV. Calculate the 
kinetic energy of the fastest electrons ejected from the surface. 
Determine the maximum wavelength for which the photoelectric 

effect can be observed with Mg surface. 

Solution 

The energy of incident photon in e Vis given by 

E= 12431 V 
2480 e 

~ 

~ 

~ 

£=5.01 eV 

E=5.0I x 1.6 x I0-19 J 

E=8 X 10-19 J 
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The number of photons emitted per second by the source can 

be given as · 

p 
N= •5'{ 

N= 40 =5xl019s-l 
sx10-19 

The number of photons incident on Mg surface per unit area 
per second · 

5x!019 5xl019 
N'=---

4rrr2 4x3.14x(2)2 

N' = 1.04 x 1018 s-1 m-2 

The K.E_ of the fastest electron is given by 

KE =E-"' max 'i' 

=:> KE"""=5_0leV-3.68eV=l.33eV 

Now the threshold wavelength for Mg surface can be given as 
for its work function 3_68 e Vis 

,, = 12431 A 
th 3_68 

"-th =3378A 

# Illustrative Example 2.25 . 

A mercury arc lamp provides 0.10 W of UV radiation at a 

wavelength on.= 2537 A (all other wavelengths having been 
absorbed by filters)_ The cathode of photoelectric device (a 
photo-tube) consists of potassium and has an effective area of 

4 cm2• The anode is located at a distance of I m from radiation 

source. The work function for potassium is $0 =2.22 eV. 

(a) According to classical theory, the radiation from the arc 

spreads out uniformly in space as spherical wave. What time of 
exposure to the radiation should be required for a potassium 
atom (radius 2 A) in the anode to accumulate sufficient energy 

to eject a photo-electron ? 

(b) What is the energy of a single photon from the source ? 

(c) What is the flux of photons (number per second) at the 

cathode? To what saturation current does this flux correspond 
if the photo-conversion efficiency is 5% (Le., if each photon 

has a probability of0.05 of ejecting an electron)_ 

(d) What is the cut off potential V0 ? 

Solution 

(a) 'f!le UV energy flux at a distance ofone metre 

0.1 
= 

4
" watt per square metre_ 

Cross-sectional area of atom A= it r' 

- - --- --- ---, 
Phot~ El~ctric Effect_ &_~~tt~r _v_y_av~ 

Energy required to eject photo-electron £ 0 is given by 

(2.22eV)(I.60 x 10-19 J/eV)=3.55 x J0-19 l 

Now exposure time 

(b) I 'd h - V. E 12431 V net ent p oton energym e ts = 
2537 

e 

E=4_9eV 

£=4,9 X 1.6 X !0-19 J 

£=7,84 X J0-19 J 

(c) At the cathode_(area 4 x J0-4 m2), the photon flux is 

N-(Q:.!_~) 4x10-4m
2 

- 4it m2 7_84xl0-t9 J 

N=4.06 x J0 12 photons/s 

With an efficiency of5%, the photo-current is 

J=0.05Ne=(0.05)(4.06 x 1012)(1.60 x J0-19 C) 

/=3.25 x Jo-8A=32.5nA 

(d) The stopping potential for ejected electrons can be given 

as 

V = hv-$0 4_86eV-2.22eV 
o e e 

V0 =2.64V 

# Illustrative Example 2.26 

A monochromatic point sources radiating wavelength 6000 A, 
with power 2 watt, an aperture A of diameter 0.1 m and a large 
screen SC are placed as shown in figure-2.17. Aphotoemissive 
detector D of surface area 0.5 cm2 is placed at the centre of the 
screen (see the figure). The efficiency of the detector for the 
photoelectron generation per incident photon is 0.9. 

(a) Calculate the photon_flux at the centre of the screen and 
the photocurrent in the detector. 

SC 

A _J_. 
' ' ' ' ' ' s ' ' •--------f-l---- ·--------------- D 
' ' ' ' : \ 

-T"L 
.,. __ 0_:~!1!_...i 
.,. _____________ 6 m ____________ _ 

Figure 2.17 
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(b) !fa concave lens L of focal length 0.6 m is inserted in the 
aperture as shown, find the new values of photon flux and 
photocurrent. Assume uniform average transmission of 80% 
from the lens. 

. . . --1 
_ 69_, 

Thus the concavdens forms its image at a distance f 12 i.e., 

0.3 metre on the left of the lens. This we get from lens formula 

1 
f V U 

(c) If the work function of the photoemissive surface is 1 eV, 
calculate the value of the stopping potential in the two cases =:, 

(without and with the lens in the aperture.). 

1 1 1 1 I 1 - - -+- - --+-- ---
v f u -0.6 -0.6 0.3 

Solution 

(a) Energy of Photon i~ 

he 6.63x10-34 x(3xl0s) 
E= - = -----'-----'-

').. 6000 X 10-IO 

=:, £=3.315 x l0--19 joule 

Number of photons emitted per second from the source are 

n 

n 

Power 
Energy of each photon 

2 

3.315x 10-19 

n = 6.033 x 101s photon sec-1 

Here the solid angle subtended by detector is less than that 
subtended by aperture on the source. This shows that all the 
photons reaching the detector are allowed by aperture. In this 
way the number of photons reaching the detector per m2 per 
second is given by · 

Photon flux 
·n 

<J,p=-4 2 

"' 
<I> = 6.033 x 1 o's m-Zs-' 

P 4x(3.14)x(6.0) 2 

Photo current= n e 

I= [9.0 x photon flux x area of detector] e 

!= [0.9 x photon flux x (0.5 x lo--4)] x 1.6 x 10--19 Amp. 

1=0,096µA. 

(b) The source is at the focus of concave lens. 

' ' ' ' 

------ --- p 

I .., __ _ 

: i.--- ----
:.--o.6 m--J>I - Q 
: ~----------5.7 m----- ---
~------------· 6 m ·-----------

Figure 2.18 

v=-0.3m 

Now all the photons are focussed at a distance 0.3 m from the 
lens or 5. 7 m from the detector. The detector transmits 80% of 

photons. So the number of photons reaching the detector· 

80 
n'= 

100 
xphotonflux 

Solid angle subtended by detector 
X • 

Solid angle subtended by aperture 

80 (0.5x 10-4/5.7)2 

n'= 100 x photon flux x nx(0.05)2 /(0.3)2 

Substitute the value of photon flux and obtain the value ofn'. 

Photon flux 
n' 

<J,p = area of detector 

' . n 
<J,p = _4 per m2 per second 

0.5xl0 

<J,p=2.956x 1015/m2 sec. 

Thus photon current= 0.9 x Photon flux x e 

I= 0.9 x Photon flux x 1.6 x 10--19 Amp. · 

/=0.0213 µA. 

(c) The stopping potential V, is independent of photo-current. 
In both the cases, according to Einstein's photo-electric 
equation, this is given by 

E=W+eV 
' 

3.315 x 10--19 = 1 eV+ e V 
' 

3.315xlo-19 V 1 V V 
e = e +e 

l.6xl0-19 ' 

2.06eV= 1 eV+e V, 

v, =2.06-1 

V, = 1.06 volt. 
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Practice Exercise 2.3 

(i) Calculate the number of photons emitted per second by 
a IO watt sodium vapour lamp. Assume that 60% of the 

consumed energy is converted into light. Wavelength of the 

sodium light= 5900 A. 
[1.7 x 10 19] 

(ii) A bulb lamp emits light of mean wavelength of 4500 A 

The lamp is rated at 150 watt and 8% of the energy appears as 

emitted light. How many photons are emitted by the lamp per 

second. 

[27.17 x 10 18] 

(iii) 0.05 kg of ice at- 20°C is to be converted into steam at 

I 00°C. The ice is first heated with a420 Watts heater for 5 minutes. 

After this, itis heated with an infra-red l~mp ofA.= 10,000 A for 

23 minutes and 20 seconds at an efficiency of 50%. Find the rate 
at which ·the photons are striking the ice when heated with 

infra-red lamp. 

Specific heat ofice at-20°C = 500 cal/kg 

Specific heat of water= 103 cal/kg 

Latent heat of fusion ofice = 8 x I 04 cal/kg 

Latent heat of vaporization of water= 5.42 x I 05 cal/kg. 

[2 x 1020 sec-1] 

(iv) A light source, emitting three wavelengths 5000 A, 6000 A 
'and 7000 A has a total power of I o-3 Watt and a beam diameter 

of0.002 m. The power density is distributed equally amongst 

the three wavelengths. The beam shines normally on a metallic 
surface of area J0-4m1 and having a work function of 1.9 eV. 

Assuming that each photon liberates an electron, calculate the 

charge emitted per unit area in one second. 

[93.76 coul/m2/sec] 

(v) A monochromatic light source ofintensity 5 mW emits. 
8 x 1015 photons per second. This light ejects photoelectrons 

from a metal surface. The_stopping potential for this setup is 
2.0 eV, calculate the work function of the metal. 

[1.9 eV] 

(vi) A potassium surface is placed 75 cm away from a I 00 W 

bulb. It is found that the energy radiated by the bulb is 5% of 

the input power. Consider each potassium atom as a circular 
disc of diameter l A & determine the time required for each 
atom to absorb an amount of energy equal its work function of 
2.0 eV. What is the answer if the atom is assumed to be spherical. 

[57.6 s] 

-
Photo Electric Eff~i-& Matte~~~~~~ 

(vii) When the sun is directly overhead, the surface of the 
earth receives I .4 x 103 W/m2 of sunlight. Assume that the light 

· is monochro~atic with average wavelength 5000 A and that no 
light is absorbed in between the sun and the earth's surface. 
The distance between the sun and the earth is 1.5 x 1011 m. 
(a) Calculate the number of the photons falling per second 
on each quare meter ofearth's surface directly below the sun. 
(b) How many photons are there in each cubic meter near 
the earth's surface at any instant? 
(c) How many photons does the sun emits per second? 

[J.5 X )021 , J.2 X }0 13, 9.9 X }044} 

. 2. 6 Wave Particle Duality 

The true nature oflight is very difficult to asses. In 1801 Young's 
double slit experiment it was shown that light exhibit 
fundamental properties like a wave diffraction and interference. 
After several years Maxwell discovered that light was a wave 
of oscillating electric and magnetic fields, an electromagnetic 
wave. On the other hand Plank's equation theory, photoelectric 
effect and campton effects indicates that light behaves like a 
particle, a photon, with both energy and momentum. Thus light 
shows wave particle duality. 

2.6.1 Momentum of a Photon 

According to relativistic theory the total relativistic energy E of 
a particle is related to the magnitude p of the momentum and 
massm as 

£2 = p2c2 + m2c4 

For a photon, its mass is zero, thus we have 

E=pc 

E p=
c 

For a photon its energy can be given as 

he 
E=hv=T 

Thus photon momentum is given as 

hv 
Pphoton = C 

h 
Pphoton = "[ 

... (2.35) 

... (2.36) 

This relation in equation-(2.36) gives the momentum of each 
photon of an electromagnetic wave having a wavelength A.. 

2. 7 De-Broglie's Hypothesis 

In year 1923, as a graduate student Louis de-Broglie made a 
surprising suggestion which later confirmed in 1927 by different 
experiments. By the year 1921 it. was all accepted that light 
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behaves like a particle, a stream of photons and the wavelength 

oflight is related to the magnitude of its momentum as 

),.=-h-
Pphoton 

... (2.37) 

Using the above accepted fact, Broglie started thinking the 

reverse of it. He suggested that since light waves could exhibit 

particle like behaviour, particles.of matter should exhibit wave 
like behaviour. De-Broglie proposed that all moving matter has 

a wavelength associated with it, just as a wave does and this 

wavelength is related to the magnitude ofits momentum by an 
equation of the same form as given in equation-(2.37) as 

),.=-h-
Pparticle 

... (2.38) 

The wavelength associated with a particle is called its de-Broglie 
wavelength. The de-Broglie hypothesis implies that the wave 

particle duality has a universal and symmetrical character i.e. 
waves have particle properties and moving particles have wave 
properties. 

It was also assumed that as the speed ofa particle increases its 

wave character also increases and the wavelength associated 
with the particle may have a significant practical values. For 
particles in nature moving very slowly, the wave character 
associated with the particle will not have much significance. 

2.7.1 Explanation of Bohr's Second Postulate 

The de-Broglie hypothesis brought Bohr's second postuiate in 

a new light. It was stated that the magnitude of angular 
momentum of the orbiting electr~n in a hydrogenic atom was an 

. integral multiple of h/2n. Given as 

11h 
mvr = 21C ••• (2.39) 

As in an orbit speed of electron is of the order of 106 mis it may 

have a significant wive character associated with it. As we 
know in an atom stable orbits arethose in which electron does 
not radiate any electromagnetic radiation. Thus ifwe describe 

electron as a wave, its stable orbits in an atom are those that 

satisfy the conditions for a stationary wave so that the complete 
wave energy is sustained in that orbit only. Thus for stationary 
waves to exist in an orbit the circumference of the orbit must be 
an integral multiple of the wavelength, which can be given for 
an orbit of radius r 

2rrr=111,. 
e ... (2.40) 

For electron, its de-Broglie wavelength '-e can be given as 

h ,_ = - ... (2.41) 
e mv 

Now from equation-(2.41) & (2.42) we have 

2w=11..!!__ 
mv 

·111, 
mvr=-

2n 

71 

... (2.42) 

Thus if a wavelength is associated with the electron, the 

quantization ofatomic orbitals leads to consider integral number 
of wavelengths that fit into each orbit. For example figure-2.19 
shows the different orbits in which for different values of 11 

electron wave is forming a stationary wave. Figure-2. l 9(a) shows 

an orbit in which the stationary wave is formed for the principle 

quantum number n = 3. Similarlyfigure-2.19(b) shows an orbit 

corresponding to 11 = 4 and figure-2.19( c) shows an orbitwhich 
is largerthen that ofn = 3 but smaller then that ofn = 4 in which 

we can see that in this orbit wavelength is not fit properly thus 
standing waves can not be formed for this orbit hence the orbit 
is not stable. 

orbit 

I ----...,,, 

,' ' ---- - -----~ ---- ... , ,,.- I -- \ \ 
I / \ \ 

I I \ \ 
I I \ \ 

{ I \ I 

/ ' ' \ ,/ ',,, ,' 
' / 

' , , ' 
' ' ' \ 
' ' ' ' \ ' 

, ... ____ ~---------
' ' ' , ' , ... ____ ...... 

(a) 

, ... ----... 

, 
, ' , ' , ' 

' ' ' ' ' ' ' , ' , ' , -----

' ' ,..---._ I \ ----..._ 
/ ,' ....... _____ ... \ \ 

·l ./ \ \ 
I ,, , I _... ... ...... / -- , ........ 

/' \ ,' ... \ 
orbit' J : l 

I I \ / 

orbit 

' I \ 1 
'-.._ I \ .,,"' 

, , 
' ' ', 

I-.,.._ .,,-
/ ' , ... "... \ 
\ '\ , r 
\._ ____ \ ... ------...,I ,,/ ----

, 
/ 

' ' ' ' ' ' , 

' ' ', ____ ,,' 

(b) 

/ 
' ' ' ' ' ' ' ' 

' ......... : 
-----""'------"' 

(c) 

Figure 2.19 

' ' ' ' , 

forn=3 

forn=4 

for3<ri<4 
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2.8 Radiation Pressure 

We've discussed that a photon carries momentum, given as 

h p=-
A 

... (2.43) 

When a photon beam incidents on a surface and absorbed, the 

total momentum carried by the beam is also transferred to that 

surface hence a force is exerted on the surface. If the surface on 

which the beam incident is reflecting then due to the reflection 

in photon beam the change in momentum of photons will be 

twice the value compared to the case when it was absorbed. 

Thus force exerted on surface will also get almost doubled. 

Now we'll discuss different cases of incidence of a light beam 

on ~ifferent surfaces. 

2.8.1 Force Exerted by a Light Beam on a Surface 

Figure-2.20 shows a black body of mass m placed on a smooth 

surface on which a light beam of cross sectional area Sincident. 

The beam is produced by a torch of power P watt. If A is the 

wavelength oflight produced by torch, the number of photons 

emitted per second are 

N= PA 
he 

Figure 2.20 

We know that momentum in each photon is 

h 
p = T:. 

... (2A4) 

Black Body 

... (2.45) 

As all the photons incident on the black body will be absorbed 

by it, here the total momentum absorbed by the body per second 

or force exerted on the body is 

PA h P F=- x-=-
hc A c 

... (2.46) 

In above case if the surface of body is perfectly reflecting like a 

mirror then the force exerted on body will become 

F= 2P 
e 

... (2.47) 

Similarly consider another case as shown in figure-2.21. Now 

the surface of body on which light beam is incident is having a 

reflection coefficient a,= 0.7 and absorption coefficient a.= 0.3. 

' 
Pwatt 

Photo Electric Effect_ & .~a~r Waves·! 

ar = 0.7 
a,,= 0.3 

···~,,-··- .. 

Figure 2.21 

In this case 70% of the incident photons are reflected back and 

30% are absorbed by the body. Thus the photon which is 

absorbed will impart a momentum f to the body and the photon 

which is reflected will impart the change in momentum 
2
{ to 

the body. Thus net force acting on body can be given as 

F= 0.7PA x 2h + 0.3PA x Ji. 
he A he A 

F= 1.7P 
C 

=> ... (2.48) 

!fin any of the case we wish to find pressure on the surface on 

which light beam is incident. In above rel&tions we can use light 

intensity I= ¼ instead of power P of the light source. 

2.8.2 Force Exerted on any Object in thePathofa LightBeam 

Figure-2.22 shows a big lamp of power P watt which produces 

a uniform parallel beam oflight of cross sectional area S. Thus 

the intensiiy of this light beam will be 

p 
I= S wlm2 

••• (2.49) 

------~_.· ___ Ju 
~-------'-1·-A-----

'Area=S 
Area= xR2 

(a) 

---?ffi_1 
-~ ,-----------

Area=S 
Area= rrR2 

(b) 

Figure 2.22 

If in the path of this beam a black body sphere is placed as 
shown in figure-2.22(a). In this case onlythose photons will be 
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incident on the sphere which pass through the cross sectional 

areaA·= rrR2 which is the projection of sphere on a cross-sectional 

plane. Thus the power inc_ident on sphere is 

P.=IA=InR2 , ... (2.50) 

Thus force exerted on sphere will be 

F= P; = htR
2 

C C 
... (2.51) 

Similarly as shown in figure-2.22(b) a black body cone is placed 

in the path of the light beam. Here also the projection of cone 
along a cross-sectional plane ofbeam is A = rrR2 hence the force 
exerted on cone due to the beam will remain same as 

IrrR 2 

F=-
c 

... (2.52) 

2.8.3 Force Exerted by a Light Beam at Oblique Incidence 

As shown in figure-2.23 when a light beam incident on a mirror 
at an angle 0 to normal, it will be reflected at same angle. If 
power 6flight beam is Pwatt, the momentum of photons in the 

beam per second will be 

p 
/ip=

c 

/ 
/ 

/ 

/ .··/4, /.!/ 
Figure 2.23 

6p sine 

i 

i 

Reflecting 
Surface 

¥sine 

... (2.53) 

Here as shown in figure-2.23 there will be no change in the 

component of this momentum along the mirror due to reflection 
but along normal momentum oflight beam is changed by 2/ip 
cos 0. Thus force exerted on the mirror is along its normal and is 

given by 

73 

Illustrative Example 2.27 

In the path ofa uniform light beam oflarge cross-sectional area 
and intensity I, a solid sphere of radius R which is perfectly 

reflecting is placed. Find the force exerted on this sphere due to 

the light beam. 

Sol111io11 

Light Intensity 
I dA ---+ 

dp 
\, dFsin 8 dF 

', t ff ' , 8 ,.,t dFcos 8 - -- ~" .. 'JS_...,.. ___ _ 

Figure 2.24 

, ' ' , ' ' 
.,/ "' ~ 'F ., dFsin8 d 

To find the force on sphere, we consider a small elemental strip 
ofangular width d0 on its surface at an angle 0 from its horizontal 

diameter as shown. The area dS of this strip on the surface of 

sphere is 

dS= 2rcR sin 0 · Rd0 ... (2.55) 

Now as shown in figure-2.24, dA is the projection of the slant 
strip area dS along the cross-sectional plane of the light beam 

and it is given as 

dA=dScos0 

Here the power oflight incident on this strip is 

dP=ldA 

... (2.56) 

Thus the momentum of photons per second incident on this 

strip are 

dp = dP = IdA 
C C 

... (2.57) 

_Here we can see that these photons are incident at an angle 0 to 
the normal N of this strip and as sphere is perfectly reflecting. 
These are reflected at the same angle 0 to N as shown in 
figure-2.24. 

Here the change in momentum of photons is along the normal 

and thus force exerted on this strip along the normal is 

. 2/dA 
dF= 2dp cos 0 = -- cos 0 ... (2.58) 

C 

Thus net force on sphere will be given as 

F= f dFcos0 

ZP 
F= 2 lip cos 0 = - cos 0 

C 
... (2.54) => F= f 21 

/A cos
2 

0 
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'· -

½ 
F= f 2: (2rrRsin0cos0-Rd0)cos 28 

0 

4/ itR 2 
F= 

C 

½ f cos 3 0sin0d0 
0 

F= 41 ;R' [- co~
4 

0 J: 
F= I itR

2 
[I :...o] 

C 

/ itR2 
~ F= -- ... (2.59) 

C 

We can see that equation-(2.58) is exactly same as equation
(2.59). Thus for a sphere placed in the path ofa light beam, force 
exerted on sphere is independent from the nature of the surface 
of sphere, But this happens only for a sphere. 

Lets discuss the same for a cone with reflecting surface in the 
path of a light beam, illustrated in next example. 

Illustrative Example 2.28 

Figure-2.25 shows a cone ofradius Rand height Hwith perfectly 
reflecting lateral surface, is placed in the path ofa light beam of 
intensity/. Find the force exerted on this cone. 

Intensity '=" I watt/m2 

i+---H---

Figure 2.25 

Solution 

dA 

Figure 2.26 

· Photo Electric Effect & Ma~er '!i_ a':~:': 

Now to find the .force on the cone, we consider an elemental 
strip ofwidth dx on the lateral surface of cone at a distance x 

from the vertex O of cone as shown in figlire-2.26. If the radius 
of the strip is r its surface area is 

dS=2rrr· dx 

Here by similar triangles in cone we have 

r R 

X ~R2+H2 

r=xsin0 

Thus area of strip can be given as 

dS= 2m:sin 0 · dx 

... (2.60) 

... (2.61) 

If dA be the projection of slant strip ofarea dS along the cross
sectional plane of the light beam, it can be given as 

dA = dSsin 0 ... (2.62) 

If dP is the power oflight beam incident on the strip then 

dP=IdA ... (2,63) 

Now the momentum per second of the light photons dp incident 
on the strip is 

dp= dP = JdA 
C C 

.. . (2.64) 

Here also we can see that from figure-2._26 the momentum of 
photons is changing only along normal due to reflection of 
these photons, which will exert a force on cone along normal 
direction. If this force is dF, it can be given as 

dF=2dPsin 0 

Thus_ net force on cone can be given as 

F= f dFsin0 

F= f 2dpsin 2 0 

F= f 2( / ;A)sin 2 0 

F= f 21
dSsin 3 0 c· 

F= f 2: ·2rrxdxsin
4 e 

F 
4/ rrsin4 0 

C 

~R2+H2 

f xdx 
0 

... (2.65) 
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=> 

=> 

=> 

- h 2+H2 

4/ 11 _ [x2
] F= -c-sm4 0 2 .. 

F= 21 n(R
2 

+H
2

) x [ R )

2 

C ' ~(R2 +H') 

[As sin 0 = ~ R . ] 
(R 2 +H 2

) 

F= 21 nR
2 

_ 

C 
__ . (2.66) 

Equation-(2.66) gives the force exerted by light beam on a 

perfectly reflecting cone in its path. 

2.8.4 Recoiling of an Atom Due to Electron Transition 

We know that when an e- in a hydrogenic atom makes a 
transition from a higher energy level n2 to a lower energy level 

n1, the difference of energies of the two energy level is released 

in the form ofan electromagnetic radiation photon. As we've 

discussed that every photon has a momentum associated with 

it, we can say that when a photon is emitted from an atom, it 
must recoil in opposite direction as shown in figure-2.27 

~fii) 
M 

H-atom 

Figure 2.27 

h 
P=~ 

0 -

Photon 

Here the wavelength of emitted photon can be given as 

_l_ =RZ' [-I __ I ] 
A n2 n2 

I 2 

___ (2.67) 

The momentum of this emitted photon can be given as 

p= !!_ =hRZ' [-' __ I] 
'),, n2 n2 

I 2 

. __ (2.68) 

If the after emission of photon the atom recoils with speed vR, 
using momentum conservation principle, we Can write 

___ (2.69) 

75 

2.8.5 Variation in Wavelength ofEmitted Photon with State of 
Motion of an Atom 

As we've discussed that when a photon is emitted by transition 

of an electron in an atom, the atom recoils and the recoil velocity 

can be obtained by momentum conservation. In previous section 
we've discussed that the emitted photon wavelength is given 
by Rydberg's formula as 

t =RZ' [-1,---1,-J ... (2.70) 
n1 nz 

This equation-(2.70) or Rydberg formula is valid oniy :full the 

energy released by electron during transition from energy level 

n2 ton I will transform into the photon energy. But in our case if 

all the energy released by electron is carried by the photon then 
no energy is left with which the ·atom an recoil. If it does not 

recoil, the law of momentum conservation Will violet. Thus in 
previous section equation-(2.69) only gives an approximate 

value of recoil velocity. 

Practically we can say that the energy released by electron 

during transition is shared between the emitted photon and the 
kinetic energy ofrecoiled atom. If'),,' is the wavelength ofemitted 

photon and v R is the recoil velocity of atom, we can write the 

energy equation as 

RchZ' [J,-J,] = ~~ + ½mv~ 
n1 n2 

__ . (2.71) 

Using momentum conservation we can write 

h 
If =MvR -- _ (2.72) 

Solving equation-(2. 71) and (2. 72), we can calculate the exact 

. value ofrecoil velocityvR and the wavelength of emitted photon 
'),,'_ Note that the value of'),,' will be slightly more compared to 

that calculated in previous section by equation-(2.67). As the 
difference between the two is very small, for numerical 

applications students can use equation-(2.69) and (2. 70) for 
calculations of emitted wavelength and recoil velocity if very 
high accuracy is not needed in the application. 

2.8.6_ Variation in Wavelength of Photon During Reflection 

We've discussed that when light incident on a body a force is 

exerted due to the momentum associated with the light photons. 
Consider the following example. A torch of power Pin front ofa 
body_ofmass Mis lit just for a time /J.I so that torch will emit a 
pulse of energy /J.E which is given as 

/J.E = P/J.t ... (2.73) 

If wavelength light is'),,, the momentum in this pulse is 

- /J.E h /J.E 
/J.P = - 1 c/ X , = - ... (2.74) 

('7.) '- C 
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~ 
Power= P watt 

~ 
~ 
Power= P watt 

(a) _, 

(b) 

Figure 2.28 

As shown in figure-2.28 we can see that when the energy pulse 
is reflected from the body if its surface is perfectly reflecting. 
Due to this the body will gain a velocity v as shown in 
figure-2.28(b). 

Here if we assume that the wavelength ofreflected and incident 
light are same, we can say that the momentum of reflected pulse 
is same in magnitude but direction is opposite. Thus by 
momentum co~servation we can write 

Photo Electric' Effect & -~8tt_er ~~i~] 

As the total energy of system is also consta_nt, the equation for 
energy conservation can be given as 

... (2.78) 

Now solving equation-(2.77) and (2.78) we can get the value of 
speed of block as well as the wavelength'/,,' ofreflected light 
pulse. This process gives accurate results but for numerical 
problems, it is relatively lengthy procedure. Students are advised 
to directly use equation-(2.75) or assume that the reflected 
wavelength is approximately same because the difference is 
very small which can be neglected for numerical problems. 

# Illustrative Example 2.29 

With what velocity must an electron travel so that its momentum 
is equal to that of photon with a wavelength on= 5200 A. 

Solution 

Momentum of photon 

= j,_ = 6.626 x 1 o-34 
k m/s 

p '/,, 5200x]O-IO g. . 

Momentumofelectron=mv=9.l x 10-31 v 

=> 

l!.p=Mv-1!.p 

21!.p=Mv 

21!.E 
--=Mv 

C 

Where v is the velocity of electron. 

... (2.75) Equating the two momenta, we have 

Using the above equation we can find the speed of the block 
after reflecting the pulse. But this result will only be an 
approximate value. Ifwe carefully look into the situation once 
again, a question arises, if whole of the energy of pulse is reflected 

back, how the block has gained the kinetic energy ½ Mv2: 

Thus it is sure that when the incident energy pulse is reflected 
from the block, some ofits energy is transmitted to block as its 
kinetic energy and remaining is reflected as energy pulse of 
energy l!.E'. Now the way of accurate calculations for-the speed 
ofblock is given here. 

The number of photons in the incident pulse are 

l!.E 
N= (/'1,) 

=> 

9.] X JO-JI V = 6.626 X J0-34/5200 X JO-IO 

v= 1400m/s. 

# Illustrative Example 2.30 

Hydrogen gas in the atomic state is excited to an energy level 
such that the electrostatic potential energy ofH-atom becomes 
- 1.7 eV. Now the photo-electric plate having work function 
~ = 2.3 eV is exposed to the emission spectra of this gas. 
Assuming all the transitions to be possible, find the minimum 
de-Broglie wavelength of ejected photo-electrons. 

Solution 

Given that electrostatic potential energy ofH-atom is 

PE=-l.7eV 

=> N= l!.E'/,, 
he ... (2.76) We know that kinetic energy is given as 

Here'/,, is the wavelength ofincident light. = IP;I = 1;_
7 

=0.85eV 

If'/,,' is_ the wavelength of reflected light, the equation for 
momentum conservation can be written as· 

Thus total energy 

E=-1.7 +0.85=-0.85 eV 
h h 

N-:;:_ =Mv-N-:;:: · · · (2. 77) We use, 13.6 0 
8 E = --

2
- =- . 5 eV 

n n 
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n2 = ~
3
8~ =16 and 'ls!.. = 2 

qp , 

n=4 la 1 -r-;=2· 
Hence the atom is excited to staten= 4. The maximum energy is 
emitted when electrons will make a transition from n= 4 ton= 1 # Ill11strative Example 2.32 
for which energy emitted is -----------------------

M'=-0.85-(- l3.6)c' 12.75 eV 

Now this photon energy when incident on a metal plate having 
work function 2.3 eV, the kinetic energy of fastest electron ejected 
can be given as 

KE== M'-~= 12.75-2.3 = 10.45 eV 

The minimum de-Broglie wavelength is given by 

h h 
Ami,= (P)max = ~2m (K.E.)max 

6.63x l0-34 

~2x(9,[ X [ 0-3!)(10.45 X J,6x [0-! 9 ) 

1c =3 8 x l0-10 m=3 8A min ' · 

# Il/11strative Example 2.31 

An a-particle and a proton are fired through the same magnetic 
fields which is perpendicular to their velocity vectors. The a

particle and the proton move such that radius of curvature of 
their path is same. Find the ratio of their de-Broglie wavelengths. 

So/11tio11 

Magnetic force experienced by a charged particle in a magnetic 
field is given by, 

~ ~ .· 
F8 = qvxB =qvBsm8 

In our case, F8 = qvB 

Hence, 
mv2 

Bqv=--
r 

mv=qBr 

The de-Broglie wavelength 

h h )c=-=-
mv qBr 

A.a-particle = q pr p 

A.proton qaru· 

Since, 

[As 8=90°] 

Find the ratio of de-Broglie wavelength of proton and a-particle 
which have been accelerated through same potential difference. 

So/11tio11 

Kinetic energy gained by a charge q after being accelerated 
through a potential difference V volt, 

l 
qV= 2 mv2 

V = J2:;; 
mv=~2mqV 

Now we have, de-Broglie wavelength is given as 

)c= ...!!__ = h 
mv ~2mqV 

~ = muqaVa. 
Aa mPqPVP 

Substituting V
0 

= VP 

)cp J4x2 
We get i;;" = lxl = 2.fi_. 

# Ill11strative Example 2.33 

Assume that the de-Broglie wave associated with an electron 
can form a standing wave between the atoms arranged iµ a one 
dimensional array with nodes at each of the atomic sites. It is 
found that one such standing wave is formed if the distanced 
between the atoms of the array is 2 A. A similar standing wave 
is again formed if d is increase to 2.5 A but not for any 
intermediate value of d. Find he en_ergy of the electrons in 
electron volt and the least value of d for which the standing 
wave of the type described above can forms. 

So/11tion 

From the given situation it is clear that stationary waves are 
formed for two successive values of2 A and 2.5 A thus we can 
directly say that 

1c 
2 =0.5A 

1c=2 x 0.5= 1 A 
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Thus the energy of electrons can be given as 

p2 
E=-

=> 

=> 

=> 

=> 

=> 

2m 

(h!i..)2 
E= 2m 

i= (6.63xl0-34 )2 
00-10 )2 x2x9.lx 10-31 

£=2.41 X lQ-17 ) 

E= 2.4lxl0-
17 

eV 
l.6x 10-19 

E= 150.6eV 

For formation of stationary waves between two atomic sites the 

minimum separation must be½ that is 0.5 A. 

# Illustrative Example 2.34 

In a photo electric effect set-up, a point source light of power 
3.2 x 10-3 W emits monoenergetic photons of energy 5.0 eV. 
The source is located at a distance of0.8 m from the centre ofa 
stationary metallic sphere of work function 3.0 eV and ofradius 
8.0 x I 0-3 m. The efficiency of photo-electron emission is one 

for every I 06 incident photons. Assume that the sphere is 
located and initially neutral, and that photo-electrons are 
instantly swept away after emission. 

(a) Calculate the number of photo-electrons emitted per 
second. 

(b) Find the ratio of the wavelength of incident light to the 
DeBroglie wavelength of the fastest photoelectrons emitted. 

(c) It is observed that the photoelectrons emission stops at a 
certain time t after the light source is switched on. Why? 

(d) Evaluatethetimel. 

Solution 

(a) The energy reaching the sphere is given by 

P 2 Pr 2 
E'=--x1tr =--

47'R2 , 4R 2 

HereR=0.8m,r=8 x 10-3 m, P=3.2 x I0-3 W 

=> 
(3.2x!0-3 )(8x 10-3)2 

4x (0.8)2 E' 

The number ofphoioelectrons emitted per second= E' x (v/E) 

E' 
(3.2xl0-3)(8xl0-3)2 10-6 

X 

4x(0.8)2 (5xl.6xl0-19 ) 

=> 

(b) 

=> 

=> 

Photo Electric Effect & _Mjtte~~vi?a~e_sj 

1',= he = (6.63xl0-34)(3xI08
) 

E (5xl.6xJ0719) 

1',=2.48625 x J0-7m=2486A 

KE =hv-'-=2eV max 'I' 

h h 
A,deBroglie =· p = .JzmK 

A = 6.63 x 10-34 
, 

deBroglie / 31 19 
;,2x(9.lxl0- )x(2xl.6xl0- ) 

Ad,BmgUe = 8.6877 A 

Now we use 

A 2486 
,_ = 8.6877 =286.18 

deBroglie 

(c) After time t, the potential Vofthe sphere is given by 

V=4;e0 (f) 
where q = charge on the sphere. 

We also use stopping potential as 

V = £photo, - ~ 
o e 

When potential of sphere becomes 2 volt, photo electric emission 
stops as maximum kinetic energy of photoelectrons is 2eV, 

(d) V=-1 (ne)=2 
o 47'So r 

=> 

Solving we get 

n = I.II x 107 

Now, we·use 
n l.llxl07 

/=-= 
105 105 

=> t= Ill sec 
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Practice Exercise 2.3 

(i) What is the de-Broglie wavelength ofan electron in first 
orbit of Bohr's hydrogen atom which has radius r? 

[2m] 

(ii) Find the ratio of de-Broglie wavelength of molecules of 
hydrogen and helium which are at temperatures 27°C and 127°C 
respectively. 

(iii) What amount of energy should be added to an electron 
to decrease its de-Broglie wavelength_ from 100 pm to 50 pm? 

[0.4524 KeVJ 

(iv) It is desired to move a small space vehicle of mass 50 kg 
at rest, by a lamp of 100 Watt emitting blue light of wavelength 
4700 A. If the vehicle if in free space, find its acceleration. 
Assume all the photons emitted will incident on body. 

[6.66 x 10-9 m/s2] 

(v) A totally reflecting, small plane mirror placed horizontally 
faces a parallel beam oflight as shown in the figure-2.29. The 
mass of the mirror is 20 gm. Assume that there is no absorption 
in the lens and that 30% of the light emitted by the source goes 
through the lens. Find the power of the source needed to support 
the weight of the mirror. 

Figure 2.29 

[100 MW] 

(vi) Consider an excited hydrogen atom in state n moving 
with a velocityv (v << c). ltemits a photon in the direction ofits 
motion and changes its state to a lower statem. Apply momentum 
and energy conservation principles to calculate the frequency 
f of the emitted radiation. Compare this with the frequency fo 
emitted if the atom were at rest. 

(vii) Two identical nonrelativistic particles move at right 
angles to each other, possessing de-Broglie wavelengths, 1-.

1 
& 

1-.2• Find the de-Broglie wavelength of each particle in the frame 
of their centre of mass. 

Advance Illustrations Videos at www.physicsgalaxy.com 
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Discussion Question 
Q2-1 When the speed of a particle doubles, its momentum 
doubles, and its kinetic energy becomes four times greater. When 
the momentum of a photon doubles, does its energy becomes 
four times greater? Provide a reason for your answer. 

Q2-2 It is found that yellow light does not eject photoelectrons 
from a metal. Is it advisaqle to try with orange light? With green 

light? 

Q2-3 It is found that photosynthesis starts in certain plants 
when exposed to the sunlight but it does not start if the plant is 

exposed only to infrared light. Explain. 

Q2-4 Photon A has twice the energy of photon B. 
(a) If the momentum of A less than, or equal to, or greater than 

that of B? 
(b) Is the wavelength of A less than,.equal to, or greater than 

that of B? 

Q2-5 If electromagnetic radiation is made up of quanta, why 

don't we detect the discrete packets of energy, for example, 

when we listen to a radio? 

Q2-6 The threshold wavelength of a metal is A.0• Light of 

wavelength slightly less than "-o is incident on an insulated 
plate made of this metal. It is found that photoelectrons are 
emitted for sometime and after that the emission stops. Explain. 

Q2-7 Consider the de-Broglie wavelength ofan electron and a 
proton. Which wavelength is smallerifthetwo-particle have (a) 
the same speed (b) the same momentum (c) the same energy? 

Q2-8 If an electron has a wavelength_, does it also have a 

colour? 

Q2-9 Human skin is relatively insensitive to visible light, but 
ultraviolet radiation can cause severe burns. Does this have 
anything to do with photon energies? Explain. 

Q2-10 Do all electrons emitted in the photoelectric effect have 

on intensity, dependence of stopping potential on frequency, 

that stopping potential is independent of intensity. 

Q2-14 The photoelectros emitted by an illuminated surface 

have a maximum kinetic energy of3.0 eV. If the intensity of the 

light is tripled, what is the maximum kinetic energy of 
photoelectrons now ? 

Q:l-15 The threshold frequencies for photoemission for three 
metals numbered 1, 2, 3 arerespectiv~lyv1, v2, v3 and v 1 >v2 > 

vJ"An incident radiation offrequencyv0>v2 •.•••••••••••• cause the 
photoemission from 3 but .............. cause photoemission from 1. 

Q2-16 Is p = E/c valid for electrons? 

Q2-17 Photon A is from an ultraviolet tanning lamp and photon 

Bis from a television transmitter:Which has the greater 
(a) wavelength (b) energy 
(c) frequency and · (d) momentum 

Q2-18 Of the following statements about the photoelectric 

effect, which are true and which are false? 
(a) The greater the frequency of the incident light is, the greater 

is the stopping potential. 

(b) The greater the intensity of the incident light is, the greater 

is the cutoff frequency. 
(c) The greater the work function of the target material is, the -

greater is the stopping potential. 
(d) The greater the work function of the target material is, the 

greater is the cutoff frequency. 
(e) The greater the frequency of the incident light is, the greater 

is the maximum kinetic energy of the ejected electrons. 
(f) _ The greater the energy of the photons is, the smaller is the 

stopping potential. 

Q2-19 In an experiment on photoelectric effect, a photon is 
incident on an electron from one direction and the photoelectron 
is emitted almost in the opposite direction. Does this violate 
conservation of momentum. 

the same kinetic energy? Q2-20 Can we find the mass of a photon by the definition 
p=mv? 

Q2-11 If you shine ultraviolet light on an isolated metal plate, 
the plate emits electrons for a while. Why does it eventually 

stop? 

Q2-12 Is it always true that for two sources of equal intensity, 
the number of photons emitted in a given time are equal? 

Q2-13 The wave theory of radiation cannot explain ........... . 
existence of threshold frequency, dependence ofphotocurrent 

Q2-21 Ifthe intensity of the light producing a photocurrent is 

doubled, how is that cPrrent affected? 

Q2-22 Should the energyofa photon be called its kinetic energy 
or its internal energy? 

Q2-23 In an experiment on photoelectric effect, a photon is 
incident on an electron from one direction and the photoelectron 
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is emitted almost in the opposite direction. Does this violate 
conservation of momentum? 

Q2-24 The de-Broglie hypothesis predicts that a wave 
associated with any object has momentum. Why do we not 
observe the wave nature of a moving car ? 

Q2-25 In the photoelectric effect, if the frequency of the 

radiation is below a certain cutoff value, no photoelectrons will 

be observed no matter how intense the radiation is. Why does 
this fact favor a particle theory of light over a wave theory? 

Q2-26 The photons emitted by a source of light do not all 
have the same energy. Is the source monochromatic ? Give your 
reasoning. 

Q2-27 Radiation ofa given wavelength causes electrons to be 

emitted from the surface of one metal but not /i"om the surface 
ofanother metal. Explain why this could be. 

81 

constant, and explain your choice: (a) the current in the 

phototube, (b) the number. of electrons emitted.per second from 
the metal surface, c) the maximum kinetic energy that an electron 
could have, (d) the maximum momentum that an electron could 

have, and (e) the min_imum de-Broglie wavelength that an 
electron could have. 

Q2-30 A hot body is placed in a closed room maintained at a 

lower temperature. Is the number ·of photons in the room 
increasi~g ? · · · 

Q2-31 What is the speed ofa photon. with r_espect to another 
photon if(a) the two photons are going in the same direction 
and (b) they are going in opposite directions·?. 

Q2-32 Which colored light bulb, red, orange, yellow, green, or 

blue, emits photons with (a) the least energy and (b) the greatest 
energy? Account for your answers. 

· Q2-33 A stone is dropped from the top of a building. As the 
Q2-28 Can a photon be deflected by an electric field? By a . 
magnetic field? 

Q2-29 In the photoelectric effect, suppose that the intensity 
of the light is increased, while the frequency is kept constant. 

The frequency is greater than the minimum frequency fa. State 

whether each of the following will increase, decrease, or remain 

* * * 

stone falls, does its de-Broglie wavelength increase, decrease, 
or remain the same? Provide a reason for your answer. 

Q2-34 "Ifthe frequencyoflight incident on a metallic plate be 

doubled, the kinetic energy of the emitted electrons is also 
doubled". Explian if this statement is TRUE or FALSE. 

• * 
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Conceptual MCQs Single Option Correct 

2-1 The photoelectric current in a photoelectric cell depends 

upon: 
(A) The nature of the metal used as the emitter 
(B) The wavelength of the incident light 

(C) The intensity ofthe incident light 
(D) All the above parameters 

2-2 In a photoelectric experiment, two metal plates A and Bare 
used for a given light intensity I and frequency/ Work function 
of metal B is more than that of A. The correct variation of 
stopping potential difference versus frequency is given by : 

V A B V B A 

(A) (B) 

0 I 0 I 

V V 

A 

(C) (D) 

0 I 0 I 

2-3 The threshold wavelength for photoelectric emission from 
a material is 5200 A. Photoelectrons will be emitted when this 
material is illuminated with monochromatic radiation from a:, 
(A) 50-watt infrared lamp (B) I 00-watt red neon lamp 

(C) 40-watt sodium lamp (D) 5-watt ultraviolet lamp 

2-4 A photon oflight enters a block of glass after travelling 
through a vacuum. The energy of the photon on entering the 

glass block 
(A) Increases because its associated wavelength decreases 
(B) Decreases because the speed of the radiation decreases 
(C) Stays the same because the speed of the radiation and the 

associated wavelength do not change 
(D) Stays the same because the frequency of the radiation 

does not change 

2-5 Which one of the following statements is NOT true for de

Broglie waves? 
(A) All atomic particles in motion have waves of a definite 
wavelength associated with them 
(B) The higher the momentum, the longer is the wavelength 
(C) The faster the particle, the shorter is the wavelength 

(D) For the same velocity, a heavier particle has a shorter 

wavelength 

2-6 Moving with the same velocity, which of the following has 
the longest de-Broglie wavelength? 

(A) p-particle (B) a-particle 

(C) Proton (D) Neutron 

2-7 Two photons having 
(A) Equal wavelengths have equal linear momenta 
(B) Equal energies have equal linear momenta 

(C) Equal frequencies have equal linear momenta 
(D) Equal linear momenta have equal wavelengths 

2-8 A proton and an electron move with the same velocity. The 

associated wavelength for proton is : 

(A) Shorter than that of the electron 
(B) Longer than that of the electron 
(C) The same as that of the electron 

(D) Zero 

2-9 In photoelectric effect when photons of energy hv fall on 

a photosensitive surface '(work function hv0) electrons are 

emitted from the metallic surface with a kinetic energy. It is 

possible to say that : 
(A) All ejected electrons have same kinetic energy equal to. 

hv-hv
0 

(B) The ejected electrons have a distribution ofkinetic energy 

from zero to (hv-hv.,) 
(C) The most energetic electrons have kinetic energy equal 

to hv0 
(D) All ejected electrons have kinetic energy hv0 

2-10 The photoelectric emission from the surface of a metal 
starts only when the light incident on the surface has a certain: 
(A) Minimum frequency (B). Minimum wavelength 

(C) Minimum intensity (D) Minimum speed 

2-11 Photoelectric effect can be explained by assuming that 

light: . 
(A) Is a form of transverse waves 
(B) Is a form oflongitudinal waves 

(C) Can be polarized 
(D) Consists of quanta · 

2-12 At frequencies of the incident radiation above the 
threshold frequency, the photoelectric current in a photoelectric 

cell increases with increase in : 
(A) Intensity of incident radiation 

(B) Wavelength of incident radiation 
(C) Frequency of incident radiation 
(D) Speed of incident radiation 
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2-13 A metallic surface has a threshold wavelength 5200 A. 
This surface is irradiated by monochromatic light of wavelength 
4500 A. Which of the following statements is true? 
(A) The electrons are emitted from the surface having energy 
between O and infinity 

(B) The electrons are emitted from the surface having energy 
between O and certain finite maximum value 
(C) The electrons are emitted from the surface, all having certain 
finite energy 
(D) No electrons is emitted from the surface 

2-14 Let p and E denote the linear momentum and energy of a 
photon. If the wavelength is decreased, 
(A) Both p and E increase 
(B) p increases and E decreases 
(C) p decreases and E increases 
(D) Both p and E decreases 

2-15 The equation E = pc is _valid 
(A) For an electron as well as for a photon 
(B) For an electron bu\ not for a photon 
(C) For a photon but not for an electron 
(D) Neither for an electron nor for a photon 

2-16 Let n, and nb be respectively the number of photons 
emitted per second by a red bulb and a blue bulb of equal power 
in a given time. 
(A) n, = n, (B) n, < nb 
(C) n,> nb 
(D) The information is insufficient to get a relation between n, 
and nb. 

2-17 The photoelectrons emitted from a rnetal surface: 
(A) Are all at rest 
(B) Have the same kinetic energy 
(C) Have the same momentum 

(D) Have speeds varying from zero up to a certain maximum 
value 

2-18 The graph between, which of the following two factors 
for photoelectric effect, is a straight line? 
(A) Intensityofradiation and photoelectric current 
(B) Potential of anode and photoelectric current 
(C) Threshold frequency and velocity of photoelectrons 
(D) Intensity of radiations and stopping potential 

2-19 When ultraviolet light is incident on a photocell, ·its 
stopping potential is V0 and the maximum kinetic energy of the 
photoelectrons is Kmax· When X-rays are incident on the same 
cell, then: 

(A) V0 and Kmax both increase 
(B) V0 and Kmox both decrease 
(C) V0 increases but Kmax remains the same 
(D) Kmax increases but V0 remains the same 

2-20 The slope of the stopping potential versus frequency 
graph for photoelectric effect is equal to: 

(A) h (B) he 
(C) hie (D) e 

2-21 A photon ofenergy hv is absorbed by a free eleptron of a 
metal having work function cp < hv 
(A) The electron is sure to come out 

(B) The electron is sure to come out with a kinetic energy 
hv-cp 

(C) Either the electron does not come out or it comes out with 
a kinetic energy hv-cp 

(D) It may come out with a kinetic energy less than hv- ~ 

2-22 Which one of the following statements is NOT true about 
photoelectric emission ? 

(A) For a given emitter illuminated by light ofa given frequency, 

the number of photo-electrons emitted. per second is 
proportional to the intensity ofincident light. 

(B) For every emitter there is a definite threshold frequency 

below which no phot,oele_ctrons are emitted, no matter what the 
intensityoflight is 

(C) Above the threshold frequency, the maximum kinetic energy 

of photoelectrons is proportional to the frequency of incident 
light 

(D) The saturation va.lue of the photoelectric current is 
independent of the intensity ofincident,llght. 

2-23 Blue light can cause photoelectric emission from a metal, 

but yellow light cann.ot. Ifred light is i;cident on the metal, 
then: 

. (A) Photoelectric current will increase 

·(B) . Rate of emission of photoelectrons will decrease 

(C) No photoelectric'emission will-occur 

· (D) Energy 9f the photoelectrons will increase. 

2-24 A proton· and an electron are accelerated by the same 

potential difference. Let "-o' and \ derioie the de-Broglie 

wavelengths of the electron and_the proton r_espectively. 

(A) "-, = "', . (B) "', < \ 
(C) "-,>"-p 
(D) The relation between"- .arid"- depends on the accelerating -. , e.. p. 
potential difference. · · 

2-25 Photoeiectrons ·are being ;btained by irradiating zinc by 

a.radiation of3 i 00 A. In order to increase the.kinetic energy of 
ejected photoelectrol)s: 

(A) The intensity ofradiation _should be increased 

(B) The wavelength ofradiation should be inc,eased 

(C) The wavelengih of radiaiion should be decreased 

(D) Both wavelength and intensity of radiation should 'be 
increased 
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2-26 Which one of the following graphs in figure shows the 

variation of photoelectric current (1) with voltage (V) between 

the electrodes in a photoelectric cell? 

I I 

(A) (B) 

0 V V 

I I 

(C) (D) 

0 V 0 V 

2-27 When monochromatic light falls on a photosensitive 
material, the,number of photoelectrons emitted per second is n 
and their maximum kinetic energy is Kmax· If the intensity of the 
incident light is doubled keeping its frequency constant, then: 
(A) Both n and Kmax are doubled 
(B) Both n and Kmax are halved 
(C) n is doubled but Kmax remains the same 
(D) Kmax is doubled but n remains the same 

2-28 The frequency and the photon flux of a beam of light 
falling on the surface of photoelectric material are increased by 
a factor of two. This will 
(A) Increase the maximum kinetic energy of the photoelectrons, 
as well as photoelectric current by a factor of two 
(B) Increase the maximum kinetic energy of the photo electrons 
and would increase the photo electric current by a factor of two 
(C) · Increase the maximum kinetic energy of the photo electrons 
by a factor of two and will have no effect on the magnitude of 
the photo electrons by a factor of two and will have no effect on 
the magnitude of the photoelectric current produced 
(D) No produce any effect on the kinetic energy of the emitted 
electrons but will increase the photo electric current by a factor 
of two. 

2-29 Let K1 be the maximum kinetic energy of photoelectrons 
emitted by light of wavelength 1c

1 
and K2 corresponding to 

wavelength 1c2. If1c
1 

= 21c
2 

then : 
(A) 2K

1 
=K2 (B) K1 =2K

2 
(C) K1 <Kif2 (D) K1 >21(., 

2-30 When stopping potential is applied in an experiment on 
photoelectric effect, no photocurrent is observed. This means 
that 
(A) The emission of photoelectrons is stopped 
(B) The photoelectrons are emitted but are reabsorbed by the 
emitter metal 

Photo Electric Effect &-Matier W a~ 

(C) The photoelectrons are accumulated nearthe collector plate 

(D) The photoelectrons are dispersed from the sides of the 

apparatus 

2-31 Ifthe frequency oflight in a photoelectric experiment is 
doubled, the stopping potential will 
(A) Be doubled 
(B) Be halved 

(C) Become more than double 
(D) Become less that double 

2-32 A caesium photo cell, with a steady potential difference 

of60 volt across it, is illuminated by a small bright light placed 

50 cm away. When the same light is placed one meter awaythe 
electrons crossing the photo cell : 
(A) Each carry one quarter of their previous energy 

(B) Each carry one quarter of their previous momentum 
(C) Are half as numerous 
(D) Are one quarter as numerous 

2-33 A point source oflight is used in a photoelectric effect. If 
the source is removed farther from the emitting metal, the 

stopping potential 
(A) Will increase 
(B) Will decrease 
(C) Will remain constant 

(D) Will either increase or decrease 

2-34 A metal surface is illuminated by a light of given intensity 

and frequency to cause photoemission. If the intensity of 

illumination is reduced to one fourth ofits original value keeping 

frequency ofradtion constant, then the maximum kinetic energy 
of the emitted photoelectrons would become: 

(A) Unchanged (B) 1/16th of original value 
(C) Twice the original value (D) Four times the original value 

2-35 A point source causes photoelectric effect from a small 
metal plate. Which of the following curves may represent the 

saturation photocurrent as a function of the distance between 

the source and the metal? 

\ E E 
§ ~ 

(A) (B) 3 
0 0 

distance distance 

~ ~ E c 
(C) 

~ § 3 (D) 
0 0 

distance distance 
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2-36 The stopping potential for a certain photosensitive metal 
is V

0 
when the frequency ofincident radiation is v 0• When the 

frequency of the incident radiations is doubled, what will be the 
stopping potential ? 
(A) V0 
(C) 4 V0 

(B) 
(D) 

2 V0 
None of the above 

2-37 The collector plate in an experiment on photoelectric effect 
is kept vertically above the emitter plate. Light source is put on 
and a saturation photocurrent is recorded. An electric field is 
switched on which has a vertically downward direction. 
(A) The photocurrent will increase 
(B) The kinetic energy of the electron will increase 
(C) The stopping potential will decrease 
(D) The threshold wavelength will increase 

2-38 Which electrons are emitted in the photoelectric effect? 
(A) Electrons in the inner orbits of the atom 
(B) Electrons in the outer most orbit of the atom 
(C) Electrons from within the nucleus 
(D) Electrons freely roaming about in the interatomic space 

2-39 Two photons of different frequency have energies 1 eV 
and 2.5 eV respectively. They incident one after another on a 
metallic plate of work function 0.5 eV, then ratio of maximum 
kinetic energies of emitted photo electrons is : 
(A) 4: 1 (B) 1: 4 
(C) 1 : 5 (D) 1: 2 

2-40 The image of the sun is formed on the photosensitive 
metal with a convex lens and the photoelectric saturation current 
obtained is I. If, the lens is replaced by another similar lens of 
half the diameter and double the focal length, then photoelectric 
current will be (Assume all light passing through lens falling on 
the photosensitive metal): 
(A) I (B) 1/4 
(C) J/8 (D) J/16 

- - -55-1 
.... I 

2-41 When monochromatic light of wavelength).. illuminates a 
metal surface, then stopping potential for photo electric current 
is 3V

0
• If wavelength changes to 2).., then stopping potential 

becomes V
0
• Threshold wavelength for photo electric emission 

is: 
(A) 4).. 
(C) 4/3).. 

(B) 8).. 

(D) 6).. 

2-'!2 According to Einstein theory of photoelectric effect, light 
is not behaving like a wave because : 
(A) Kinetic energy of ejected electrons does not depend on 
the intensity of light 
(B) Energy absorbed ban electron from a spreading wavefront 
is negligible 
(CJ No electron is ejected if the frequency is not more than 
threshpld frequency whatever may be the intensity of light 
(D) All the above 

2-43 According to Einstein's photoelectric equation, t~e graph 
between the kinetic energy of photoelectrons ejected and the 
frequency of incident radiation is : 

§ § 
0 0 

" " 0 0 

(A) .,g (B) ·ij 
0 

" ~ R 

Frequency Frequency 

§ § 
0 0 

" ij 0 

(C) 
u 

(D) -~ ·-s 
~ ~ 

Frequency Frequency 

* * * * * 
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Numerical MCQs Single Options Correct 

2-1 Light of wavelength 400 nm is incident continuously on a 
Cesium ball. (work function 1.9 eV). The maximum potential to 

which the ball will be charged is : 
(A) 3.1 V · (B) 1.2 V 
(C) zero (D) infinite 

2-2 Electrons are accelerated in television tubes through 
potential differences ofabout 10 kV. The highest frequency of 
the electromagnetic waves emitted when these electrons strike 
the screen of the tube is : 
(A) 2.4x 1018 1-Iz 
(C) 2.2 x 1017 Hz 

(B) "3.6 x 1018 1-Iz 
(D) 3.2 x I 016 Hz 

2-3 1.5 mW of 400 nm light is directed at a photoelectric cell. If 

0.10% of the incident photons produce photoelectrons, the 
current in the cell is : 
(A) 0.36µA 
(C) 0.42mA 

(B) 0.48 µA 
(D) 0.32mA 

2-4 No. ofidentical photons incident on a perfectly black body 
of mass m kept at rest on smooth horizontal surface. Then the 
acceleration of the body if n no. of photons incident per sec. is 

(Assume wavelength of photon to be"-): 

nh 
(A) 2nA-m 

(C) 
2nnh 

nh 
(B) 

A-m 

A-m 
(D) nh 

2-5 No photoelectrons are emitted from a metal if the 
wavelength oflight exceeds 6000 A. The work function of the 
metal is approximately equal to: 
(A) 3.3\5x Jo-6J (B) 3.3J5x 10-19 J 
(C) 2.07 X 10-19 J (D) 2.07 X 10-22 J 

2-6 5% of the energy supplied to a lamp is radiated as a visible 
light. How many quanta of light are emitted per second by 
I 00 watt lamp. Assume the average wavelength of visible light 
as555nm? · 
(A) 0.75 x 1019 · (B) 1.39 x 1019 

(C) 2.]6 X J0l9 (D) 2.83 X \Ql9 

2-7 All electrons ejected from a surface by incident light of 
wavelengih 2000 A cart be stopped before travelling I min the 
direction of uniform 'electric field of 4 N/C. The work function of 
the surface is:. 
(A) 4eV . 
(C) leV_. 

(B) 6.2eV 
(D)_ 2.2eV 

2-8 Radiation pressure on any surface is : 
(A) dependent on wavelength of the light used 
(B) dependent on nature of surface and intensity oflight used 
(C) dependent on frequency and nature of surface 
(D) depends on the nature of source from which light is coming 
and on nature of surface on which it is falling 

2-9 The maximum energy of the photoelectrons emitted in a 
photocell is 5 eV. For no photoelectron to reach the anode, the 
potential difference of the anode with respect to the photo 
sensitive plate should be : 
(A) Zero (B) +2V 
(C) + 5 V (D) None of the above 

2-10 Both the frequency and the intensity of a beam of light 
falling on the surface of photoelectric material are increased by 
a factor of two. This will : 
(A) increase both, the maximum kinetic energy of the photo
electrons, as well as photoelectric saturation current by a factor 
of two. 
(B) increase the maximum kinetic energy of the photo-electrons 
by a factor greater than two and would increase the photoelectric 
saturation current by a factor of two. 
(C) increase the maximum kinetic energy of the photoelectrons 
by a factor greater than two and will have no effect on the 
magnitude of the photoelectric saturation current produced. 
(D) increase the maximum kinetic energy of the emitted photo
electrons by a factor of two but will have no effect on the 
saturation photoelectric current. 

2-11 Minimum light intensity that can be perceived by normal 
human eye is about 10-10 W m-2• What is the minimum number 
of photons of wavelength 660 nm that must enter the pupil in 

· one second, for one to see the object? Area of cross-section of 
the pupil is J0-4 _m2 ? 
(A) 3.318 x 103 
(C) 3.318 x 104 

(B) 1.453 X JOl 

(D) 1.453 X JQS 

2-12 The average wavelength of de-Broglie wave associated 
with a thermal neutron of mass m at absolute temperature Tis 
given by (here k is the Boltzmann constant) : 

(A) 
h 

..JmkT 

h 

(C) ..J3mkT 

h 

(B) ..J2mkT 

(D) 
h 

2-13 What percentage increase in wavelength leads to 75% 
loss of photon energy in a photon-electron collision? 
(A) 200% (B) 100% 
(CJ 67.7% (D) 300% 
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2-14 A parallel beam oflight of intensity I and cross section 
area S is incident on a plate at normal incidence. The 
photoelectric emission efficiency is 100%, the frequency ofbeam 
is v and the work function of the plate is cp (hv > cp ). Assuming 
all the electrons are ejected normal to the plane and with same 
maximum possible speed. Calculate the net force exerted on the 
plate only due to striking of photons and subsequent emission 
of electrons ; 

(A) ~: (f +)m(hv-~)) (B) ~: (f +)2m(hv-~)) 

(C) h~S (f +)2m(hv-~)) (D) None of these 

2-15 A desklamp illuminates a desk top with light of 
wavelength A. The amplitude of this electromagnetic wave is 
£ 0• Assuming illumination to be normally on the surface, the 
number of photons striking the desk per second per unit a_rea N 

IS: 

(A) N= A&oE5 
h 

(C) N= A&oE5 
2h 

(D) Data Insufficient 

,,. 

2-19 The work function ofa substance is 4.0 eV. The longest 
wavelength oflight that can cause photoelectron emission from 
this substance is approximately: 
(A) 540nm (B) 400nm 
(C) 310nm (D) 220nm 

2-20 When a metallic surface is illuminated with monochromatic 
light of wavelength A, the stopping potential is 5V 0• When the 
same surface is illuminated with light of wavelength 3A, the 
stopping potential is V0• Then the work function of the metallic 
surface is: 

he 
(A) 6A 

he 
(C) 4A 

he 
(B) 5A 

(D) 
2hc 
4A 

2-21 In a photoelectric experiment, with light of wavelength A, 
the fastest electron has speed v. If the exciting wavelength is 

changed to 
3
: , the speed of the fastest emitted electron will 

become 

(B) v~ 

2-16 !fa hydrogen atom at rest, emits a photon of wavelength (C) less than v J¾ 
A, the recoil speed of the atom of mass mis given by: 

(D) greater than v ~ 

h 
(A) -

mA 

(C) mhA 

mh 
(B) -

A 

(D) None of these 

2-17 A point source of radiation power Pis placed on the axis 
of completely absorbing disc. The distance between the source 
and the disc is 2 times the radius of the disc. Find the force that 
light exerts on the disc : 

p p 
(A) 

C 
(B) 

5c 

(C) 
p 

!Oc 
(D) 

p 

20c 

2:15 A beam oflight has an powerofl44 W equally distributed 
among three wavelengths of 4100 A, 4960 A and 6200 A. The 
beam is incident at an angle of incidence of60° on an area of 
I cm2 of a clean sodium surface, having a work function of 
2.3 eV. Assuming that there is no loss oflight by reflection and 
that each energetically capable photon ejects a photoelectron, 
find the saturation photocurrent. (Take h c/e = 12400 eVA) 
(A) 1.76mA (B) 0.88mA. 
(CJ 3.52mA (D) None of these 

2-22 The work function of a certain metal is hC . When a 
Ao 

monochromatic light of wavelength A< A0 is incident such that 
the plate gains a total power P. If the efficiency of photoelectric 
emission isl]% and all the emitted photoelectrons are captured 
by a hollow conducting sphere of radius R already charged to 
potential V, then neglecting any interaction between plate and 
the sphere, expression ofpotantial of the sphere at time I is: 

V+ lOOT]APet l]APet 
(A) (B) V+ 

4ns0RhC , 4ns0RhC 

AP et 
(C) V (D) 4ns0RhC 

2-23 Radiation of frequency 1.5 times the threshold frequency 
is incident on a photosensitive material. If the frequency of 
incident radiations is halved and the intensity is doubled, the 
number of photoelectron ejected per second becomes : 
(A) zero 
(B) halfofits initial value 
(C) one fourth the initial value 
(D) three fourth the initial value 

Study Physics Galaxy with www.puucho.com

www.puucho.com



r as---
- -----~· 
2-24 The maximum kinetic energy.of photoelectrons emitted 

from a surface when photons of energy 6 eV fall on it is 4 eV. 

The stopping potential is : 
(A) 2V 

(C) 6V 

(B) 4V 

(D) lOV 

2-25 When a certain metallic surface is illuminated with mono 

chromatic light of wavelength 1'., the stopping potential for 

photoelectric current is 3 V0• When the same surface is 

illuminated with light of wavelength 21'. the stopping potential 
is V0• The threshold wavelength for this surface for photoelectric 

effect is: 
(A) 61'. 
C) )J4 

(B) 41'. 

(D) 81'. 

2-26 In the photoelectric experiment, ifwe use a monochromatic 

light, the I - V curve is as shown. If work function of the metal is 

2eV, estimate the power of light used. (Assume efficiency of 

photo emission = 1 o-3%, i.e. number of photoelectrons emitted 

arc 1 o-3% ofnumber of photons incident on metal.) 

.I 

lOµA 

--'~:::._ _ _;,_ __ ~------> V 
·.-SVolt 

·\) 2 W . 

1C) 7W 

Figu.re 2.30 

(B) 5W 

(0) !OW 

"L.027 :The eye ~an detect 5 x·. 104 photonsim2 s of light of 

wa;,olengill 500 rim. The .;.r can detect 10-13 W/m2.As a power 

detector;:whi~h.is mbfe sensitive-? 
/A) Sensitivity of eye is one ii.ah of.the ear 
'3) Sensiii~ity ofeye is five times that of ear 
·, Both ate equaiiy sensitive 

,JJ Eye cannot:be used a~ power detector 

2-28 A metal whose work function is 3.3 eV is illuminated by 

light of wavelength 3 x I0-7 m. What is the threshold frequency 

for photoelectric emission? Planck's constant= 6.6 x l 0-34 Js : 

(A) 0.4x !015 Hz (B) 0.8x I015 Hz 
(CJ 1.6 x 1015 Hz (D) 3.2 x I015 Hz 

2-29 In Q. 28, the maximum energy of photoelectrons is : 

(A) 0.84eV (B) 1.05 eV 

(C) 1.25 eV (D) 1.54 eV 

Photo Electric .Effect & MatterWwesl 
• - - - --- -----· ----- j 

2-30 In Q. 28, what is the stoppfog potential? 

(A) 0.84 V (!l) 1.05 V 

(C) 125V (D) 1.54 V 

2-31 A point source ofradiation power Pis placed on the axis 

of an ideal plane mirror. The distance between the source and 

the mirror is n times the radius of the mirror·. Find the force that 

light exerts on the mirror : 

(A) 
2P 

(B) 
P(n2 + 1) 

C(n2 + 1) 2C 

p 
(D) 

p 
(C) 

2C(n2 + 1) 4C(n2 + 1) 

2-32 A sensor is exposed fortimettoa lamp of power Pplaced 

at a distance/. The sensor has an opening that is 4din diameter. 

Assuming all energy of the lamp is given offasHght, the number 

of photons entering the sensor ifihe wavelength_ oflight is 1'. is : 

(A) N= P1'.d
2
t 

hc/2 

4P1'.d2t 
(B) N hc/2 

P1'.d21 

(D) N= 16hc/2 

2-33 The de-Broglie wavelength ofan electron moving with a 

velocity 1.5 x 108 ms·1 is equal to that of a photon. The ratio of 

the kinetic energy of the electron to that of the photon is: 

(A) 2 (B) 4 

1 
(C) -

2 

1 
(D) -

4 

2-34 Monochromatic light offrequencyv 1 irradiates a photocell 

and the stopping potential is found to be V1• What is the new 

stopping potential of the cell ifit is irradiated by monochromatic 
light of frequency v2 ? 

h h 
(A) V1+ ~(v2 -v1) (B) V1- -(v2 -v1) e e 

h h 
(C) V1+-(v1+v2) (D) V1--(v1+v2) 

e e 

2-35 An electromagnetic radiation offrequencv3 x 1015 cycles 

per second falls on a photo electric surface whos-, work function 

is 4.0 eV. Find out the maximum velocity of the photo electrons 
emitted by the surface : 

(A) 13.4 x I 0-19 mis 

(C) 1.72 x I06mis 

(B) 19.8 X )0-19 m/s 

(D) None of these 
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2-36 Two identical photocathodes receive light offrequencies 
J; andJ;. If the maximum velocities of the photoelectrons (of 
mass m) coming out are respectively v I and v2, then : 

2 2 2h (A) V1 -V2 = -(I, - f,) 
m 

(B) v1 +v2·_=[~ (/, + /2)]'
12 

2 2 2h 
(C) v1 +v2 =-(I,+ /2J 

m 

2-37 A metal plate is exposed to light with wavelength A.. It is 
observed that electrons are ejected from the surface of the plate. 
When a retarding uniform electric field£ is imposed, no electron 
can move away from the plate farther than a certain distanced. 
Then the threshold wavelength ),.0 for the material of plate is 
(e is the electronic charge, his Planck's constant and c is the 
speed oflightJ 

( 
I he )-l (A),_= ---

o ),. eEd 
(B) ,_ = (J_- eEd)-l 

0 A. he 

(D) ,_ = ,__ eEd 
0 he 

2-38 The energy of an a-particle, whose de-Broglie wavelength 
is 0.004 A, will be: 
(A) l297eV 
(C) 1205MeV 

(B) 1245KeV 
(D) 1288GeV 

2-39 A small potassium foil is placed (perpendicular to the 
direciton ofincidence oflight) a distance r(= 0.5 m) from a point 
light source whose output power P0 is I .OW. Assuming wave 
nature of light how long would it take for the foil to soak up 
engouh energy(= 1.8 eV) from the beam to eject an electron? 
Assume that the ejected photoelectron collected its energy 
from a circular area of the foil whose radius equals the radius of 
a potassium atom (1.3 x 10-10 m). 
(A) I ls (B) 14s 
(C) 17s (D) 22s 

2-40 A photon and an electron possess same de-Broglie 
wavelength. Given that c = speed of light and v = speed of 
electron, which of the following relations is correct ? Here 
E, = KE of electron, Ep1, = KE of photon, p, = momentum of 
electron,pph = momentum of photon: 

(A) E, = 2e 
Eph V 

(C) J±._ = 2e 
V Pph 

(B) E, = ~ 
Ep1, 2c 

(D) 
Pph 2v 

89 

2-41 The maximum velocity of photoelectrons emitted by a 

photoemitter is 1.8 x 106 m/sec. Taking elm= 1.8 x 1011 C/kg for 
electrons, the stopping potential of the emitter is: 

(AJ 1.82V (B) 9.21 V 
(C) 11.82V (D) 23.64 V 

2-42 A proton with KE equal to that a photon (E= 100 keVJ. ),.1 

is the wavelength of proton and½ is the wavelength of photon. 

A. 
Then f is proportional to : 

2 

(A) £ 112 

(C) E 

(B) £-1/2 

(D) ~1 

2-43 How much potential is to be applied to accelerate an 
electron, so that i_ts de-broglie wavelength should 0.4 A ? 
(A) 9434 V (B) 94.34 V 
(C) 9.434 V (D) 943.4 V 

2-44 A metallic surface is irradiated with monochromatic light 

of variable wavelength. Above a wavelength of 5000 A, no 
photoelectrons are emitted from the surface. With an unknown 
wavelength, stopping potential of3V is necessary to eliminate 
the photocurrent. Find the unknown wavelength : 
(A) 2268A (B) 1116A 
(C) 3426A (DJ 4801A 

2-45 Illuminating the surface ofa certain metal alternately with 

light of wavelengths ),.1 = 0.35 µm and ),.2 = 0.54 µm, it was found 
that the corresponding maximum velocities of photo electrons 
have a ratio YJ = 2. Find the work function of that metal : 
(A) 3.22eV (BJ l.88eV 
(C) 5.64eV (D) 6.28eV 

2-46 The de-Broglie wavelength associated with a material 

particle when it is accelerated through a potential difference of 
150 volt is I A. The de-Broglie wavelength associated with the 

same particle when it is accelerated through a potential difference 
of! 350 V will be: 

(A) ¼A 
(C) I A 

(BJ J_ A 
3 

(DJ 0 

2-47 An electron of mass m, when accelerated through a 
potential difference V, has de-Broglie wavelength A.. The 
de-Broglie wavelength associated with a proton of mass M 
accelerated through the same potential difference, will be : 

(A) ,_ M 
m 

(C) ,.ff,. 
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2-48 In photoelectric experiment the plot between anode 
potential and photoelectric current is sho·,.n in figure-2.31. 

Which of the following is correct: 

a 

-G.---"'---'-------- potential 

Figtire 2.31 

(A) Frequency oflight corresponding to :'a'· is same as that of 

"b" and is different that corresponding to "c" 
(B) Frequency oflight corresponding to "a" is different' from 

"b" & intensities are the same 
(C) Frequency corresponding to "b" is same as that of"c", but 

(Al 1.5 x 101w 
(C) 4.5 X 107 W 

Photo Electric Effect & Matter Waves 

(B) 3xJ07 W 

(D) 6 X JQ7 W 

2-52 The energy that should be added to an electron, to reduce 

its debroglie wavelength from 2 x I o-9 m to 0.5 x I 0-9 m will be: 

(A) 1.1 MeV '(B) 0.56MeV 

(C) 0.56 KeV (D) 5.67 eV 

2-53 An electron of mass 'm', when accelerated through a 

potential V has de-Broglie wavelength '/c. The de-Broglie 

wavelength associated with a proton of mass M accelerated 

through the same potential difference will be: 

(A) '/c~ (BJ '/cg; 

intensities are differeni 2-54 Find the numerical value of de-Broglie wavelength ofan 

(D) Frequency corresponding to "b" is different from that of electron in the 1st orbit of hydrogen atom assuming Bohr's 

"c", and intensities are diff~rent 

2-49 If the momentum of electron is changed by Pm then the 

de-Broglie wavelength associated with it changes by 0.50%. 
The initial momentum of electron )Vill be : • 

pm 
(A) 200 

(C) 200P,,, 

pm 
(B) 100 

(D) 400P,,, 

2-50 Light described at a place by the equation £-(100 Vim) 

[sin (5 x 10 15 s·1) I+ sin (8 x 10 15 s·1)t] falls on a metal surface 

haivng work function 2.0 eV. Calculate the maximum kinetic 

energy of the photoelectrons : 
(A) 3.27eV (B) 4.54eV 

(C) 5.86eV (D) 6.54eV 

2-51 A plate of mass IO gm is in equilibrium in air due to the 
force exerted by light beam on plate. Calculate power ofbeam. 
Assume plate is perfectly absorbing. 

Figure 2.32 

atomic model. You can use standard values of the constants: 

(A) 1.058,c 

(C) 2.116,c 

(B) 2.223,c 

(D) none of these 

2-55 An enclosure filled with helium is heated to a temperature 

of 400 K. A beam ofhelium atom emerges out of the enclosure. 

The mean debroglie wavelength of this beam is: 

(A) 0.44 A (B) 0.63 A 
(C) 0.77 A (D) none of these 

2-56 If the short wavelength limit of the continuous spectrum 

coming out of a coolidge tube is IO A, then the debroglie 

wavelength of the electrons reaching_ the target metal in the 

coolidge tube is approximately: 

(A) 0.3 A · (B) 3 A 
(C) 30A (D) 10A 

2-57 A charge particle q0 of mass m0 is projected along the 

y-axis at 1-0 from origin with a velocity V0• !fa unifol'\11 electric 

field £ 0 also exists along the x-axis, then the time at which 

debroglie wavelength of the particle becomes half of the initial 

value is: 
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2-58 Electrons in a sample of gas containing hydrogen like 

atom (Z= 3) are in fourth excited state. When photons emitted 
only due to transition from third excited state to second excited 

state are incident on a metal plate photoelectrons are ejected. 

The stopping potential for these photoelectrons is 3.95 eV Now, 
if only photons emitted due to transition from fourth excited 

state to third excited state are incident on the same metal plate, 

the stopping potential for the emitted photoelectrons will be 

approximately equal to: 
(A) 0.85eV 

(CJ 0.65eV 

(B) 0.75eV 

(D) None of these 

91 

2-59 The threshold frequency for a certain metal is v0. When 
lightoffrequencyv= 2v0 is incident on it, the maximum velocity 
of photoelectrons is 4 x 106 m/s. If the frequency of incident 

radiation is increased to 5v0, then the maximum velocity of 

photoelectrons in mis will be: 
(A) 4/5 x 106 (B) 2 x 106 

(CJ Sx 106 (D) 2x 107 

* * * * * 

0 

• 
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Advance MCOs with One or More Options Correct 
2-1 A collimated beam oflight ofintensity30 kwm-2 is incident 
normally on a I 00 mm2 completely absorbing screen. If Pis the 
pressure exerted on the screen and !J.p is the momentum 
transferred to the screen during a 1000 s interval then : 
(A) P= H,3 Nm-2 (B) P= Io-4Nm-2 

(C) !J.p = I0--4 kgms-1 (D) !J.p = 10-5 kgms-1 

2-2 In a photo electric experiment, the collector plate is at 2.0V 
with respectto the emitter plate made of copper (q,=4.5 eV). The 
emitter is illuminated by a source of monochromatic light of 
wavelength 2000 A nm : 
(A) the maximum kinetic energy of the photo electrons at 
collector is I. 7 e V 
(B) the maximum kinetic energy of the photo electrons on the 
collector is 3. 7 e V 
(C) if the polarity of the battery is reversed then the minimum 
kinetic energy of the photo electrons on the collector is 0. 
(D) if the polarity of the battery is reversed then the maximum 
kinetic energy of the phot0 electrons on the collector is 3.7 eV 

2-3 The work function for aluminium surface is 4.2 eV and that 
for sodium surface is 2.0 eV. The two metals were illuminated 
with appropriate radiations so as to cause photo emission. Then : 
(A) Both.aluminium and sodium will have the same threshold 
frequency 
(B) The threshold frequency ofaluminium will be more than 
that of sodium 
(C) The threshold frequency of aluminium will be less ihan 
that of sodium 
(D) The threshold wavelength ofalurninium will be more than 
that of sodium 

2-4 The stopping potential for photo electron emitted from a 
metal surface of work function 1.7 eV is 10.4V. Select correct 
choice 
(A) The wavelength oflight used is I 022 A 
(B) The wavelength oflight used is 970.6 A 
(C) The light used is emitted by hydrogen gas sample which 
de-excites from n = 3 ton= I 
(D) The light used is emitted by hydrogen gas sample which 
de-excites from n = 4 ton= l 

2-5 W, He+ and o++ all having the same kinetic energy pass 
through a region in which there is a uniform magnetic field 
perpendicular to their velocity. The masses ofW, He+ and o++ 
are l11,4uand 16urespectively: 
(A) W will be deflected the most 
(B) o++ will be deflected the most 
(C) He+ and o++ will be deflected equally 
(D) AU will be deflected equally 

2-6 When an electron ofhydrogen like atom jumps from a higher 
energy level to a lower energy level : 
(A) angular n_iomentum of the electron remains constant 
(B) kinetic energy increases 
(C) wavelength of de-Broglie wave, associated with motion of 
the electron, decreases 
(D) none of these 

2-7 Light rays are incident on an opaque sheet. Then they : 
(A) exert a force on the sheet 
(B) transfer an energy to the sheet 
(C) transfer momentum to the sheet 
(D) transfer impulse to the sheet 

2-8 The angular momentum of an electron in an orbit is 
quantized because : 
(A) Bohr's theory is based on this postulate 
(B) It is a necessary condition for compatibility with the wave 
behavior of the electron 
(C) it is a necessary condition for compatibility with the particle 
behavior of the electron 
(D) it is a necessary condition for compatibility with Pauli's 
exdlusion principle 

/ 

2-9 The intensity of light falling on a phototube is increased 
while keeping the no of photons falling per se~onds constant 
then for a given experiement 
(A) Stopping potential will increase 

I 
(B) Saturation current will increase 
(C) Saturation current will decrease 
(D) Saturation current will remain unaffected 

2-10 Two photocathodes are illuminated by the light emitted 
by a single source. The dependence of photocurrent versus 
voltages between cathode and anode is shown by curves I and 
2 as shown in the figure. (///max represents ratio ofphotocurrent 
to saturation current) : 

V 

Figure 2.33 

(A) Photocathode I has higher work function than 2 
(B) Photocathode 2 has higher work function than I 
(C) Saturation current may be different for J and 2 
(D) Saturation current must be same for I and 2 
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2-11 Photoelectric effect supports quantum nature of light 

because: 
(A) There is a minimum frequency below which no 

photoelectrons are emitted 
(B) The·maximum kinetic energy of photoelectrons depends 

only on the frequency oflight and not on its intensity 

(CJ Even when the metal surface is faintly illuminated the 

photoelectrons (ifv ~ vth) leave the surface immediately 
(D) Electric charge of the photoelectwns is quantized 

2-12 The momentum ofa single photon ofred I ight offrequency 
400 x 1012 Hz moving through free space is given as: 
(A) Zero (B) 8.8 x 10-28 kgms-2 

(CJ 1.65 x 10-6MeV/c (D) Data Insufficient 

2-13 When a monochromatic point source of light is at a 

distance of0.2 m from a photoelectric cell, the cut-off voltage 

and the saturation current are respectively0.6 V and 18.0 mA. If 
the same source is placed 0.6 m away from the photoelectric 

cell, then: 
(A) the stopping potential will be 0.2 V 
(B) the stopping potential will be 0.6 V 

(CJ the saturation current will be 6.0 mA 
(D) the saturation current will be 2.0 mA 

2-14 In a photoelectric experiment, the collector plate is at 

2.0V with respect to the emitter plate made of copper(~= 4.5 eV). 
The emitter is illuminated by a source of monochromatic light 

of wavelength 200 nm. 
(A) The minimum kinetic energy of the photoelectrons 

reaching the collector is 0. 
(B) The maximum kinetic energy of the photoelectcons 

reaching the collector is 3.7 eV. 

(C) If the polarity of the battery is reversed then answer to 

part A will be 0. 
(D) If the polarity of the battery is reversed then answer to 

part B will be 1.7 e V 

2-15 A small mirror of area A and mass m is suspended in a 

vertical plane by a light string. A beam oflight ofintensity I falls 

normally on the mirror and the string is deflected from the vertical 
byan angle 0 in equilibrium. Assuming the mirror to be perfectly 

reflecting we have 

(A) Radi~tion pressure equal to 
21 
C 

(B) d. . 1 I Ra iat10n pressure equa to Zc 

ZIA 
(C) tan0= -

mgc 

(D) tan0= _!!L 
2mgc 

93, 

2-16 When photons of energy 4.25 eV strike the surface of 

metal A, the ejected photoelectrons have maximum kinetic 
energy of photoelectrons liberated from another metal B by 

photons of energy 4. 70 eV is T8 =(TA= 1.50) eV. Ifthe de-Broglie 

wavelength of these photoelectrons is "'B = 2AA then 
(A) the work function of A is 2.25 eV 
(B) the work function ofB is4.20 eV 

(C) TA=2.00eV (D) T8 =2.75eV 

2-17 In photoelectric effect, stopping potential depends on 

(A) frequency of the incident light 
(B) intensity of the incident light by varies source distance 

(C) emitter's properties 
(D) frequency and intensity of the incident light 

2-18 The figure shows the results ofan experiment inv9lving 

photoelectric effect. The graphs A, B, C and D relate to a light 
beam having different wavelengths. Select the correct 

·alternative 

i current 

---A 
,,,-------------: 

/ 

Figure 2.34 

(A) Beam B has highest frequency 
(B) Beam Chas longest wavelength 

(C) Beam A has highest rate of photoelectric emission 

(D) Photoelectrons emitted by B have highest momentum 

2-19 The photoelectric effect can not be explained by the wave 
theory of light because : · 
(A) the energy carried by the light waves is not given to a 

particular electron of the metal, rather it is distributed among all 

the electrons present on the surface of metal 

(B) waves do not have energy 
(C) energy of the waves becomes zero as it strikes the metal 

surface 
(D) waves do not have sufficient energy which is required for 

electron emission 

2-20 A nonmonochromatic light is used in an experiment on 
photoelectric effect. The stopping potential : 

(A) Is related to the mean wavelength 
(B) Is related to the longest wavelength 

(C) ls related to the shortest wavelength 

(D) ls not related to the wavelength 
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2-21 In photoelectric effect energy of photon is directly 

proportional to the frequency and photons are totally absorbed 

by the electrons of metals then photoelectric current is : 

(A) increased when the frequency of photon is increased 

(BJ decreased when the frequency of photon is increased 
(CJ independent of the frequency of photon but it only depends 
on the intensity of incident photons 

(DJ independent of the intensity of incident photons 

2-22 Suppose frequency of emitted photon isfo when electron 

of stationary hydrogen atom jumps from a higher state m to a 

lower state 11. If the atom is moving with a velocityv (<< cJ and 

emits a photon of frequency J during the same transmission 
then which of the following statements are possible? 

(AJ /may be equal tofo (BJ /may be greater thanfo 
(CJ /may be less than/0 (D) /cannot be equal tofo 

2-23 A small mirror is suspended by a thread as shown in 
figure-2.35. A short pulse of mono-chromatic light rays is incident 

normally on themirrorand gets reflected. Which of the following 

statements is/are correct ? 

Figure 2.35 

(AJ mirror will start to oscillate 
(BJ wavelength of reflected rays will be greater than that of 

incident rays 
(CJ wavelength of reflected rays may be less than that of 

incident rays 

(DJ none of these 

2-24 When monochromatic light falls on a photosensitive 

material, the number of photoelectrons emitted per second is 11 

and their maximum kinetic energy is Kmmc Ifthe intensity of the 
incident light is doubled keeping the frequency same, then : 

(AJ Both 11 and Kmax are doubled 
(BJ Both 11 and Kmax are halved 
(CJ 11 is doubled but Kmax rema.ins the same 
(D) Kmax is doubled but 11 remains the same 

Photo Electric Effect & Matter Waves 1 

2-25 Mark the correct statement(s) related to the stopping 

potential difference : 

(AJ At the stopping potential, emitter plate is positive with 
respect to the collector 

(BJ At the stopping potential, emitter plate is negative with 
respect to the collector 
(CJ At the stopping potential, electrons does not come out of 
the plates 

(DJ At the stopping potential, electrons are able to reach the 
collector but return before being absorbed. 

2-26 If the wavelength oflight in an experiment on photo electric 

effect is doubled, 

(AJ The photoelectric emission will not take place 
(BJ The photoemission may or may not take place 
(CJ The stopping potential will increases 

(DJ The stopping potential will decrease under the condition 
that energy of photon of doubled. Wavelength is more than 

work function of metal. 

.2-27 Photo electric effect supports the quantum nature oflight 

because : 
(AJ There is minimum frequency of light below which no 
photoelectrons are emitted 
(BJ The maximum kinetic energy of photoelectrons depends 
only on the frequency oflight and not on intensity 
(CJ Even when a metal surface is faintly illuminated, the 

photoelectrons leave the surface immediately 

(DJ Electric charge of the photoelectrons is quantized 

2-28 Photons of energy 5 eV are incident on cathode. Electrons 
reaching the anode have kinetic energies varying from 6 eV to 

8 eV. 

Figure 2.36 

(AJ Work function of the metal is 2 eV 
(BJ Work function of the metal is 3 eV 
(CJ Current in the circuit is equal to saturation value 
(DJ Current in the circuit is less than saturation value 

* * * * * 

.• 
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Unsolved Numerical Problems/or Preparation of NSEP, INPhO & IPhO 
For detailed preparation of INP/zO and /PhO students can refer advance study material 011 www.physicsgalaxy.com 

2-1 Light from Balmer series of hydrogen is abie to eject 

photoelectron from a metal. What can be the maximum work 

function of the metal? 

Ans. [3 .4 e VJ 

2-2 Monochromatic radiation of wavelength 1'.
1 
= 3000 A falls 

on a photocell operating in saturation mode. The corresponding 

spectral sensitivity of photocell isJ = 4.8 mNW. When another 

monochromatic radiation of wavelength 1'.2 = 1650 A and power 

P = 5 mW is incident, it is found that maximum velocity of 

photoelectrons increases ton= 2 times. Assuming efficiency of 

photoelectron generation per incident photon to be same for 
both the cases, calculate 

(i) Threshold wavelength for the cell and 

(ii) Saturation current in se~ond case. 

(Given, h=6.6 x 10-34 Js,c=3 x 108 ms-' ande= 1.6 x 10-19 coul.) 

Ans. [(i) 4125 A. (ii) 13.2 µA] 

2-3 Photo electrons are liberated by ultraviolet light of wave 

length 3000 A from a metallic surface for which the photoelectric 
threshold is a 4000 A. Calculate the de-Broglie wave length of 

electrons emitted with maximum kinetic energy. 

Ans. [12.08 AJ 

2-4 Lithium has a work function of2.3 eV. It is exposed to light 

of wavelength 4800 A. Find the maximum kinetic energy with 

which electron leaves the surface. What is the longest 

wavelength which can produce the photoelectrons? 

Ans. [0.288 eV, 5400 AJ 

2-5 A parallel beam of monochromatic light of wavelength 

663 nm is incident on a totally reflecting plane mirror. The angle 

ofincidence is 60° and the no. of photons striking the mirror per 

second is 1019
• Calculate the force exerted by the light beam on 

the mirror. 

Ans. [I o-8 N] 

2-6 A perfectly reflecting ball ofradius Rand mass mis kept cin 
a rough horizontal floor. A parallel light beam of intensity I is 
incident on the ball at an angle 0 with the horizontal. Calculate 

initial acceleration of the ball. 

A [ 5ru'R
2 

cos0 J 
ns. 7mc 

2-7 Ultraviolet light of wavelength 800 A and 700 A :"hen 

allowed to fall on hydrogen atoms in their ground state is found 

to liberate two electrons with kinetic energy 1.8 eV and 4 eV 

respectively. Find the value of Planck's constant. 

Ans. [h = 6.5 x 10-34 J-s] 

2-8 The work function of Aluminium is 4.2 eV. Calculate the 
Kinetic energy of the fastest & the slowest photoelectrons, the 
stopping potential & the cut off wavelength when light of 
wavelength 2000 A falls on a clean Aluminium sunace. 

Ans. [2 eV. 2 Volts, 3000 Al 

2-9 What potential difference must be applied to stop the fastest 
photoelectrons emitted by a nickel surface under the action of. 
ultraviolet light of wavelength 2000 A? The work function of 
nickel is 5.01 eV. 

Ans.[~+ 1.2 VJ 

2-10 A sphere of radius 1 cm is placed in the path ofa parallel 
beam of light of large aperture. The intensity of the light is 
0.5 W/cm2

• Ifthe sphere completely absorbs the radiation falling 
on it, find the force exerted by the light beam on the sphere. 

Ans. [5.2 X I 0-9 N] 

2-11 Find the frequency of the light which ejects from a metal 
surface electrons fully stopped by a retarding potential of3 V. 
The photo electric effect begins i_n this metal at a frequency 
6 x 1014 s-1• Find the work function for this metal. 

Ans. [13.2398 x 10 1~ s-1, 3.98 x 10-19 JJ 

2-12 State whether the following statements are TRUE or 
FALSE, giving reasons in brief to support your answer. 

In a photo electric emission process the maximum energy of the 
photo-electrons increases with increasing intensity of the 
incident light. 

Ans. [False] 

2-13 A point isotropic light source of power P = 12 watt is 
located on the axis ofa circular mirror plate ofradiusR = 3 cm. If 
distance of source from the plate is a = 39 cm and reflection 
coefficient of mirror plate is a= 0. 70, calculate force exerted by 
light rays on the plate. 

Ans. [I x 10-10 N] 

2-14 A uniform monochromatic beam oflight of wavelength 
3650 A and intensity 10-3 W/m2 falls on a metal surface 
characterized by a work function of 1.6 eV and absorption 
coefficient 0.8. Find the number of electrons emitted per unit 
area and energy absorbed per unit area in unit time and the 
maximum kinetic energy of the photoelectrons. 

Ans. p.47 x 10 10 m-2 s-1, 8 x 10-9 wm-2, 1.80 eV] 
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2-15 Light of wavelength 180 nm ejects photo electrons from a 
plate ofa metal whose work function is2 eV. Ifa nniform magnetic 
field of5 x I0-5 tesla is applied parallel to the plate, what would 
be the radius of the path followed by electrons ejected normally 
from the plate with maximum energy. 

Ans. [0.148 m] 

2-16 Suppose the wavelength of the incident light is increased 

from 3000 A to 3040 A. Find the corresponding change in the 
stopping potential. (Take the product he= 12.4 x I0-7 e".'11)-

Ans. [AV
5 

= - 5.5 x 10-2 volt] 

2-17 When a metal plate is exposed to monochromatic beam of 
light of wavelength 4000 A, a negative potential of I. I volts is 
needed to stop the photocurrent. Find the threshold wavelength 

for the metal. 

Ans. [6196 A] 

2-18 The ionisation energy of a hydrogen like Bohr atom is 4 

Rydbergs. 

(i) What is the wavelength of radiation emitted when the 
electron jumps from the first excited state to the ground state? 

(ii) What is the radius of the first orbit of this atom? 

(Bohr ractiils of hydrogen= 5 x I0-11 m; l rydberg = 2.2 x I0-18 J) 

Ans. [(i) JOO A (ii) 2.5 x W- 11 m] 

2-19 A stationary hydrogen atom emits a photon 
corresponding to first line of the Lyman series. What velocity 

does the atom acquire ? 

Ans. [3.25 mis] 

2-20 From the condition of the foregoing problem, find how 

much (in%) the energy of the emitted photon differs from the 
energy of the corresponding transition in a hydrogen atom. 

(E-E') 
Ans. [-E- = 0.55 x 10--6 %] 

2-21 In an experiment tungsten cathode which has a threshold 
wavelength 2300 A is irradiated by ultraviolet light of wavelength 
1800 A. Calculate 

(a) maximum energy of emitted photoelectrons & 

(b) work function of the tungsten. 

Ans. [1.5 eV, 5.4 eV] 

2-22 Electrons with maximum kinetic energyof3 eV are ejected 
from a metal surface by ultraviolet radiation of wavelength 
1500 A. Determine the work function of the metal, the threshold 
wavelength and the retarding potential difference required to 
stop the emission of electrons. 

An~ ~.::: ?.9 "" '"'·._- ,v 7 m, 3 V] 

Photo Electric Effect & Matter Waves 1 ---------\ 

2-23 A small plate of metal (work function LI 7 eV) is placed at 

a distance of 2 m from a monochromatic light source of 

wavelength 4.8 x I0-7 m and power 1.0 watt. The light falls 

normally on the plate. (a) Find the number of photons striking 

the metal plate per m2 per second (b) If a constant uniform 

magnetic field of strength I0-4 tesla is applied parallel to the 

plate surface, find the radius of the largest circular path followed 

by the emitted photoelectrons. 

Ans. [(a) 4.8 x 10 16, (b) 4 cm] 

2-24 The electric field associated with a monochromatic beam 

becomes zero 1.2 x IO 15 times per second. Find the maximum 

kinetic energy of the photoelectrons when this light falls on a 

metal surface whose work function is 2.0 eV. 

Ans. [0.48 eV] 

2-25 Find the frequency oflight which ejects electrons from a 

metal surface, fully stopped by a.retarding potential of3V. The 

photoelectric effect begins at a frequency of 6 x I 0 14 Hz. Find 

the work function of the metal. (Given h = 6.63 x 10-34 Js). 

Ans. [1.32 x 10 15 Hz] 

2-26 A toy truck has dimensions as shown in figure-2.37 and 

its width normal to the plane of this paper is d. Sun rays are 

incident on it as shown in figure. lfintensityofsun rays isl and 

all surfaces of truck are perfectly black, calculate tension in 

thread used to keep truck stationary. Neglect fraction. 

~\\\\\ 
' 

]4------a ------+ 

Figure 2.37 

Ans. [ 
1
; (b cos 0 + a cos 0 +\II sin ·0) sin 0] 

T 
h 

_j 

2-27 Radiation of wavelength 180 nm ejects photoelectrons 

from a metal plate whose work function is 2.0 eV. If a uniform 

magnetic field offlux density 5.0 x I0-5 T (or Wbm-2
) is applied 

parallel. to the plate, what should be the radius of the path 

followed by electrons ejected normally from the plate with 

maximum energy? 

Ans. [14.9 cm] 
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2-28 Electrons in hydrogen like atoms (Z = 3) make transition 
from the fifth to the fourth orbit and from the fourth to the third 
orbit The resulting radiations are incident normally on a metal 
plate and eject photo-electrons. The stopping potential for the 
photo-electrons ejected by the shorter wavelength is 3.95 volt. 
Calculate the work function of the metal and the stopping 
potential for the photo-electrons ejected by the longer 
wavelength. (Rydberg constant= 1.094 x 107 m·1) 

Ans. [2.0 eV, 0.754 VJ 

2-29 An electron in a hydrogen like atom is in an excited state. 
It has a total energy of-3.4 eV. Calculate: 
(i) The kinetic energy, (ii) The de-Broglie wavelength of the 
electron. 

Ans. [(i) KE~ 3.4 eV (ii) 1- ~ 6.66 A] 

2-30 In an experiment on photoelectric emission, following 
observations were made : 

(i) Wavelength of the incident light= 1.98 x 10-7 m; 

(ii) Stopping potential= 2.5 volt. 

Find : (a) Threshold frequency; (b) Work function and (c) 
Energy of photoelectrons with maximum speed. 

Ans. [(a) 9.1 x 10 14s- 1, (b) 6.0 x 10-19 J, (c) 4.0 x 10-19 J] 

2-31 Light from a discharge tube containing Iiydrogen atoms 
falls on the surface of a piece of sodium. The kinetic energy of 
the fastest photoelectrons emitted from sodium is 0.73 eV. The 
work function for sodium is 1.82 eV. Find: 

(a) the energy of the photons causing the photoelectric 
emission, 

(b) the quantum numbers of the two levels involved in the 
emission of these photons, 

(c) the change in the angular momentum of the electron in the 
hydrogen atom in the above transition,&. 

(d) the recoil speed of the emitting atom assuming it to be at 
rest before the transition (Ionisation potential ofhydrogen 
is 13.6 eV). 

h 
Ans. [(a) 2.55 eV (b) From 4 to 2 (c) 1t (d) 0.847 mis] 

2-32 ]n a photo electric effect set-up, a point source oflight of 
power 3.2 x 10-3 W emits mono energetic photons of energy 
5.0 eV. The source is located at a distance of0.8 m from the 
centre ofa stationary metallic sphere of work function 3.0 eV & 
ofradius 8.0 x 10-3m. Theefliciencyofphotoelectrons emission 
is one for every I 06 incident photons. Assume that the sphere 
is isolated and initially neutral, and that photo electrons are 
instantly swept away after emission. 

(a) Calculate the number of photo electrons emitted per 
second. 

(b) Find the ratio of the wavelength of incident light to the 
de-Broglie wave length of the fastest photo electrons 
emitted. 

(c) It is observed that the photo electron emission stops at a 
certain time I after the light source is switched on. Why? 

( d) Evaluate the time t. 

2-33 State whether the following statements are true or false. 
Give brief reasons in support of your answers. 

(i) The dimension of(h/e) is the same as that of magnetic flux 
,j,. Here h & e represents Planck's constant and electronic 
charge respectively. 

(ii) Two metal plates of same surface area and work function 
are irradiated by a beam oflight, incident normally. It is 
found that the photoelectric current from the two metals 
are different. 

Ans. [(i) T, (ii) T] 

2-34 A 40 W ultraviolet light source of wavelength 2480 A 
illuminates a magnesium (Mg) surface placed 2 m away. 
Determine the number of photons emitted from the source per 
second & the number incident on unit area of the Mg surface 
per second. The photoelectric work function for Mg is 3.68 eV. 
Calculate the kinetic energy of the fastest electrons ejected 
from the surface. Determine the maximum wavelength for which · 
the photoelectric effect can be observed with a Mg surface. 

18 
Ans. [5 x l0 19

, 
25;:o =· I x l0 18, 1:32 eV, 3370 AJ 

2-35 Photoelectrons are emitted when 400 nm radiation is 
incident on a surface of work function 1.9 eV. These 
photoelectrons pass through a region containing a-particles. A 
maximum energy electron combines with an a-particle to form a 
He+ ion, emitting a single photon in this process. He+ ions thus 
formed are in their fourth excited state. Find the energies in eV 
of the photons, lying in the 2 to 4 eV range, that are likely to be 
emitted during and after the combination. 
[Take,h=4.l4x 10·15 eVs] 

Ans. [During combination= 3.365 eV; after combination = 3.88 eV 

(5 -> 3) & 2.36 eV (4-> 3)] 

2-36 · At a given instant there are 25% undecayed radioactive 
nuclei in a sample. After 10 second the number ofundecayed 
nuclei reduces to 12.5%. Calculate: 
(i) Mean life of the nuclei 
(ii) The time in which the number of undecayed nuclei will 

further reduce tci 6.25% of the reduced number. 

Ans. [(i) 14.43 s, (ii) 40 s] 

• 
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2-37 When a beam of I 0.6 eV photons ofintensity 2.0 W/m2 

falls on a platinum surfuceofarea 1.0 x I o-4 m2 and work function 
5.6 eV, 0.53% of the incident photons eject photoelectrons. Find 
the number of photoelectrons emitted per second and their 
minimum energies (in eV):Take I eV = 1.6 x 10-19 J. 

Ans. [6.25 x 10 11 , OJ 

2-38 In a photoelectric effect experiment, photons of energy 
5 eV are incident on the photocathode of work function 3 eV. 
For photon intensity IA= 1015 m-2 s-1

, 'saturation current of 
4.0 µA is obtained. Sketch the variation of photocurrent iP 
against the anode voltage v. in the figure below for photon 
intensity IA (curve A) and/8 =2 x 101

" m-2 s-1 (curveB). 

Ans. [ 

8 ____ ,..,.... __ 

--~ 

-o-4-20246 
V,(vol. k) 

2-39 in a photoelectric setup, the radiations from the Balmer 
series ofhydrogen atom are incident on a metal surface of work 
function 2 e V. The wavelength ofincident radiations lies between 
450 nm to 700 nm. Find the maximum kinetic. energy of 
photoelectron emitted. (Given hcle= 1242 eV-nm). 

2-40 Monochromat_ic radiations ofA. = 640.2 nm from a neon 
lamp irradiates photosensitive material made of cesium on 
tungsten. "The stopping potential is 1;1easured as 0.54 V. The 
source is replaced by an iron source _and. its 427.2 nin line 
irradiates the same photocell, Predict the difference in stopping 
potential. (Round off to single digit) 

Ans. [l eV] 

Photo Electric Effect. & MatterWavesl 
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2-41 Irradiating the metal surface successively by radiations 
of wavelength 3000 A and 5400 A, it is found that the maximum 
velocities of electrons are in the ratio 2 : I. Find the work function 
of the metal surface, meV. 

Ans. [1690] 

2-42 A filter transmits only the radiation of wavelength greater 
than 4400 A. Radiation from a hydrogen discharge tube goes 
through such a filterand is incident on a metal of work function 
2.0 eV. Find the stopping potential which can stop the 
photoelectrons. 

Ans. [0.55 volts} 

2-43 The peak emission from a. black body at a certain 
temperature occurs at a wavelength of9000 A. On increasing 
the temperature, the total radiation emitted is increased 81 times. 
At the initial temperature when the peak radiation from the black 
body is incident on a metal surface, it does not cause any 
photoemission from the surface. After the increase of temperature 
the peak radiation from the black body caused photoemission. 
To bring these photoelectrons to rest, a potential equivalent to 
the excitation energy between then= 2 and n = 3 Bohr levels of 
hydrogen atom is required. Find the work function of the metal. 

Ans. [2.25 eVJ 

2-44 The radiation emitted when an electron jumps from n = 3 
to n = 2 orbit of hydrogen atom falls on a metal to produce 
photoelectrons. The electrons emitted from the metal surface 
with maximum kinetic energy are made to move perpendicular 

to a magnetic field of 
3
1

0 
Tin a radius of I 0-3 m. Find 

(a) the kinetic energy of the electrons, 

(b) the work function of the metal and 

· (c) the wavelength of the radiation. 

(Planck's constant h = 6.62 x 10-34 Js) 

Ans. [(a) 0.86 eV, (b) 1.03 eV, (c) 6570 AJ 

* * * * * 
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X-Rays 

FEW WORDS FOR STUDENTS 

We have already discussed about the energy levels in atoms. In 
this chapter we will study about the utilization of the energy 
released from atomic transitions in heavy atoms in the form of 
X-rays. Now we will study from the discovery of X-mys to the 
fundamental utility along with the different production 
mechanism of X-rays. 

CHAPTER CONTENTS 

3.1 Introduction to X-Rays 

3.2 Production Mechanism of X-rays 

3.3 Moseley's Law 

3.4 Applications of' X-rays 

COVER APPLICATION 

Figure-(a) 

Metal 

target -.J?-!,o, 

Heated 
filament 

Filament 
voltage 

Figure-(b) 

3 

+ High-
V voltage 

source 

Figure-(a) shows a commercial X-Ray machine used in various diagnostic labs in which X-rays are used to take photographs of various 
organs of human bOdy. Figure-(b) is a typical X-Ray image of human hands taken on a commercial X-Ray machine. 
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3.1 llltroductio11 to X-Rays 

The discovery of X-rays was accidental by Wilhelm K. 
Roentgen in Germany. X-rays w_ere discovered while 

investigating the discharge of electricity through rarefied gases, 
the same phenomenon and equipment through which cathode 

rays were first noticed. At the time of researches going on 

cathode rays, X-rays were also being produced but Roentgen 
was the first person to notice them when he was investigating 
the characteristics of cathode rays. 

As has been found when cathode rays (fast moving electrons) 
are braked by a material, their kinetic energy is converted into 

electromagnetic radiations. These are known as X-rays. These 

are electromagnetic radiation with very short wavelengths 
extending from 0.01 A to 100 A. Since_in the visible region, the 

shortest wavelength are of violet rays which are visible to the 
eye have wavelength of about 4000 A, X-rays are invisible to 

eye. 

X-rays are produced in X-raytube consist ofa glass or metal 
envelope enclosing the assembly of a cathode, an anode 

(generally referred as target) spaced a certain distance apart 
and connected to a source of extremely high tension (EHT) 

supply. The cathode acts as a source of electrons and the anode 
as a source of X-rays. The field set-up between the cathode 
and the anode accelerates the electrons to energies of order l 04 

tol05 eV. 

The invisible X-rays are detected by observing their effects. 
Among .other things X-rays produce a strong photochemical 

action which blackens photographic plates. They are also 

capable of ionizing gases and _causing fluorescence in 
phosphors. For measurement purposes, these are used in mainly 
for their applications of their photochemical and ionizing effects. 

In ionization chambers, the intensity of X-rays is determined by 
measuring "the saturation current due to the ionization of the 
gas enclosed in the chamber, because the saturation current is 

proportional to the intensity of X-rays. 

Roentgen discovered that the X:rays has following 

characteristics. 

(a) X-rays are generated whenever high energy cathode rays 
strike solid materials. Generally the greater the density of 
impacted material the more X-rays are produced. 

(b) Matter is more or less transparent to X-rays. Wood and 
flesh are very transparent bone and metals less so, which makes 
the use of X-rays in medicine so useful. 

( c) X-rays are unaffected ( undeviated) by electric and magnetic 

fields, hence these are uncharged. 

-- ><~-~~;,.J 
(d) The wave nature of X-rays makes them useful tool for the 
study of the structure of crystals & molecules. This was later 
discovered. 

3.1.1 Types of X-rays 

According to ihe quality of X-rays, these can be divided in two 
groups, these are 

(i) Soft X-rays: These are X-rays with low penetrating power .. 
The wavelength range ofihese X-rays are from l O A and above 
hence their frequency is small and they have smaller energy. 
These are produced at comparatively low potential difference 

and high pressure. 

(ii) Hard X-rays : These are X-rays having high penetrating 
power. The wavelength range of these X-rays are of the order 
of l A so they have high frequencies and hence high energies. 
These are produced at comparatively low pressure and high 
potential difference. 

3.2 Prod11ctio11 Mecha11is111 of X-rays 

On the basis of production mechanism, X-rays are classified in 

two broad categories 

I. Continuous X-Rays 

2. CharacteristicX-Rays 

Now we'll discuss about the production mechanism of X-rays 
in detail. 

3.2.1 Continnous X-rays 

Continuous X-rays, as their name implies, have a continuous 
spectral distribution. They are produced when electrons 
accelerated in a vacuum strike a target and lose kinetic energy 
in passing through the strong electric field of the target nuclei, 
and resulting in a continuous X-ray spectrum. As according to 
the classical physics any accelerated charged particle emits 
electromagnetic radiation of continuous spectral distribution. 

3.2.2 Production of Continuous X-rays 

In the general X-ray production mechanism there is a discharge 
tube (generally called Coolidge tube) operated on high potential 
difference. The cathode used in the tube is the source of cathode 
·rays i.e. fast moving electrons, and the anode used in the tube 
is the target material which is the source of X-rays. The X-rays 
are produced by the bombardment ofanode material by cathode 
rays, so there will be a lot of heat generation in the anode 
material. The anode material should have high me_lting point as 
due to high energetic electrons, a high temperature is generated. 
For this purpose target is selected of high atomic mass. The 
coolidge tube assembly for the production of X-rays is shown 
in figure-3 .1. 
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X·rays .J<.
1 

Figure 3.1 

The mechanism for the production of continuous X-rays can 
be explained on the basis of figure-3.2. Figure shows an atom of 
the anode material of high atomic weight with its electron 
configuration. In the Coolidge tube an electron is projected 
towards the anode with an accelerating voltage V. So the kinetic 
energy of the projectile electron will be e V. As shown in the 
figure when the projectile electrons enters into the extremely 
high electric field of the nucleus of the atom of the anode material, 
it experiences a strong electric force towarQs the nucleus of the 
atom. of the anode material, it experiences a strong electric force 
towards the nucleus ofthe atom and due to this strong attraction 
the velocity of this electron when it emerges from the atom will 
be highly reduced and negligibly compared with the initial 
velocity of the projectile electron. This electron_ in the influence 
ofthehighlypositivenuclei experiences a very high acceleration 
and according to the classical theory every accelerated charged 
particle emits the electromagnetic radiations, so this electron 
will also emit electromagnetic radiations, these electromagnetic 
radiations are called X-rays. According to the law of 
conservation of energy, the energy of these electromagnetic 
radiation will be equal to the decrease in the kinetic energy of 
t_he projectile electron. This amou,nt can be calculated. 

Projectile 
Electron 

Figure 3.2 

E=hv 

X·ray 
photon 

lfthe initial velocity of the projectile electron is v, then as the 
velocity is gained due to the accelerating voltage V, we have 

... (3.1) 

... (3.2) 

When this electron comes out from the atom of anode material 
the speed of this electron will be very less as compared to its 
initial speed. Thus the difference of kinetic energy of this 
electron is emitted in the form of an X-rays photon from the 
anode atom. 

Those electrons which pass through the atom very close to the 
nucleus, will be more accelerated and the photon energy 
corresponding to these electrons will be more as compared to 
those electrons which pass through the atom at relatively l!!,rge 
distance from nucleus. The maximum energyofX-photon will 
be corresponding to that electron which looses almost all of its 
energy during passing through the atom. The photon 
corresponding to this electron will have the shortest wavelength 
among all the photons radiated by other electrons. If this shortest 
wavelength is'-, then we have 

1 he 
/',E=-mv2=eV="'i:" 

2 ' 

,. = !:E._ = 12431 A 
' eV V 

... (3.3) 

This is the minimum wavelength ofX-raysemitted from an X-ray 
tube which we call sh9rt wave cut off. Thus from equation-(3.3) 
we can see that the maximum energy or minimum wavelength of 
X-rays emitted depends on! yon the potential di lference applied 
across the discharge tube. 

Thus we can obtain X-rays in any range'-, to oo by applying an 
appropriate voltage across discharge tube which will fix\ and 
other photons emitted from tube will have wavelength more 
than\ and ranging up to oo. Thats why these X-rays are called 
continuous X-rays. The basic intensity per unit wavelength 
versus wavelength plot (wavelength spectrum) of continuous 
X-rays is shown in figure-3.3. 

SO kV 

Wavelengih 

Figure3.3 
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As we can see in the graph that the intensity of emitted X-rays 

will be maximum (maximum number of photons) for a particular 

value of wavelength at a particular accelerating voltage across 

the discharge tube. At a par1icular voltage the intensity of X-rays 

can be varied by changing the current in the circuit because the 

intensity of X-rays (number of photons) is proportional to the 

number of electrons attacking the anode. The broad continuous 
spectrum beyond the peak intensity is referred as 

~'Bremsstrahlung". 

3.2.3 CharacteristicX-rays 

These X-rays are called characteristic X-rays because they are 

characteristic of the element used as target anode. Characteristic 

X-rays has a line spectral .distribution unlike to continuous 

X-rays. The wavelength spectrum of these X-rays is also a 

continuous spectrum but this spectrum is crossed over by 

distinct spectral lines. The frequencies corresponding to these 

lines are the characteristic of the material of the target i.e. anode 

material. 

3.1.4 Production of Characteristic X-rays 

Production of these X-rays can be explained with help of the 
figure-3.4. These X-rays are produced when the projectile 

electron towards the anode collides with an internal electron of 

the atom of the target material, and then secondary emission 

will happen. Now this will create a cavity in the inner shell of the 

target material, and then secondary emission will happen. Now 

this will create a cavity. There are so many ways in which the 

cavity may be filled. The cavity can be filled by an electron of 

X-Rays 1 
- - -- --i 

If cavity is created in K-shell then it may be filled by the electron 

ofeitherofL, M, N ... shells. If cavity is filled byan electron of 

L-shell then the energy released will be equal to the difference 
in energies oftheK-shell and L-shell. This is calledK -line and a 

if the cavity is filled by an electron ofM-shell then the line is 

called KP-line. Similarly K,. K6, ••• lines may also exist. This 
series oflines is called K-series of characteristic X-rays. 

If cavity is created in L-shell then according to the transition of 

electrons from higher orbits there will be L., LP' ... lines, and 
this is called L-series. There may also be M-series as shown in 

figure-3.5(a). Figure-3.5(b) shows the wavelength spectrum for 

the characteristic X-rays when cavity is created in K-shell. 

(a) 

higher orbit which make the transition from its orbit to the lower 1
, 

orbit in which cavity is created. When an electron makesu.ch a 

form of electromagnetic radiation, this energy is the 

characteristic line for the X-ray spectrum. 

Projectile 
Electron 

---0----------

Figure 3.4 

.. Projectile 
........ Electron 

'-o. __ 

Bremsstrahlung 

{b) 

Figure3.S 

Thus the characteristic lines of the characteristic X-rays 

depends only on the target material and not on the accelerating 
voltage. One more thing we can see here that the characteristic 

X-rays are emitted only when the projectile electron make a 
collision with another bound electron of the atom of the target 
material. When cathode rays pass through the target then the 
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probability of collision of a projectile electron to collide with 
the bound electron is very less. Majority of the projectile 

electron to collide with the bound electron is very less. Majority 

of the projectile electrons will pass through the anode without 

making the collision and they produce continuous X-rays. So 
always both type of X-rays, continuous and characteristic will 

be emitted. Only a single type can not be emitted. 

3.3 Moseley's Law 

Moseley found that the wavelengths of characteristic X-rays 
depend in a well defined manner on the atomic numbers of the 

element that emit X-rays (the target element). This dependence, 

is known as Moseley law, may be written as 

.Jv = a (Z-er) ... (3.4) 

Where er is known as screening constant so the term (Z - er) 
here is effective atomic number for the electron which takes 
part in the transition which results in characteristic X-rays and 

a is Moseley constant. 

It can be seen that for Ka line the electron make a transition 
from L-shell to K-shell, and during this transition this electron 

move in the electric field of the nucleus and the one electron of 
the K-shell, so the screening on the transition electron is only· 

due to the remaining one electron of the K-shell so we can take 
the effective atomic number for this transition as (Z- I) so the· 

frequency emitted for the Ka line can be given as 

.Jv =a(Z-1) 

The wavelength of the characteristic X-rays can be calculated 

by the relation 

l 2[' l] - =R(Z-er) ---
A n2 n2 

1 2 

... (3.5) 

For Ka-line we uie er= l and n2 = 2 and n1 = l, thus the 
wavelength of the Ka-line can be given as 

_l_ = i R(Z-1)2 

A 4 

v= l Rc(Z-1)2 

4 

Thus for Ka -line a= ~¾ Re , where R is the Rydberg constant. 

3.4 Applications of X-rays 

(1) Surgery : X-rays can pass through blood and not through 

bones. They are used to detect the fracture of bones, diseased 
organs and foreign bodies and growth in the human body: A 

~-10.3] 
person is allowed to stand between a fluorescent screen and 
the X-ray unit. The deep shadow of bones is formed on the 

fluorescent screen and the fracture of the bone can be detected. 

Instead of the fluorescent screen, a photograph known as 

radiograph can also be taken. X-rays are also used to diagnose 

diseases in the lungs, kidneys, intestines and other parts of the 

body. 

(2) Radio-therapy : X-rays are used to destroy malignant 
tumors and to cure skin diseased. Long exposure ofX-rays kills 

the germs in the body and hard X-rays are used to destroy 

tumors very deep inside the body. 

(3) _ Industry : X-rays are used to detect defect in radiovalves, 
tennis balls, rubber tyres and the presence of pearls in oysters . 

They are also used to test the uniformity of the insulating 

materials and the quality of oil paintings. 

(4) Engineering : X-rays are used to detect cracks in 

structures and blow holes in metals. They are used to test the 
quality of weldings, moulds and metal coatings. They also help 

in detecting any crack in the body of the aeroplane and motor 

cars. 

(5) Detection departments : X-rays are commonly used to 
detect the smuggling of precious metals at the custom posts 

and to detect the explosives and other contraband goods like 

opium in sealed parcels and in leather cases. Theyare also used 
in mints, where coins are made and every person has to pass 
before an X-ray unit after the day's work is over . 

(6) Research : X-rays are used in research to study the 

structure of crystals, arrangements of atoms and molecules in 

matter and their behaviour on different materials. 

# Illustrative Example 3.1 

An X-rays tube operates at20 kV. Find the maximum speed of 

the electrons striking the anticathode, given the charge of 
electron= 1.6 x 10-19 coulombandmassofelectron =9 x 10-31 kg. 

_Solution 

When an electron of charge e is accelerated through a potential 
difference V, it acquires energy e V. If m be the mass of the 
electron and vmox the maximum speed of electron, then 
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Substituting the given vales, we get 

v =· (2x(l:6xI0-
19

)x20,000J 
""" 9x!0-31 

v"""' = 8.4 x 107 m/sec. 

# Illustrative Example 3.Z 

(a) An X-ray tube produces a continuous spectrum ofradiation 
with its shortawavelength end.at 0.45 A. What is the maximum 
energy ofa photon in the radiation? (b) From your answer to 
(a), guess what order ofaccelerating voltage (for electrons) is 

required in such a tube ? 

Solution 

(a) Short wavelength is given as 

"mm= o.45 A 

Maximum photo energy is given as 

he 
E""" = hvmax =-;;--:-. Amm 

12431 
E""" = 0.45 =27624.44eV 

E""" =27.624keV 

(b) The minimum accelerating voltage for electrons is 

27.6keV 
27.<ikV. e 

i.e. of the order of30 kV. 

# Il/11strative Example 3.3 

Dividing(3.6) and (3.7) we get 

1c'=(;.~~r" 

(
30~1)

2 
- · 

A'= 42-1 x l.415A=0.708A. 

#ll/11strative Example 3.4 

If the short series limit of the Balmer series for hydrogen is 
3644 A, find the atomic number of the element which give X-ray 
wavelengths down to I A. Identify the element. 

Solution 

If the short series limit of the Balmer series is corresponding to 
transition n = oo ton= 2 which is given by 

~ = R(;2 -~2) =: 
4 4 A-I 

R = °"i: = 3644 ( ) . 

The shortest. wa_velength corresponds to n = oo to n = I. 
Therefore~, is given as 

I , [ I I ·] - = R (Z-.1) ---A, 12 002 

(Z-1)2= _1_ = I 
1c,R !Ax-4-(A)-' 

3644 

= 3644 =911 
4 

The wavelength of the characteristics X-ray K
0 

line emitted =:, 

from zinc (Z = 30) is 1.415 A. Find the wavelength cifthe K
0 

line 
Z- i =30.2 

~itted from molybdenum (Z = 42). =:, Z=31.2 :::31. 

Solution 

According to Moseley's law, the frequency for K series is given 

by 

voc (Z-1)2 

C 2 I oc(Z-1) 

l . 
I =k(Z-1)2 ... (3.6) 

Thus the atomic number of the element is 31 which is gallium. 

# ll/11strative Example 3. 5 

A material whose K absorption edge is 0.2 A is irradiated by 
· X-rays of wavelength 0.15 A. Find the maximum energy of the 
photoelectrons that are emitted from the K shell. 

So/11tion 

Where k is a constant. Let 1c' be the wavelength of K0 line ·The binding energy for K shell in eV is 
emitted from molybdenum, then 

I 2 - =k(Z-1) 
< ~, • 

... (3.7) 
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The energy of the incident photon in eV is 

E= he= 
12431 =82873KeV 

'J,.. 0.15 . 
Therefore, the maximum energy of the photoelectrons emitted 
from the K shell i~ 

Errox =E-E, =82.873-62.155 KeV 

~ Errox=20.718KeV 

# Illustrative Example 3.6 

Calculate the wavelength of the emitted characteristic X-ray 
from a tungsten (Z= 74) target when an electron drops from a M 
shell to a vacancy in the K shell. 

Solution 

Tungsten is a multielectron atom. Due to the shielding of the 
nuclear charge by the negative charge of the inner core electrons, 
each electron is subject to an effective nuclear charge z,ft' which 
is different for different shells. 

For an electron in the K shell ( cr = I) thus effective nuclear 
charge is given as 

Zefl'=(Z-cr); 

Here as electron drops from M shell (n = 3) to K shell (n = I), the 
radiated emission we call KP X-ray and from Mosley's law the 
wavelength emitted of KP X-ray is given as 

A~p =R(Z-1)'[1~ - 312] 

~ ')..~ =!0967800x(74-1)2[¾] 

~ 'J,..RJJ =0.192A 

# Ill11strative Example 3. 7 

A potential difference of20 kV is applied a X-ray tube. Find the 
minimum wavelength ofX-rays generated. 

Sohtiion 

The X-rays produced under an accelerating potential V will 
have varying wavelengths with the minimum due to the entire 
energy of the accelerated electron being lost in a single collision 
with the target atoms. Here the shortest wavelength generated 
of X-rays can be given by 

A = 12431 A 
C V 

=0.6215 A 

- . 105 1 

-- _j 

# Illustrative Example 3.8 

The wavelength of Ka X-rays produced by a X-ray tube is 
0.76 A. What is the atomic number of the anode material ofthe 
tube? 

Solution 

Ka X-rays are produced when an electron makes a transition 
from n = 2 ton= I to fill a vacancy in K-shell. The wavelength 
of X-ray lines is given by , 

. _I_ = (Z-1)2 (..!.. __ I ) 
')..Ka 12 22 

_I_= lR (Z-1)2 

')..Ka 4 

,_ 4 
~ (Z-1) -~ 

Ka 

~ (Z 1)2 ~ • 
4 

- - 3x(l.097xl07)x(0.76xl0-10 ) 

= 1599.25 

~ (Z-1)2 "'1600 

Z- I= 40 

Z=41. 

# Ill11striltive Example 3.9 

The K-absorption edge of an unknown element is 0.171 A: 

(a) Identify the element. 

(b) Find the average wavelengths of the K
0

, KP and K
1 

lines. 

(c) !fa 100 eV electron strike the target of this element, what is 
the minimum wavelength of the X-ray emitted,? 

Solution 

From Moseley's law, the wavelength of K series of X-rays is 
given by taking cr = I in modified in rydberg's formula given as 

~ =R(Z-1)2 (1- n
1
2

) forKlineswhere,n=2,3,4, ... 

(a) For K-absorption edge, we put n = oo, in above expression 
gives 

(Z-1)~& 

Z= ,----~----~+! 
(0. I 7lx I o-10 )(1.097 x 10 7 ) 

~ Z=74. 

The element is Tungsten. 
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(b) For Ka line: 

-
1
- =R(74-1)2[1--

1
] 

'-Ka . 22 

=> '-1u,=o.22sA 

For Kp line: 

__ ! __ =R(71-1)2[1--1 ] 
'-KP • ·32 

=> "Kil =0.192A 

For K,line: 

-. I_ =11(74-l)
2[i-~]-

'-Ky . 4 

=> 

(c) The shortest wavelength corresponding to an electron with 

kinetic energy I 00 eV is given by. 

=> ,. = 124.31 A 
C • 

# lllustrative Example 3.10 

. . 

The Ka X-ray emission line of tungsten occurs at')..= 0.21 A. 
What is the energy difference between Kand L levels in this 

. ' . • ' • 1. 

atom? 

Solution 

We know that Ka)ine is the radiation-emitted when an e!~ctron 

fromL-shell (n = 2) makes a transition toK-shell (n = 1) to fill a 

vacancy in it Thus the released photon will have an en,ergy 
equal to the energy difference of L-shell aud K-shell, which is 

given by• 

V AE=59.195KeV 
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Practice Exercise 3.1 

(i) Find the energy, the frequency and the momentum ofan 
X-ray photon of wavelength 0.10 nm._ 

[12.431 keV, 3 x 10 18 Hz, 6.63 x 10-24 kg-m/s] 

(ii) What potential difference should be applied across an 
X-ray tube to get X.ray of wavelength not less than 0.10 nm? 
What is the maximum energy ofa photon of this X-ray in joule? 

[12.431 kV, J.99 X w-tsJJ 

(iii) Find the maximum potential difference which may he 
applied across an X-ray tube with tungsten target without 
emitting any characteristic Kor L X'ray. The energy levels of 
the tungsten atom with an electron, knocked out are as follows. 

Cell containing vacancy 

Energyin keV, 

[Less than I 1.3 kV] 

K L M 

69.5 11.3 23 

(iv) A free atom of iron emits Ka X-rays ofenergy6.4 keV. 
Calculate the recoil kinetic energy of the atom. Mass ofan iron 
atom= 9.3 x 10-20 kg. 

[3.9 x w-10 eV] 

(v) Iron emits Ka X-ray of energy 3.69 keV. Calculate th~ 
times taken by an iron Ka photon and a calcium Ka photon to 
cross through a distance of 3 km. 

[IO µs by both] 

(vi) The wavelength of Ka X-ray oftungsten_is 21.3 pm. It 
takes 11.3 ke V to knock out an electron from the L shell of a 
tungsten atom. What should be the minimum accelerating 
voltage across an X-ray tube having tungsten target which 

allows production of Ka X-ray? 

[69.5 kV) 

(vii) The energy ofa silver atom with a vacancy in K shell is 
2~.3 l_keV, iriL sJ:tell is 3.56 keV and inMshell is 0.530keVhigher 
than the energy of the atom witl_l no vacancy. Find the frequency 

of Ka, Kp and La X-rays of silver. 

[5.25 x 10 18 Hz, 5.98 x 10 18 H7., 7.32 x-10 17 Hz] 
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Discussion Question 
Q3-1 In a Coolidge tube, electrons strike the target and stop 
inside it. Does the target get more and more negatively charged 
as time passes? 

Q3-2 Can X-rays be used for photoelectric effect? 

Q3-3 X-ray and visible light travel at the same speed in vacuum. 
Do they travel at the same speed in glass? 

Q3-4 Characteristic X-rays maybe used to identify the element 

from which they are coming. Can continuous X-rays be used 
for this purpose? 

Q3-5 Is it possible that in a Coolidge tube characteristic La 
X-rays are emitted but not Ka X-rays? 

Q3-6 Can La X-ray of one material have shorter wavelength 

than Ka X-rayofanother? 

Q3-7 Can a hydrogen atom emit characteristic X-ray? 

Q3-8 Why is exposure to X-ray injurious to health but exposure 
to visible light is noi, when both are electromagnetic waves? 

Q3-9 When a Coolidge tube is operated for some time it 
becomes hot. Where does the heat come from ? 

Q3-10 Can X-rays be polarized? 

Q3-11 In terms of biological damage, ionization does more 
damage when you stand in front of a very weak (low power) 
beam ofX-rayradiation than in front ofa stronger beam ofred 
light. How does the photon concept explain this paradoxical 
situation? 

Q3-12 Why should a radiologist be extremely cautions about 
X-ray doses when treating pregnant women ? 

Q3-13 Does the concept of photon energy shed any light (no 
pun intended) on the question of why X-rays are so much more 
penetrating than visible light? Explain. 

Q3-14 What is the basic distinction between x-rayenergy levels 
and ordinary energy levels ? 

Q3-15 Can x-rays be emitted by hydrogen? 

Q3-16 How are x-rays produced? Explain the origin of the line 
spectra and the continuous spectra. What limits the minimum 
size of X-ray wavelengths? 

Q3-17 When a sufficient number of visible light photons strike 
a piece of photographic film, the film becomes exposed. An 
X-ray photon is more energetic than a visible light photon. Yet, 
most photographic films are not exposed by the X-ray machines 
used at airport security checkpoints. Explain what these 
observations imply about the number of photons emitted by 

the X-ray machines. 

Q3-18 ·The drawing shows the X-ray spectra produced by an 
X-ray tube when the tube is operated attwo different potential 
differences. Explain why the characteristic lines occur at the 
same wavelength in the two spectra, while the cutoff wavelength 
A.

0 
shifts to the right when a smaller voltage is used to operate 

the tube. 

Higher voltage 

-s 
"' C • • > -~ 
·2 'o = Wavelength 
" • C. 

t 
C Lower voltage 

" .s 
» 
~ 

>< 

wavelength 

Figure 3.6 

Q3-19 In the production of X-rays, it is possible to create 
Bremsstrahlung X-rays without producing the characteristic 
X-rays. Explain how this can be accomplished by adjusting the 
electric potential difference used to operate the X-ray tube. 

Q3-20 The short wavelength side· of X-ray spectra ends 
abruptly at a cutoff wavelength A.

0
• Does this cutoff wavelength 

depend on the target material used in the X-ray tube> Give 
your reasoning. 

* * * * * 

Study Physics Galaxy with www.puucho.com

www.puucho.com



I·- ---
,:1_0_8 __ ·-- _ 

-- - - 1 

~-~~-YSJ 

ConceptualMCQsSingle Option Correct 
3-1 X-rays are produced when an element ofhigh atomic weight 

is bombarded by high energy: 
(A) Protons (B) Electrons 

(C) Neutrons (D) Photons 

3-2 Which of the f91lowing principle is involved in the 

generation of X-rays? 
(A) Conversion of kinetic energy into potential energy 

(B) Conversion of mass into energy 
(C) Conversion of electric energy into radiant energy 

-(DJ Conversion of electric energy into em waves 

3-3 In X-ray tube when the accelerating voltage Vis halved, 

the difference between the wavelengths of Ka line and minimum 

wavelength of continuous X-ray spectrum: 

(A) -Remains constant 

(B) Becomes more than two times 

(C) Becomes half 
(D) Becomes less than two times 

3-4 The shortest wavelength of X-rays emitted from an X-ray 

tube depends upon : 

(A) The current in the tube 

(B) The voltage applied to the tube 
(C) The nature of the gas in the tube 

(D) The atomic numberof the target material 

3-5 To produce hard ~-rays in coolidge tube we should 

increase: 
(A) Current in filament 

(B) Potential-difference across the filament 
(C) Potential difference across cathode and anticathode 

(D) None of the above 

3-6 Due to which of the following we prefer molybdenum as 

the target for the production of X-rays? 
(A) Heavy element with high melting point· 
(B) Heavy element capable of deflecting electrons 
(C) Possesses high melting point and can easily absorb the 

electrons 
(D) High melting point and high thermal conductivity 

3-7 X-rays from a given X-ray tube operating under specified· 

conditions have a sharply defined minimum wavelength. The 
value ofthis minimum wavelength could be reduced by 
(A) Increasing the temperature of the filament 
(B) Increasing the potential difference between the cathode 

and the target 
(C) Reducing the pressure in the tube 
(D) Using a target material ofhigher relative atomic mass. 

3-8 With which characteristic of the target does the Mosley's 

law relates the frequency of X-rays ? 

(A) Density (B) Atomic weight 

(C) Atomic number (D) Interatomic space 

3-9 X-rays are produced in an X-ray tube operating at a given 

accelerating voltage. The wavelength of the continuous X-rays 

has values from : 

(A) Otooo 

(B) "mio to oo where Arnio> 0 

(C) 0 to "m"' where\,=< oo 

(D) "mio to "m"' where O <"min< "mro< <oo 

3-10 The wavelength of Ka X-rays for lead isotopes Pb208, 

Pb206, Pb204 are 1c1, 1c2 are 1c3 respectively. Then : 

(A) "1=",=A, (B)_ "1>1c,>A, 

(C) "1<½<1c, (D) ",= ~"1"J 

3-11 X-rays of frequency v are used to irradiate sodium and 

copper surface in two separate experiments and the stopping 

potential determined. Then: 
(A) The stopping potential is more for copper than for sodium 

(B) The stopping potential is more for sodium than for copper 

(C) The stopping potential is the same for sodium and copper 

(D) The stopping potential for both will vary as 1/v 

3-12 Increase in which of the foilowing increases the 

penetrating power of the X-rays? 

(A) Intensity (BJ Frequency 

(C) Wavelength (D) Velocity 

3-13 Which of the following are the characteristics required 

for the target to produce X-rays ? 

Melting p9int Atomic number 
(A) High Low 
(B) High High 

(C) 
(D) 

Low 

Low 

Low 

High 

3-14 The continuous X-ray spectrum is produced due to: 

(A) Acceleration of electrons towards the nuclei of the target · 

atoms 
(B) Retardation of energetic electrons when they approach 

the nuclei of the target atoms 
(C) Fall of the electrons of the target atoms from higher energy 

level to lower energy levels 

(D) Knocking out of the electrons from the target atoms by the 

fast movmg incident electrons 
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3-15 X-rays will not show the phenomenon of 
(A) Diffraction ' 

(B) Polarization 
(C) Deflection by electric field 
(D) Interference 

3-16 An X-ray photon of wavelength 1. and frequency v 
collides with an electron and bounces off. If 1.' and v' are 
respectively the wavelength and frequency of the scattered 
photon, then : 
(A) 1.'=1.;v'=v 
(C) 1.'>1.; v'>v 

(B) 1.'<1.; v'>v 
(D) 1.'>1.; v'<v 

3-17 Why do we not use X-rays in the RADAR? 
(A) They can damage the target 
(B) They are absorbed by the air 
(C) Their speed is low 
(D) They are not reflected by the target 

3-18 In an X-ray tube, electrons accelerated through a very 
high potential difference strike a metal target. If the potential 
difference is increased, the speed of the emitted X-rays: 
(A) Increases 
(B) Decreases 
(C) Remains unchanged 
(D) Is always equal to 3 x 108 ms·1 in space 

3-19 In electromagnetic spectrum X-ray region lies between: 
(A) Visible and short radio w~ves 
(B) -Ultraviolet and visible region 
(C) Gamma rays and ultraviolet region 
(D) Short radio waves and long radio waves 

3-20 A direct X-ray photograph of the intestines is not 
generally taken by the radiologists because : 
(A) Intestines would burst on exposure to X-rays 
(B) The X-rays would not pass through the intestines 
(C) The X-rays would pass through the intestines without 
casting a good shadow for any useful diagnosis 
(D) A very small exposure of X-rays causes cancer in the 
intestines 

3-21 Hydrogen atom does not emit X-rays because: 
(A) Its energy levels are too close to each other 
(B) Its energy levels are too far apart 
(C) It is too small in size 
(D) It has a single electrons 

3-22 X-rays passing through a strong uniform magnetic field : 
(A) Get deflected along the direction offield 
(B) Get deflected opposite to the direction of field 
(C) Get deflected perpendicular to the direction offield 
(D) Do not get deflected at all 

----~ OJJ 

3-23 White X-rays are called 'white' due to the fact that: 
(A) they are electromagnetic radiations having nature same as 
that of white light 
(B) they are produced most abundantly in X-ray tubes 
(C) they have a continuous wavelength range 
(D) they can be converted to visible light using coated screens 
and photographic plates are affected by them just like light 

3-24 In the X-ray tube before striking the target we accelerate 
the electrons through a potential difference of Vvolt. For which 

of the following value of V, we will have X-rays of largest 
wavelength ? 
(A) !OkV 
(C) 30kV 

(B) 20kV 
(D) 40kV 

3-25 In a characteristic X-ray spectra of some atom 
superimposed on continuous X-ray spectra : 

.€ 

.I 
·I 
~ 

(A) P represents Ka line 
(B) QrepresentsKp line 

Q 
p 

Figure 3.7 

(C) Q and P represent Ka and KP lines respectively 
(D) Position of Ka and KP depend on the particular atom 

3-26 Mosley's law for characteristic X-rays is 

_I_ =R(Z-b)2 (-1,---1,-J 
1,, n, n2 

Which of the following statements is/are correct? 
(A) It is applicable to all those atoms to which Bohr's theory is 
not applicable 
(B) It is applicable to all energy levels of some atoms only 
(C) It can not be applied for higher values of n I and n2 
(D) It can not be applied for higher values ofZ 

3-27 For the structural analysis of various lattice, X-rays are 
used because : 
(A) X-rays have wavelength of the order of the in\eratomic 
spacmg 
(B) X-rays are highly penetrating radiations 
(C) Wavelength, of X-rays is of the order ofnuclear size 
(D) X-rays are coherent radiations 
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3-28 The intensity of X-rays from a.Coolidge tube is plotted 
against wavelength A as shown in figure-3.8. The minimum 
wavelength as found is Ac and the wavelength of the Ka-line is 
A,c As the accelerating voltage is increased : 

I 

(A) (AK- '-cl _increases 
(C) '-Kincreases 

Figure 3.8 

(B) (AK- Ac) decrease_s 
(D) AK decreases 

3-29 The adjoining figure-3.9 represents the observed intensity 
of X-rays emitted by two different tubes A and Bas a function 

. _- - . x-R-aysl 

of wavelength A. For the tube A, the potential difference between 
the filament and target is VA and atomic number of target is ZA. 

· For the tube B, corresponding potential difference is VB and the 
atomic number is ZB. The solid curve is for tube A and dotted 
curve for tube B; then : 

/ 

' ' A / 

(A) ZA>ZB; VA> VB 
(C) ZA<ZB; VA< VB 

I 

/B 
I 

' 
... ______ _ 

Wavelength(],.) 

Figure 3.9 

(B) ZA=ZB; VA= VB 
(D) ZA<ZB; VA> VB 

* * * * * 
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Numerical MCQs Single Options Correct 
3-1 The binding energy of the innermost electron in tungsten 
is 40 keV. To produce K series characteristic X-rays using a 
tungsten target in an X-ray tube, the accelerating voltage should 
be greater than : 
(A) 4kV (B) 40kV 
(C) 400kV (D) 4000kV 

3-2 When a beam of accelerated electrons hits a target, 
continuous X-ray spectrum is emitted from the target. Which 
one of the following wavelength is absent in the X-ray spectrum 
if the X-rays tube is operated at 40,000 V? 
(A) 1.5 A (B) 0.5 A 
(C) 0.25 A (D) 1.0 A 

3-3 Electrons with energy 80 keV are incident on the tungsten 
target of an X-ray tube. K shell electrons of tungsten have 
-71.5 keV energy. X-rays emitted by the tube contain: 
(A) A continuous X-ray spectrum (Bremsstrahlung) with a 
minimum wavelength ofabout 0.155 A 
(B) A continuous X-ray spectrum (Bremsstrahlung) with ail 
wavelengths 
(C) The characteristic X-ray spectrum of tungsten 
(D) A con_tinuous X-ray spectrum (Bremsstrahlung) with a 
minimum wavelength of about 0.155 A and the characteristics 
X-ray spectrum oftungsten 

3-4 The wavelength of the Ka line for an element of atomic 
number 57 is 1-.. What is the wavelength of the Ka line for the 
element of atomic number 29? 
(A) 1-. 
(C) 41-. 

(B) 21-. 
(D) 81-. 

3-5 An X-ray tube is working at potential of20 KV. The potential 
difference is decreased to IO KV. It is found that the difference 
of the wavelength of Ka X-ray and the most energetic 
continuous X-ray becomes 4 times the difference before the 
change of voltage. Find the atomic number of the target element. 

Takeb= land ~ =0.54. 
,;3.4 

(A) 28 (B) 55 
(C) 56 (D) None of these 

3-6 The Ka X-ray emission line of tungsten occurs at 
1-. = 0.021nm. The energy difference between Kand L levels in 
this atom is about : 
(A) 0.51 MeV (B) 1.2 MeV 
(C) 59keV (D) 136eV 

3-7 In a discharge tube when 200 V potential difference is applied 
6.25 x 10 18 electrons move from cathode to anode and 
3. 125 x 1018 singly charged positive ions move from anode to 
cathode in one second. Then the power of tube is : 
(A) IOO watt (B) 200 watt 
(C) 300 watt (D) 400 watt 

3-8 Figure shows Ka & KP X-rays along with continuous X-ray. 
Find the energy of La X-ray. (Use he= 12431 eVA) 

I 

IA 

(A) 3.IOKeV 
(C) 6.21 KeV 

2A 

Figure 3.10 

(B) 4.63KeV 
(D) 8.42KeV 

3-9 The wavelength of Ka line from an elementofatomicnumber_ 
51 is 1-.. From another element the wavelength of Ka line is 41-.. 
What is the atomic number of the second element? 
(A) 25 (B) 26 
(C) 100 (D) 99 

3-10 The minimum wavelength ofX-rays produced in an X-ray 
tube is 1-. when the operating voltage is V. What is the minimum 
wavelength of the X-rays when the operating voltage is V/2? 

).. 
(A) - (B) 1-. 

2 
(C) n (D) 4,. 

3-11 The wavelength of Ka X-rays produced byan X-ray tube 
is 0. 76 A. The atomic number of the anode material of the tube 
is: 
(A) 38 
(C) 41 

(B) 40 
(D) 42 

3-12 The voltage applied toanX-raytubeis 18kV. The maximum 
mass of photon emitted by the X-ray tube will be: 
(Al 2 x 10-13 kg (BJ 3.2 x w-36 kg 
(C) 3.2 X IQ-32 kg (D) 9.1 X 10-3I kg 

3-13 The battery connected across a coolidge tube operates 
at a power level of 1 W when the no. of electrons hitting the 
target in I second is 6.25 x 10 13. Find the minimum wavelength 
in the resulting X-rays spectrum : 
(A) 0.06A (B) 0.12A 
(C) 0.18A (D) 0.24A 
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3-14 The wavelength of characteristic X-ray Ka line emitted 
by hydrogen line atom is 0.32 A. The wavelength of KP line 
emitted by the same element is : 
(A) 0.l8A (B) 0.27 A 

(CJ 0.38 A (DJ_ 0.48 A 

3-15 An X-ray tube produces a continuous spectrum of 
radiation with its short-wavelength end at 0.33 A. What is the 
maximum energy of a photon in the radiation? 
(A) 35.3keV (B) 37.6keV 
(C) 40.4keV (D) 42.SkeV 

3-16 The element which has a Ka X-rays line of wavelength 

l.8 A is (R = l.l x 107 m·1, b= l and ../5/33 = 0.39) 
(A) Co,Z=27 (B) Iron,Z=26 
(C) Mn,Z=25 (D) Ni,Z=28 

3-17 In a coolidge tube, the tungsten (Z = 74) target is 
bombarded by electrons. What is the minimum value of the · 
accelerating potential to enable emission of characteristic Ka 
and Kp lines of tungsten. (TheK, L & Mlevels of tungsten have 
Binding energies of69.5, l l.3 & 2.30 keV respectively.) 
(A) 2.3 keV (B) IJ keV 
(C) 69.SkeV (D) 72keV 

3-18 The potential difference across the Coolidge tube is 20 kV 
and l 0 mAcurrent flows through the voltage supply. Only 0.5% 
of the energy carried by the electrons striking the t_arget is 
converted into X-rays. The power carried by X-ray beam is P. 
(A) P=0.I W (B) P= l W 
(C) P=2W (D) P=I0W 

3-19 When the accelerating voltage applied on the electrons, 
in an X-ray tube, is increased beyond a critical value : 
(A) The spectrum of white radiation is unaffected 
(B) Only the intensities of various wavelengths are incr~ased 
(C) Only the wavelength of characteristic radiation is affected 
(D) The intensities of characteristic lines relative to the white 
spectrum are increased but there is no change in their 
wavelength 

3-20 The wavelengths of Ka X-rays of two metals 'A' and 'B' 

are 
18

;
5

R and· 
67

~R respectively, where 'R' is rydberg 

constant. The number of elements lying between 'A' and 'B' 
according to their atomic numbers is : 
(A) 3 (B) 6 
(C) 5 (D) 4 

. x:13;,~;J 

3-21 A cobalt (atomic no. = 27) target is bombarded with 
electrons, and the wavelengths of its characteristic X-ray 
spectrum are measured. A second weak characteristic spectrum 

is also found, due to an impurity-in the target. The wavelengths 
of the Ka lines are 225.0 pm (cobalt) and 100.0 pm (impurity). 

Atomic number of the impurity is (take b = l) 
(A) 39 (B) 40 
(C) 59 (D) 60 

3-22 An X-ray tube is operated at 66 kV. Then, in the 
continuous spectrum of the emitted X-rays: 
(A) Wavelengths 0.Ql nm and 0.02 nm will both be present 
(B) Wavelengths 0.0 I nm and 0.02 nm will both be absent 
(C) Wavelengths 0.0 l nm will be present but wavelength 

0.02 nm will be absent 
(D) Wavelength 0.01 nm will be absent but wavelength 0.02 nm 
will be present 

3-23 An X-raytube is operating at 150 kV and l 0 mA. Ifonly 
I% of the electric power supplied is converted into X-rays, the 
approximate rate at which the target is heated in calories per 

second is: 

(A) 3.55 
(C) 355 

(B) 35.5 

(D) 3550 

3-24 The potential difference applied to an X-ray tube is 5 kV 
and the current through it is 3.2 mA. The number of electrons 

striking the target per second is : 
(A) 2 x 1016 (B) 5 x 106 

(C) IX 1011 (D) 4 X 1015 

.3-25 A metal biock is exposed to beam ofX-rays _of different 
wavelengths. X-rays of which wavelength penetrates most? 

(A) 2A (B) 4A 
(C) 6A (D) SA 

3-26 The energy ratio of two Ka photons obtained in X-ray 

from two metal targets of atomic numbers Z1 and Z2 is : 

z 
(A) _I 

Z2 

( z 1
)

2 

(C). 71 = 
-2 I 

(B) (1; J 
(D) 

* * * * * 
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Advance MCQs with One or More Options Correct 
3-1 Which of the following pairs constitute very similar 
radiations? 
(A) Hard ultraviolet rays and soft X-rays 

(B) Soft ultraviolet rays and hard X-rays 

(C) Very had X-rays and low-frequencyy-rays 
(D) Soft X-rays and y-rays 

3-2 Let '-a• '-p and A.~ denote the wavelengths of the X-rays of 
theKa,Kp and la lines in the characteristic X-rays for a metal: 

(A) 1'.~>1'.a>'-p (B) 1'.~>1'.p>'-a 

I l l 1 
(C) - =oo (D) -+-· = -, 

'-p '-a '-p '-a 

3-3 Two electrons starting from rest are accelerated by equal 
potential difference : 

(A) They will have same kinetic energy 
(B) They will have same linear momentum 

(C) They will have same de Broglie wave length 
(D) They will produce X-rays of same minimum wave length 
when they strike different targets. 

3-4 When an electron moving at a high speed strikes a metal 
. surface, which of the following are possible? 

(A) The entire energy of the electron may be converted into an 
X-ray photon. 

(B) Any fraction of the energy of the electron may be converted 
into an X-ray photon 

(C) The entire energy of the electron may get converted to 
heat 

(D) The electron may undergo elastic collision with the metal 
surface 

3-5 Mark correct statement(s): 

(A) circumference of orbit of an electron in Bohr's model is 
equal to an integer multiple of deBroglie wavelength of the 
electron 

(B) Kinetic energy of electron increases with increase of 
principle quantum number 

(C) when an X-ray photon is emitted, only energy conservation 
law is satisfied 
(D) none of these 

3-o In an X-ray tube the voltage applied is 20KV. The energy 

required to remove an electron froml shell is 19.9 KeV. In the 
X-rays emitted by the tube: (take he= 12420 eVA) 
{A) Minimum wavelength will be 62.1 pm 

(B) Energy of the characterstic X-rays will be equal to or less 
than 19.9 KeV 

(C) LaX-raymaybeemitted 

(D) LaX-raywillhaveenergyl9.9KeV 

3-7 Choose the correct statement : 
(A) Energy of an atom with K shell electron knocked out is 
more than the energy of an atom with L shell electron knocked 
out. 

(B) Energy of an atom with L shell electron knocked out is 
more than energyofan atom withK shell electron knocked out. 

(C) Energy of KP photon is the sum of the energies of an La 
and Ka photon. 
(D) Total energy emitted in from of Ka photons is more than 
the total energy emitted in from of KP photon from an 
X-ray setup. 

3-8 In a Coolidge tube experiment, the minimum wavelength 
of the continuous X-ray spectrum is equal to 66.3 pm, then 
(A) electrons accelerate through a potential difference ofabout 
12.75 kV in the Coolidge tube 
(B) electrons accelerate through a potential difference ofabout 
18.75 kV in the Coolidge tube 

(C) de-Broglie wavelength of the electrons reaching the 
anticathode is of the order of l 0 mm 

(D) de-Brgolie wavelength of the electrons reaching the 
anticathode is 0.01 A 

3-9 The potential difference applied to an X-ray tube is 
increased. As a result, in the emitted radiation 
(A) the intensity increases 
(B) the minimum wavelength increases 
(C) the intensity decreases 
(D) the minimum wavelength decreases 

3-10 A beam of electrons striking a copper target produces 
X-rays.Its spectrum is as shown. Keeping the voltage same if 
the copper target is replaced with a different metal, the cut-off 

wavelength and characteristic lines of the new spectrum will 
change in comparision with old as : 

I 

Figure 3.11 

(A) Cut-off wavelength may remain unchanged while 
characteristic lines may be different. 
(B) Both cut-off wavelength and characteristic lines may remain 
unchanged. 

(C) Both cut-off wavelength and characteristic lines may be 
different. 

(D) Cut-off wavelength will be different while characteristic 
lines may remain unchanged. 
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3-11 Which of the following statements is/are correct for an 

X-ray tube? 
(A) on increasing potential difference between filament and 

target, photon flux ofX-rays increases 

(B) on increasing potential difference between filament and 

target, frequency of X-rays increases 
(C) on increasing filament current, cut off wavelength increases 
(D) on increasing filament current, intensityofX-rays increases 

3-12 The intensity of X-rays from a coollidge tube is plotted 

against wavelength" as shown in the figure-3.12. Which of the 

following statements is/are correct : 

I 

Figure 3.12 

(A) On incra:sngtheZ(atomic number) oftargetA.kdecreases 

_(B) On increasing the accelerating voltage of tube "k - "c 
increases 
(C) On increasing the power of cathode, J0 increases 

(D) On increasing the power of cathode, "k decreases 

3-13 For a given material, the energy and wavelength of 

characteristic X-ray satisfy: 

(A) E(Ka)> E(K~)> E(K,) 
(C) 'Af..Ka) > A(K~)> '>JJ(,) 

(B) E(Ma) > E(La)> E(Ka) 
(D) A(Ma) > i(La)> 'Af..K,) 

3-14 The potential difference applied to an X-ray tube is 

increased. As a result, in the emitted radiation : 

(A) The intensity increases 

(B) The minimum wavelength increases 

(C) The intensity remains unchanged 
(D) The minimum wavelength decreases 

3-15 X-ray incident on a material: 

(A) Exerts a force on it 
(B) Transfer energy to it 
(C) Transfers momentum to it 
(D) Transfers impulse to it 

3-16 Regarding X,ray spectrum, which of the following 

statements is are correct : 
(A) The characteristic X-ray spectrum is emitted due to 

excitation of inner electrons ofatom 
(B) Wavelength of characteristic spectrum depend on potential 

difference across the tube 
(C) Wavelength of continuous spectrum is dependent on the 

potential difference across tube 

(D) None of these 

3-17 Which of the following statements is/are false? 
(A) The energy of photo electrons emitted from a given metal 

by soft X-rays have less energy than those emitted by hard 

X-rays 
(B) To increase the intensity of X-rays, the filament current 

should be increased 
(C) The characteristic X-rays have continuous range of 

wavelengths 
_(D) X-rays were named so because of their mysterious nature 

at the time of discovery 

3-18 Which of the following statements is/are true? 
(A) The wavelength of soft X-rays is less than that of hard 

X-rays. 
(B) X-rays are produced during acceleration of electrons 
(C) The anticathode is a metal oflow atomic weight 
(D) The wavelength of the characteristic X-rays depends upon 

the nature of the metal of the target 

* * * * * 
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Unsolved Numerical Problems for Preparation of NSEP, INPhO & IPhO 
For detailed preparation of INPhO and IPhO students can refer advance study material on www.physicsgalaxy.com 

3-1 The X-ray coming from a Coolidge tube has a cutoff 

wavelength of80 pm. Find the kinetic energy of the electrons 
hitting the target. 

Ans. [15.5 keV] 

3-2 If the operating potential in an X-ray tube is increased by 

I% by what percentage does the cutoff wavelength decrease ? 

Ans. [Approximately 1%] 

3-3 The distance between the cathode (filament) and the target 

in an X-ray tube is 1.5 m. Ifthe cutoff wavelength is 30 pm, find 
the electric field between the cathode and the target. 

Ans. [27.7 kV/m] 

3-4 The short-wavelength limit shifts by 26 pm when the 
operating voltage in an_X-ray tube is increased to 1.5 times the 
original value. What was the original approximate value of the 
operating voltage? in KV. 

Ans. [15.9 kV] 

3-5 The electron beam in a colour TV is accelerated through 

32 kV and then strikes the screen. What is the wavelength of 
the most energetic X-ray photon? 

Ans. [38.8 pm] 

3-6 When 40 kV is applied across an X-ray tube, X-ray is 

· obtained with a maximum frequencyof9.7 x 1018 Hz. Calculate 
he value of Planck constant from these date. 

Ans. [4.12 -x 10-15 eV-s] 

3.-7 The Kp X-ray ofargon has a wavelength of0.36 nm. The 
minimum energy needed to ionize an argon atom is 16 eV. Find 
the energy needed to knock out an electron from the K shell of 
an argon atom. 

Ans. [3.47 keV] 

3-8 An X-ray tube operates at 40 kV. Suppose the electron 

converts 70% ofits energy into a photon at each collision. Find 
the lowest three wavelength emitted from the tube. Neglect the 
energy imparted to the atom with which the electron collides. 

Ans. [44.3 pm, 148 pm, 493 pm] 

3-9 The Ka X-rays of molybdenum has wavelength 71 pm. If 
the energy of a molybdenum atom with a K electron knocked 

out is 23.32 keV, what will betheenergyofthis atom when anL 
electron is knock out? In eV. 

Ans. [5.82 keV] 

3-10 The electric current in an X-ray tube (from the target to 

the filament) operating at 40 kV is 10 mA. Assume that on an· 

average; I% of the total kinetic energy of the electrons hitting 

the target are converted into X-ray. (a) What is the total power 

emitted as X-rays and (b) how much heat is produced in the 

target every second ? 

Ans. [(a) 4 W (b) 396 ll 

3-11 The K X-rays ofaluminium (Z= 13) and zinc (Z= 30) " . 
have wavelengths 887 pm and 146 pm respectively. Use 

Moseley's law ,{v = a (Z- b) to find the wavelength of the K
0 

X-ray ofiron (Z= 26). 

Ans. [ 198 pm] 

3-12 A certain elementemitsK
0

X-rayofenergy3.69 keV. Us~ 

the data from the previous problem to identify the element. 

Ans. [Calcium] 

3-13 The KP X-ray from certain elements are given below. Draw 

a Moseley-type plot of Fv versus Z for Kp radiation. 

Element Ne P Ca Mn Zn Br 
Energy(keV) 0.858 2.14 4.02 6.51 9.57 133 

3-14 Use Moseley's law with b = I to find the frequency of the 

K
0 

X-ray of La (Z = 57) if the frequency of the K
0 

X-ray of 

Cu (Z= 57) is known to be 1.88 x I0 18 Hz. 

Ans. [7.52 x 10 1.8 Hz] 

3-15 The Ka and KP X-rays of molybdenum have wavelengths 

0.71 A and 0.63 A respectively. Find the wavelength ofL
0 

X-ray 

of molybdenum. 

Ansc [5.64 A] 

3-16 The wavelengths of Ka and L
0 

X-rays ofa material are 

21.3 pm and 141 pm respectively. Find the wavelength of Kp 
X-ray of the material. 

Ans. [18.5 pm] 

3-17 Heat at the rate of200 Wis produced in an X-ray tube 

operating at 20 kV. Find the current in the circuit. Assume that 

only a small fraction of the kinetic energy of electrons is 

converted into X-rays. 

Ans. [IO mA] 
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3-18 Fill the blanks in each of the following statements : 

(a) In an X-ray tube, electrons accelerated through a potential 
difference of 15000 V strike a copper target. Find the speed of 
the emitted X-rays inside the tube. 

(b) In the Bohr model of the hydrogen atom, find the ratio of 
the kinetic-energy to the total energy of the electron in a specific 
quantum state. 

Ans. [(b) - 1] 

3-19 Suppose a monochromatic X-ray beam of wavelength 
10 pm is sent through a Young's double slit and the interference 
pattern is observed on a photographic plate placed 40 cm away 
from the slit. What should be theseparation between the slits 
so that the successive maxima on the screen are separated by a 
distance of 0. 1 mm? 

Ans. [4 x 10-1 m] 

3-20 The wavelength of the characteristic X-ray Ka line emitted 

-_j:fi_ay~] 

by a hydrogen like element is 0.32 A. Calculate the wavelenth of 
KP line emitted by the same element. 

Ans. [0.27 A] 

3-21 A potential difference of20 KV is applied across an X-ray 
tube. The minimum wave length ofX-rays generated is ........... . 

Ans. [41] 

3-22 Characteristic X-rays offrequency4.2 x 1018 Hz are emitted 
from a metal due to transition from L - to K-shell. Find the 
atomic number of the metal using Moseley's law. Take Rydberg 
cohstantR=Ll x I07 m-1• 

Ans. 1421 

3-23 An X-ray tube is operated at 20 kV and the current through 
the tube is 0.5 mA. Find the total energy falling on the target per 
second as the kinetic energy of the electrons in J. 

Ans. [10] 

* * * * * 

\ 
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Nuclear Physics and Radioactivity 4 
FEW WORDS FOR STUDENTS 

In preceding chapters we have discussed about 
structure of an atom and different experiments 
involving properties of atomic structure. Now 
we consider the composition and properties of 
the atomic nucleus. In this chapter we will 
discuss about the forces holding the nuclear 
matter within the nucleus, the nucleus and the 
nuclear structure. We next examine the 
condition of nuclear stability and the natural 

Alpha 
particles 

Gold film 

o-+---
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• • ---. 
• • 
•• 
• 

------
---7'1 ____ ---, . , . -1-- -.--·- -::: 

(b) 

radioactive processes of alpha, beta and gamma decay. Finally we consider nuclear reactions and the 
energy involved in these reactions. 

CHAPTER CONTENTS 

4.1 

4.2 

4.3 

4.4 

Composition and Structure of Tire Nucleus 

Nuclear Binding Energy 

Radioactivity 

Radioactive Series 

COVER APPLICATION 

Figure-(a) 

4.5 

4.6 

4.7 

4.8 

Nuclear Reactions 

Nuclear Fission 

Nuclear Fusion 

Properties of Radioactive Radiations 

Figure-(b) 

Nuclear reactors are today major source of power across the globe.- Figure-(a) shows a specific nuclear power plant in which power 
generation is done by nuclear reactors. Figure-(b) shows the internal block diagram of a nuclear reactor. 
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j 118 Nuclear Physics ~nd Radioactivity) 

After Ruthorford's discovery of the nucleus in 19 l l, scientists (2) Isobars : Elements having same mass numbers and 
slowly realized that the nucleus must be made of smaller different atomic numbers are called isobars. Thus isobars have 
constituent parts. Earlier it was proposed that the nuclei of sameA, butdifferentZ. 
atoms heavier then hydrogen consisted of hydrogen nuclei, 
called protons, and electrons. The protons would provide the (3) Isotones : The elements· which have same number of 
mass and positive charge and electrons which were presumed neutrons are called isotones. Thus isotones have same (A-Z). 

to be in the nucleus, would neutralize some of the charge. This 
theory could satisfactorily account for a nucleus ofatomic mass 
A and atomic number Zby assuming that the nucleus contained 
A protons and A-Z electrons. The proton-electron model of the 
nucleus gave the correct charge and approximately the correct 
mass for any nucleus. However this proton electron model of 
nucleus had many difficulties. It was not able to eJ<plain spin of 
particles emitted during decay processes from the nucleus. This 
model does not conserve angular momentum in this 
phenomenon. This fact alone was a strong reason for discarding 
this model. For such reasons, Ruthorford suggested in 1920 
that the nucleus should contain a neutral particle of same mass 
as that of proton but not able to prove practically. Later in 1932 
James Chedwick demonstrate the existence of such a neutral 
particle in his experiments. This particle was given the name 
neutron. 

Now we'll discuss the fundamental properties ofnucleus having 
protons and neutrons are the major constituents. 

4.1 Composition and Structure of The Nucleus 

Because protons and neutrons both appear in the nucleus, 
they are collectively called nucleons. According to today's 
accepted proton-neutron model of the nucleus, the number of 
protons in a nucleus is called atomic number of the element Z, 
and the number of protons plus the number of neutrons is 
called mass number of the elernentA. Some times A is also called 
nucleon number. A shorthand notation is often used to specify 
Zand A along with the chemical symbol for the element. It is 
generally written as 

Similarly in nuclear reactions the symbol used for a proton is 

:p or : H . A neutron is denoted by ~ n . In case ofelectron we 

use -~ e (It ha~ 0 mass and its charge is- I). Some particular 
names are given to different group of elements having some 
similarity in nuclear structure. These are 

(1) IsotQpes : Elements those nuclei have same number of 
protons but different number ofneutrons, are known as isotopes. 
Thus isotopes have same Z, but different A. Isotopes of same 
elements have same chemical properties because they have the 
same number and arrangem?nt of electrons. 

(4) Isodiaphers : Those elements which have same difference 
in neutrons -and protons are called isodiaphers. Thu_s in 
isodiaphers (A-2Z) is same and this value (A-2Z) is called isotopic 
numlier of the element. 

4.1.1 Size ofa Nucleus 

The Rutherford scattering experiment provided the first 
estimates of nuclear sizes. At that time a variety of experiments 
have been performed to calculate the nuclear dimensions. It 
was found that the volume of a nucleus is directly proportional 
to the number of nucleons in it. Thus it can be said that the 
densityofnucleons is approximately same in the interiors ofall 
nuclei. 

If a nucleus is of radius R, its volume is f "113
, thus here R3 is 

directly proportional to the number ofnucleons or mass member 
A of the element. Hence we have 

or 

or 

R3 ocA 

R oc A 113 

R= Rct4 113 ... (4.1) 

Here R0 is named ferrni constant and its value is given as 

R0 " 1.2 x 10-15 
" 1.2 frn. . .. (4.2) 

As nuclei do not have sharp boundaries, the value of R0 may 
also have slight deviations from iis value given by 
equation-(4.2). 

4.1.2 Strong Nuclear Force and Stability of Nucleus 

We've discussed that inside a nucleus in a very small volume 
nucleons are bounded together. The positively charged protons 
inside the nucleus repel one another with a very strong 
electrostatic force. It is surprising that due to such a large 
repulsive force what keeps the nucleus from flying apart? It is 
clear that there must be some kind of attractive force which 
hold the nucleons together as many atoms contain stable nuclei. 
The gravitational force of attraction between nucleons is two 
weak to counteract the repulsive electric force, so we can say 
that a different type of force must hold the nucleus together. 
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This force is strong nuclear force and is one of the four 

fundamental forces ofnature. 

The most important feature of the strong nuclear force is it is 
independent of electric charge. At a given separation between 

We can see that in the graph shown in figure-4.1 almost all 

points representing stable nuclei fall above the straight line 

N - Z, reflecting that the number ofneutrons are greater then 

number of protons. 

nucleons, approximately some nuclear force ofattraction exist In very heavy nuclei as number of protons are large, there comes 
between two protons, two neutrons or between a proton and a a point when balance of repulsive and attractive forces can not 
neutron. The range of action of the strong nuclear force is be achieved by an increased number of neutrons. For heavy 
extremely short. When two nucleons are very close at nuclei, the size is also large and due to the limited range of 
separation of the order of about 10-15 m, the nuclear force of strong nuclear force, extra neutrons in the nucleus cannot 
attraction between the two is very large and almost zero for balance the long range electric repulsion of extra protons. In 
large separations. For electric force we already know that the nature the stable nucleus with the largest number of protons is 

range of action ofelectric force is very large. The electric force Bismuth 2~;'Bi which contains 83 protons and 126 neutrons. 

between two charges is very large at close separation and All nuclei above bismuth in nature are unstable due to 
decreases to zero gradually as separation increases to very unbalanced internal force and spontaneously break apart or 

large values. rearrange the internal structure ofnucleus. This phenomenon 
of spontaneous disintegration or rearrangement in internal 

The very short range of strong nuclear force plays an important structure of nucleus is called radioactivity. This phenomenon 
role in stability of nucleus. For a nucleus to be stable, the wasfirstdiscoveredbyHenriBecquerelin 1896.Inlaterpartof 
electrostatic· repulsion between protons must be balanced by this chapter we'll discuss radioactivity in detail. 
the attraction between nucleons due to strong nuclear force. 

4.2 Nuclear Binding Energy 
Inside a nucleus one protons repel all other protons. Since the 
electrostatic force has a long range of action. But a proton or a We've discussed that in a stable nucleus, because of strong 
neutron due to strong nuclear force attracts only its nearest nuclearforceofattraction, thenucleonsareheldtightlytogether 
neighbours, thus in a large sized nucleus to counter balance in a small volume. As system is stable we can relatively say that 
the repulsive force more number of neutrons are required to the total potential energy of system is negative and to separate 
maintain the stability of nucleus. all the nucleus from each other some energy must be supplied 

140 

120 

40 

,.,_,,__ Stable nuclei 

20 ;: 

20 40 60 80 

Proton number Z 

Figure 4.1 

to break the nucleus. The more stable the nucleus is, the greater 
is the energy needed io break it apart. This required energy, we 
call binding energy of the nucleus. 

Nucleus 
(smaller mass) 

+ 
Binding 
energy 

Figure 4.2 

0 
G, 

0 
0 

0 
Separated nucleons 

(greater mass) 

The origin ofbinding energy can be easily explained ifwe look 

into the masses of different elements in table-4.1. In nuclear 
physics, mass of atoms and nuclei are often measured in atomic 
mass unit (amu). 

We can see clearly from the data given in table-4. I that the mass 
of each element atom is less then the sum of masses of its 
constituent particles. 
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z Element Symbol A 

0 Neutron n 

1 Hydrogen. H 
2 
3 

2 Helium He 3 
4 
6 

,3. Lithium Li 6 
7 
8 

4. Beryllium Be 7 
9 

10 

5. Boron, B 10 
II 
12 

6. Carbon C 10 
11 
12 
13 
14 
15 

7. Nitrogen N 1'2 
13 
14 
15 
16 
17 

8. Oxygen· 0 1'4 
15 
16 
17 
1 8 
19 

9. Fluorine F 17 
18 
19 
20 
21 

10._ Neon Ne 18 
19 
20 
21 
22 
23 
24 

11. Sodium Na 22 
23 
24 

12. Ma~nesium Mg 23 
24 
25 
26 

13. Aluminum Al 27 

Table4.1 

Atomic Mass, amu z Element 

1.008 665 14. Silicon 

1.007 825 
2.014 102 
3.016 050 15. Phosphorus 

3.016 029 
4.002 603 16. Sulfur 
6.018 891 

6.015 123 
.7.016 004 
8.022 487 

17. Chlorine 
7.016 930 
9.012 182 

10.013 535 
18. Argon 

10.012 938 
11.009 305 
12.014 353 

10.016 858 
11.011 433 19. Potassium 
12.000 000 
13.003 355 
14.003 242 
15.010 599 20. Calcium 

12.018 613 
13.005 739 
14.003 074 
15.000 109 
16.006 099 
17.008 449 

14.008 597 
15.003 065 21. Scandium 
15.994 915 

· 16.999 131 22. Titanium 

17.999 159 
19.003 576 

17.002 095 
18.000 937 
18.998 403 23. Vanadium 

19.999 982 
20.999 949 
18.005 710 24. chromium , 
19.001 880 
19.992 439 
20.993 845 
21.991 384 
22.994 466 
23.993 613 25. Manganese 

21.994 435 
22.989 770 26. Iron 
23.990 963 

22.994 127 
23.985 045 
24.985 839 
25.982 595 27. Cobalt 

26.981 541 

Symbol 

Si 

p 

s 

Cl 

Ar 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

' ' 

NUC1ear ·PhY$ics and Radio8ctivit~ 

A Atomic Mass, amu 

28 27.976 928 
29 28.976 496 
30 29.973 772 

30 29.978 310 
31 30.973 763 

32 31.972 072 
33 32.971 459 
34 33.967 868 
35 34.969 032 
36 35.967 079 

35 34.968 853 
36 35.968 307 
37 36.965 903 

36 35.967 546 
37 36.966 776" 
38 37.962 732 
39 38.964 315 
40 39.962 383 

39 38.963 708 
40 39.963 999 
41 40.961 825 

40 3"9.962 591 
41 40.°962 278 
42 41.958 622 
43 42.958 770 
44 43.955 485 
45 44.956 189 
46 45.953 689 
47 46.954 543 
48 47.952 532 

45 44.955 914 

.46 45.952 633 
47 46.951 765 
48 47.947 947 
49 48.947 871 
50 49.944 786 

48 47.952 257 
50. 49.947 161 
51 50.943 962 

48 47.954 033 
50 49.946 046 
52 51.940 510 
53 52.940 651 
54 53.938 882 

54 53.940 360 
55 54.938 046 

54 53.939 612 
56 55.934 939 
57 56.935 396 
58 57.933 278 
59 58.934 878 

58 57.935 755 
59 58.933 198 
60 59.933 820 
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z Element Symbol A Atomic Mass, amu z Element Symbol A Atomic Mass, amu 

28. Nickel Ni 58 57.935 347 96 95.904 675 
60 · 59.930 789 97 96.906 018 
61 60.931 059 98 97.905 405 
62 61.928 346 100 99.907 473 
64 63.927 968 

43. Technetium Tc 99 98.906 252 
29. Copper Cu 63 62.929 599 

64 63.929 766 44. Ruthenium Ru 96 95.907 596 

65 64.927 792 98 97.905 287 
99 98.905 937 

30. Zinc Zn 64 63.929 145 100 99.904 217 
65 64.929 244 IOI 100.905 581 
66 65.926 035 102 101.904 347 
67 66.927 129 
68 67.924 846 

104 103.905 422 

70 69.925 325 45. Rhodium Rh 103 102.905 503 

31. Gallium Ga 69 68.925 581 46. Palladium Pd 102 101.905 609 
71 70.924 701 104 103.904 026 

32. Germanium Ge 70 69.924 250 
105 104.905 075 

72 71.922 080 106 105.903 475 

73 72.923 464 108 107.903 894 

74 73.921 179 110 109.905 169 

76 75.921 403 47. Silver Ag 107 106.905 095 

33. Arsenic As · 74 73.923 930 108 107.905 956 

75 74.921 596 109 108.904 754 

34. Selenium Se 74 73.922 477 48. Cadmium Cd 106 105.906 461 

76 75.919 207 108 107.904 186 

77 76.919 908 110 109.903 007 

78 77.917 304 111 110.904 182 
80 79.916 520 112 111.902 761 
82 81.916 709 113 112.904 401 

35. Bromine Br 79 78.918 336 
114 113.903 361 

80 79.918 528 
116 115.904 758 

81 80.916 290 49. Indium In 113 112.904 056 

36. Krypton Kr 78 77.920 397 115 114.903 875 

80 79.916 375 50. Tin Sn 112 111.904 823 
81 80.916 578 114 113.902 781 
82 81.913 483 115 114.903 344 
83 82.914 134 116 115.901 743 
84 83.911 506 117 116.902 954 
86 85.9!0 614 118 117.901 607 

37. Rubidium Rb 85 84.911 800 119 ll~.903 310 

87 86.909 184 120 119.902 199 
122 121.903 440 

38. Strontium Sr 84 83.913 428 124 123.905 271 
86 85.909 273 
87 86.908 890 51. Antimony Sb 121 120.903 824 
88 87.905 625 123 122.904 222 

39. Yttrium y 89 88.905 856 52. Tellerium Te 120 119.904 021 

40. Zirconium Zr 90 89.904 708 
122 121.903 055 

91 90.905 644 
123 122.904 278 

92 91.905 039 
124 123.902 278 

94 93.906 319 125 124.904 435 

96 95.908 272 126 125.903 310 
127 126.905 222 

41. Niobium Nb 93 92.906 378 128 127.904 464 

42. Molybdenum Mo 92 91.906 809 130 129.906 229 

94 93.905 809 53. Iodine 127 126.904 477 
95 94.905 838 131 130.906 119 
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z Element Symbol A Atomic Mass, amu z Element Symbol A Atomic Mass, amu 

54. Xenon Xe 124 123.906 12 67. Holmium Ho 165 164.930 332 
126 125.904 281 

68. Erbium 162 161.928 787 
128 127.903 531 

Er 

129 128.904 780 
164 163.929 211 

130 • 129.903 509 
166 165.930 305 

131 130.905 076 
167 166.932 061 

132 131.904 148 
168 167.932 383 

134 133.905 395 
170 169.935 476 

136 135.907 219 69. Thulium Tm 169 168.934 225 

55. Cesium Cs 133 132.905 433 70. Ytterbium Yb 168 167.933 908 

56. Barium Ba 130 129.906 277 
170 169.934 774 

132 131.905 042 
171 170.936 338 

134 133.904 490 
172 171.936 393 

135 134.905 668 
173 172.938 222 

136 135.904 556 174 173.938 873 

137 136.905 816 
176 175.942 576 

138 137.905 236 71. Lutetium Lu 175 174.940 785 

57. Lanthanum La 138 137.907 114 176 175.942 694 

139 138.906 355 72. Hafnium Hf . 174 172.940 065 

58. Cerium Ce 136 135.907 14 176 175.941 420 

138 137.905 996 177 176.943 233 

140 139.905 442 178 177.943 710 

142 141.909 249 . 179 178.945 827 
180 179.946 561 

59. Praseodymium Pr 141 140.907 657 
73. Tantalum Ta 180 179.947 489 

60. Neodymium Nd 142 141.907 731 181 180.948 014 
143 142.909 823 
144 143.910 096 74. Tungsten w 180 179.946 727 

145 144.912 582 182 181.948 225 

146 145.913 126 183 182.950 245 
148 147.916 901 184 183.950 953 
150 149.920 900 186 185.954 377 

61. Promethium Pm. 147 146.915 148 75. Rhenium Re 185 184.952 977 

62. Samarium Sm 144 143.912 009 
187 186.955 765 

147 146.914 907 76. Osmium Os 184 183.952 514 
148 147.914 832 186 185.953 852 
149 148.917 193 187 186.955 762 
150 149.917 285 188 187.955 850 
152 151.919 741 189 188.958 156 
154 153.922 218 190 189.958 455 

63. Europium Eu 151 150.919 860 192 191.961 487 

153 77. Iridium Ir 191 190.960 603 

64. Gadolinium Gd 152 151.919 803 193 192.962 942 

154 153.920 876 78. Platinum Pt 190 189.959 937 
155 154.922 629 193 191.961 049 
156 155.922 130 194 193.962 679 
157 156.923 967 

195 194.964 785 
158 157.924 111 

196 195.964 947 
160 159.927 061 

198 197.967 879 
65. Terbium Tb 159 158.925 350 

79. Gold Au 197 196.966 560 
66. Dysprosium Dy 156 155.924 287 

158 157.924 412 
80. Mercury Hg 196 195.965 812 

160 159.925 203 198 197.966 760 

161 160.926 939 199 198.968 269 

162 161.926 805 200 199.968 316 

163 162.928 737 201 200.970 293 

164 163.929 183 202 201.970 632 
204 203.973 481 
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z Element Symbol A Atomic Mass, amu z Element Symbol A Atomic Mass, amu 

81. Thallium TI 203 202.972 336 91. Protactinium Pa 233 233.040 244 
205 204.974 410 

92. Uranium u 232 232.037 168 
82. Lead Pb 204 203.973 037 233 233.039 629 

206 205.974 455 234 234.040 947 
207 206.975 885 235 235.043 925 
208 207.976 641 238 . 238.050 786 
210 209.984 178 

Neptunium Np 237 237.048 169 
214 213.999 764 

93. 

239 239.052 932 
83. Bismuth Bi 209 209.980 388 

212 211.991 267 
94. Plutonium Pu 239 239.052 158 

240 240.053 809 
84. Polonium Po 210 209.982 876 

214 213.995 191 
95. Americium Am 243 243.061 374 

216 216.001 790 96. Curium Cm 247 247.070 349 
218 218.008 930 

97. Berkelum Bk 247 247.070 300 
85. Astatine At 218 218.008 607 

98. Californium Cf 251 251.079 581 
86. Radon Rn 220 220.001 401 

222 222.017 401 99. Einsteinium Es 252 252.082 82 

87. Francium Fr 223 223.019 73 100. Fermium Fm 257 257.095 103 

88. Radium Ra 226 226.025 406 IOI. Mendelevium Md 258 258.098 57 

89. Actinium Ac 227 227.027 751 102. Nobelium· No 259 259.100 941 

90. Thorium Th 228 228.028 750 103. Lawrencium Lr 260 260. 105 36 

230 230.033 131 104. Rutherfordium Rf 261 261.108 69 
232 232.038 054 
233 233.041 580 105. Hahnium Ha- 262 262.113 84 

For example we discuss for i He atom. We compare the mass of Einstein mass energy relationship some amount of mass from 

atom to that of its constituents. To calculate the masses of the independent nucleons is converted into energy and released 

components, we can either add the masses of two protons, two when nucleons bounded with each other to form a stable 

neutrons and two electrons or we can add the masses of two nucleus. This is the energy what hold the nucleons together in 

H-atoms and two neutrons. Using the values from table-4.1, we a nucleus, we call 'Binding Energy' of nucleus. So when this 
have 

2m H + 2m n = 2 (1.007825) + 2 (1.008665) 

=4.0329804 ... (4.3) 

Now we can see that in table mass i He atom is 4.0026034 

which is less then the value given in equation-(4.3), the sum of 

masses of constituent particles. Similar thing can be veri fled for 

energy is supplied to a nucleus, it splits into its constituent 

particles. 

For the above reaction given in equation-(4.4), ifwe calculate 

the difference in masses of nucleons and that of nucleons X, 

then it is given as 

!J.m = Zmp + (A-Z)mn -Mx ... (4.5) 

all the elements, also the reason for this can be explained by This difference in masses of independent nucleons and mass 

equation-(4.4) which is a basic nuclear reaction for formation of ofnucleus is called' Mass Defect' of the nuclear reaction. Using 

a nuclei ~ X. In this reaction we can see that when Z-protons mass defect l!.m we can find the energy released in a nuclear 

and (A-Z) neutrons fuse together to form a nucleus ~ X, some reaction, such as the binding energyofabove nucleusX can be 

amount of energy must be released as nucleus is more stable given as 

form ofnucleus 
... (4.6) 

Zmp + (A-Z)mn-> Mx + Energy ... (4.4) 
In the similar way we can find the binding energy for any nucleus 

If we think from where this energy come, we can simply say by in nature for a known composition. 
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4.2.1 Mass Energy Equivalence 

We've discuss_ed in previous section that using mass_ defect of 

a nuclear reaction we can find the energy released in the nuclear 

process. We know generally nuclear masses are given in atomic 

mass unit where 

I arnu = 1.656 x 10-27 kg 

If in a reaction 1 amu mass is converted into energy then using 

Einstein's mass energy relationship the amount of energy 

released is 

M=!:wu? 

M = (1.656 x 10-27)(3 x I 08)2 joule 

(1.656 xl0-27 )-(3x 108 }2 
M= ~---~~-~ev 

l.6x 10-19 

=> M=931.5 x 106eV 

=> M=931.5MeV 

Thus we can say that I amu mass is equivalent to 931.5 MeV 

energy. 

4.2.2 Binding Energy Per Nucleon 

If we wish to see how nuclear binding energy varies from nucleus 

to nucleus, it is necessary to compare the binding energy per 

nucleon basis. If we find binding energy per nucleon for a given 

element it can be given as binding energy divided by the nucleon 

number Aas 

... (4.7) 

This value (BE)Nin equation-(4.7) gives the criterion of stability 

among different elements. We can define binding energy per 

nucleon theoretically as the amount ofenergyneeded to remove 

a nucleon from nucleus of an element. For example if we compare, 

say there are two elementsX and Ywith mass numbersAxand 

Ar (Ax> Ay) and binding energies Mx and My such that 

Mx > My Here one can say that as for element X binding 

energy Mxis more as compared to that for element Y, nucleus 

Xis more stable then nucleus Y. But if we find the (BE)N values 

for both element it is given as 

Nuclear Physics and ~~d~9~3_ti~tyJ 

and these values are such that (BEN)x< (BEN)rwhich implies 

that to remove a nucleon from element X requires less energy 

then from element Y. Which implies that for the nucleus ofYit is 

difficult to remove one nucleon from its nucleus, thus structure 

of Y is more stable then X. 

To under this in a better way lets consider an example of56Fe 

and 209Bi. Their binding energies are given as 

MFe =492.8MeV 

and 

From the above values it seems that to break the nucleus of Bi 

more energy is required hence it is more stable then that of Fe. 

But we should not ignore the bigger size of bismuth nuclei. If 

we find binding energy per nucleon for both of these nuclei, we 

get 

492.8 
(BEN)Fe = S6 =8.8MeV 

and 

Now we can see that removal of one electron from Fe nucleus is 

more difficult as compared to that from Bi nucleus. So Fe nuclei 

are more stable then Bi. Thus to judge or compare the stability 

of different nuclei we see binding energy per nucleon not the 

nuclear binding energy. 

4.2.3 Variation of Binding Energy per Nucleon with Mass 

Number 

The binding energy per nucleon is a characteristic property of 

elements. The graph in figure-4.3 shows the variation of binding 

energy per nucleon with mass number for all the elements of 

periodic table. In graph we can see that the binding energy per 

nucleon increases rapidly for nuclei with small masses and 

reaches a maximum ofapproximately 8.8 Mev/nucleon for Iron 

(;:Fe). For greater nucleon numbers, the binding energy per 

nucleon decreases gradually. Later, the binding energy per 

nucleon decreases enough so there is insufficient binding 

energy to hold the nucleons together in the nucleus. It is 

observed that nuclei with A > 209 are unstable and hence 

radioactive. 
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Figure 4.3 

In the above figure in the beginning we can see that there are 

some fluctuations in the graph. We can see that binding energy 

per nucleon for 4He, 12C, 160 are relatively higher as compared 

to their neighbouring elements or these elements have nuclei 

which are relatively more stable then their neighbours. This is 

because of the existence ofnuclear energy levels in the nucleus. 

Each nuclear energy level can contain two neutrons of opposite 

spins or two protons of opposite spins. Energy level in nuclei 

are filled in sequence,just as energy levels in atoms to achieve 
configurations of minimum energy, and therefore maximum 
energy. Similar to the case of atomic orbitals here also the 

configuration of opposite spin in nucleons with pairs in nuclear 

energy level are more stable. This concept can be used to explain 

the reason of more stability of 4He, 12C and 160 compared to 

their neighbouring elements. 

# Illustrative Example 4.1 

Mass of two neutron= 2 x 1.008665 amu = 2.01733 amu 

Total initial mass of two protons and neutrons 

Mass defect 

=2.014554+2.01733=4.03!884amu 

/',m =4.031814-4.001265amu 

= 0.0306219 amu 

Now binding energy of a-particle in Me Vis given as 

M 8 -=/',mx 931.2MeV 

=0.030619 x 931.5=28.5216MeV 

Binding energy per nucleon 

=28.5216/4= 7.13039MeV 

# Illustrative Example 4.2 

A neutron breaks into a proton and electron. Calculate the 
Find the binding energy ofan a-particle from the following energy produced in this reaction in MeV. Mass ofan electron 

data: = 9 x 10-31 kg. Mass ofproto_n = 1.6725 x 10-27 kg, Mass of 

neutron= 1.6747 x I 0-27 kg. Speed oflight = 3 x 108 m/sec. 

Mass of the helium nucleus 'e' 4.001265 amu 

Mass of proton 

Mass of neutron 

= 1.007277 amu 

= 1.008665 amu 

Take I amu=931.5MeV 

Solution 

Massoftwoprotons=2 x 1.007277= 2.014554amu 

Soilltion 

Mass defect of the process is given by 

l!.m = [Mass ofneutron -(mass of proton+ mass ofelectron)] 

= [J.6747 X 10-27 -(1.6725 X 10-27 + 9 X 10-JI)] 

=0.0013 X w·27 kg 
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According to mass energy relationship 

Energy released 
=/!,.me? 

£=(0.00]3 X ]()""27) X (3 X 108)2 

l.17xl0-13 

l.6x!0-19 
0.73 x I06 eV 

=0.73MeV 

# Ill11strative Example 4.3 

The binding energyof;;Cl nucleus is 298 MeV. Find its atomic 
mass. Given, mass ofa proton (mp)= 1.007825 amu, mass ofa 
neutron (m.) = 1.008665 amu. 

Sol11tion 

The ;;CI nucleus has 17 protons and 18 neutrons. Therefore, 
the mass of contents nucleus of JiCI is 

M=17m +!Sm p n 

= 17 x 1.007825 + 18 x 1.008665 

=35.289amu 

Now, mass defect for the nucleus is 

l!,.m = 298 MeV 
9312MeV/amu 

0.3200amu 

Thus atomic mass of JiCI = mass of con tents the nucleus- mass 

of defect 

= m-1!,.m= 35.289 amu 

-0.3200 amu =34.969 amu 

# lll11strative Example 4.4 

Find the density of 1!C nucleus. Take atomic mass of 1!C is 
12.0000amu. TakeR0 = 1.2 x I0~15 m. · 

Sol11tion 

The radius of '!C nucleus can be given as 

R=R A 113 
0 

or R = 1.2 x 10-15 x (2) 113 

=2.75 X ]0""15 m 

The atomic mass of 1!C is 12 amu. Neglecting the masses and 
binding energies of the six electrons. 

Nuclear Physics _and_ Radi03~~~ti] 

Nuclear density 

] 2 X J.66 X J0-27 

(½11 )<2.7x!0-
15

)
3 

=2.4x I017 kg/m3 

# l/l11strative Example 4;5 

Calculate the binding energy per nucleon for )~e, i:Fe and 
23JU. Given that mass of neutron is 1.008665 amu, mass of 
proton is 1.007825 amu, mass of)~e is 19.992440 amu, mass of 
i:Fe is 55.93492 amu and mass of'~lU is 238.050783 amu. 

Sol11tion 

Binding energy ofnuclides is given by the equation 

B(~=[(A-Z)mn +Zmp-M(~]c' 

On dividing binding energy by the mass number, we obtain the 
binding energy per nucleon. 

B(~iNe) =[!Om.+ IOmP -M(;~e)] c? 

= [IO x 1.008665 + IO x 1.007825 

-19.992440] x 931.5 MeV 

= 160.6MeV 

Hence binding energy per nucleon 

B<f8Ne) 
20 

8.03 MeV/nucleon 

Similarly for. (&,°Fe), 

B(i:Fe) = [30m,, +26mp-M(i~e)] c? 

= [30 X J.008665 + 26 X 1.007825 

-55.93492] x 931.5 MeV 

=492MeV 

Hence binding energy per nucleon 

sdiFe) 
56 

8. 79 MeV/nucleon binding energy for (~jU) 

= [146m. +92mP-M(2~lUJ] c? 

= []46 X 1.008665 +92 X J.007825 

-238.050783] x 931.5 MeV 

= 1802MeV 

Binding energypernucleon is 

B(238 Fe) = 92 = 1802 = 757 M V 
238 238 · e 
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# Illustrative Example 4.6 

Show that the nuclide 8Be has a positive binding energy but is 
unstable with respect to decay into two alpha particles, where 
masses ofneutron, 1H and 8Beare 1.008665 amu, 1.007825 amu 
and 8.005305 amu respectively. 

Soilltion 

The binding energy of8Be is determined by the equation 

B(8Be) = [4m,, +4M(1H)-M(8Be)] c2 

The binding energy, 

B(8Be) =[4 x 1.008665+4 x 1.007825 

-8.005305] x 931.5MeV 

=56.5 MeV 

Now we calculate the binding energy of the decay of 8Be into 
two a-particles 

Here M= [2M(4He)-(8Be)]c2 

M = [2 x 4.002603-8.005305] x 93 l.5MeV 

M=-0.092MeV 

Because B is negative for this reaction, hence 8Be is unstable 
against decay to two alpha particles. 

Web R~ference at www.physicsgalaxy.com 
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Practice Exercise 4.1 

(i) In a thermo-nuclear reaction I ,00 x I 0-3 kg hydrogen is 
converted into 0.993 x 10-3 kg helium. 

(a) Calculate the energy released in joule. 

(b) If the efficiency of the generator be 5%, calculate the 
energy in kilowatt hours. 

[(a) 63.0 x IO" J, (b) 8.75 kWh] 

(ii) Find the binding energy and the binding energy per 
nucleon of the nucleus of 'to. Given, atomic mass of 1:0 (m) = 
15.994915 amu, mass of proton (mp)= 1.007825 amu, mass ofa 
neutron (m,,) = 1.008665 amu and I amu = 931.5 MeV. 

[127.62 MeV, 7.976 MeV] 

. ---·- ----~1 
____ 12.?J 

(iii) Find : (a) An approximate expression for the mass ofa 

nucleus of mass number A, if mis the mass ofa nucleon (b)An 

expression for the volume of this nucleus in terms of the mass 
number, and ( c) A numerical value for its density. 

[(a) Am, (b) 3"nrJA, (c) 2.3 x 10 17 kg/m3] 

(iv) Calculate the binding energy of the deuteron, which 
consists of a proton and a neutron, given that the atomic mass 

of the deuteron is 2.014102 amu. Take mass of proton 

(mp)= 1.007825 amu, mass ofaneutron (m,,) = 1.008665 amu and 
I arnu = 93 1.5 Me V. 

[2.224 MeV.] 

(v) Find the binding energy of the nucleus oflithium isotope 

JLi & hence find the binding energypernucleon in it. (Given 

JLi atom= 7.016005 amu; 1H
1 atom= 1.007825 arnuin= 1.008665 

amu.) 

[39.23 I MeV. 5.604 MeV] 

(vi") Calculate the electric potential energy due to the electric 

repulsion between two nuclei of 12C when they 'touch' each 

other at the surface. 

[9.435 MeV] 

(vii) Find the binding energy of;;Fe. Atomic mass of56Fe is 
55.934939 amu, Mass ofa proton is 1.007825 amu and that of 
neutron= 1.008665 amu. 

[496.95 MeV] 

4.3 Radioactivity 

As we've discussed that inside a nucleus electrostatic attraction 
is counterbalanced by short range strong nuclear forces and 

nucleus becomes stable. Despite the forces are balanced, many 
nuclides are unstable because of nuclear size or the limited 

range ofnuclear forces or due to slight imbalance in small sized 

nuclides, these nuclides spontaneously disintegrate into other 
nuclide. This phenomenon of spontaneous disintegration we 

call radioactivity. In further section of the chapter we'll discuss 
the aspects of radioactivity by which unstable nuclide 
disintegrate to achieve stability. 

4.3.1 MeasurementofRadioactivity 

Radioactivity ofan element is measured in terms of"activity". 

The activity of a sample ofany radioactive nuclide is the rate at 

which the nuclei of its constituent atoms disintegrate. IfN are 
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the number ofnuclei present in a radioactive sample at an instant 
then activity of this sample is given as 

A =- dN 
C dt ... (4.8) 

dN 
Here di is negative as with time always no. of elements 

decreases due to disintegration, due to negative sign, Ac is 
always taken positive. The activity of a substance is measured 
in terms of"dps" or disintegrations per second. The SI unit of 
activity is named after Bequeral, defined as 

1 bequeral = 1 Bq = 1 disintegration/sec 

Generally activities of radioactive samples in nature are very 
high that's why bequeral is a very small unit fornormal practice, 
more often MBq or GBq are used. For the same traditional units 
curie ( Ci) and rutherford (Ru) are also used. These are defined 
as 

and 

1 Ci= 3.7 x 1010 dis/sec 

l Ru= l06 dis/sec 

Roughly curie was originally defined as activity of 1 gm of 
2f fRa . Similarly it was observed that 1 kg ofordinarypotassium 
has an activity of about 1 mCi (10-3 Ci) because in ordinary 

potassium small proportion ofradioisotope ti K is also present. 

4.3.2 Fundamental Laws of Radioactivity 

On the basis of experiments performed by Ruthorford and Soddy 
. some conclusions were made for behaviour of radioactive 
elements and the properties ofRadioactivity, these conclusions 
we summarize as fundamental laws ofradioactivity. These are 

(I) Radioactivity is purely a nuclear process, it is not 
concerned in any manner with the extranuclear part ofatom. 

(2) As radioactivity is a nuclear process, it is independent 
from any chemical property of the element. As we've discussed 
that radioactive property of an element is only the process 
concerned with nucleus of the element. It does not effect the 
electronic configuration of the element. If this element takes 
part in a chemical reaction the product formed will also have the 
radioactive property in the same fraction by which the 
radioactive atom is present in the molecule of product. · 

(3) Radioactivity is a random process, its study is onlypossi_ble 
by laws of probability mathematically. In a group of several 
radioactive atoms, which one will disintegrate first is ju.st a 
matter of chance. 

(4) As radioactivity is a random ·process, the disintegration 
density throughout the volume ofa radioactive element remains 
constant. !fan element% decays to a daughter nuclide Ythen in 
a given volume of element, all portions of volume will have 
same ratio ofnumber ofatoms of Yto that of X. 

Nucl~ar Phys~-9s and Radioactivit~J 

Thus due to randomness, approximately the amount of 
disintegrations per unit volume per second (called disintegration 
density) remains constant in the whole volume of the substance. 

43.3 Radioactive Decay Law 

This law relates the activity of a substance with the number of 
active or undecayed atoms present in a group of radioactive 
atoms at an instant of time. This law is stated as 

"The activity of a radioactive element at any instant is directly 
proportional io the number of undecayed active atoms (parent 
atoms) present at that instant." 

Let us consider that at t = 0, there are N
0 

parent atoms are there 
in a substance and after a time t, N-atoms are left undecayed. 
This implies that in the duration from t = 0 tot= t, N0-N atoms 
are decayed to their daughter element. If in further time from 
t = t tot= t + dt, dN more J1toms will decay then at time t = t, we 
can say that the activity of the element is given as 

A = l_<il\'_[ 
C di] 

Now according to Radioactive Decay Law, we have 

l~l ocN 

=> A =ldNI ='),,N 
C dt 

... (4.9) 

... (4.10) 

Here '),, is the proportionality constant, we call decay constant 
for the decay process. The value of decay constant differs for 
different elements. From equation-(4. IO) we can see that if'),, is 
high the element will have high value of activity and if'),, is less, 
the activity will be relativity less. Thus we can say that the 
decay constant for a radioactive element gives a relative criteria 
ofits stability if the value on. for an element is more, it is more 
active or relatively less stable and if for an element'),, is less, it is 
more stable. From equation-4. 10, we can also write 

'),,=l~I 
N 

... (4.11) 

Thus decay constant of a process can be given as "activity per 
atom" (as given in equation-(4.11)). This shows that for a given 
radioactive element the activity per atom always remains 
constant where as we've already discussed that with time the 
overall activity of a substance decreases with time as number 
of parent elements continuously decreases with time. 

Now from equation-( 4.10), we can write 

dN =-'},,N 
dt 

... (4.12) 
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Here negative sign shows that :;; , the rate at which the active 

elements are disintegrating is negative or number of active 

elements are decreasing with time. Now we have from 
equation-(4.12) 

dN 
- =-'}..dt 
N. 

Now we integrate this expression within time limits from t= 0, to 
t= t, we have 

[!nN]Z, =-'}..t. 

N=N e_,, 
0 ... (4.13) 

Here equation-( 4.13) gives the number ofactive parent atoms N 

present at time·t in the mixture. This equation, we call radioactive 
decay equation. 

From equation-(4.13) we can have 

AN='}..N e->r 
0 

... (4.14) 

Here Aco = A N0 is the initial activity of substance at t = 0. 

equation-( 4.14) is ~nother form of radioactive decay equation. 

This equation can be used to find activity of a radioactive 
substance at any time instant. 

4.3.4 HalfLife Time 

In previous section we've discussed that during decay of a 

- -1291 
-... _ ----l 

In some nuclear power plants a major problem is disposal of the 

radioactive wastes since some of the nuclide present in waste 
have long halflives. 

For a radioactive element in a sample ifatt = 0, No nuclei are 

present of active parent element and during observation after 

t = T, ~o are left then this duration Tcan be taken as halflife of 

this element. From radioactive decay equation we have 

N=N e-•, 
0 ... (4.15) 

N 
Here at t = T, N = -f thus we have in above equation 

In(½) =-'}..T 

ln(2)='}..T 

In (2) 0.693 
T=-,_-=-,_- ... (4.16) 

4.3.5 Alternate form of Decay Equation in terms of Half Life 
Time 

If one radioactive element X decays to a daughter nucleus Y 
with a decay constant A then for the process nuclear reaction, is 
written as 

X~Y 

If initially N0 nuclei of elementX are present then after time t, 
number of nuclei present in the sample are given by decay 
equation given as 

N=N e_,., 
0 

Ifwe rearrange the equation, we have 

N ln-=-'}..T 
No 

... (4.17) 

... (4.18) 

radioactive sample, the amount of radionuclide fall off We know that half life of substance is defined as 
exponentially with time. Every radioactive sample has a 

characteristic halflife. Halflife time is defined as the time duration 

in which half of the total number of nuclei will decay or left 

undecayed. Say for example at any instant we look into the 

quantity of a sample of radioactive element, it is observed that 

after every 3 hour the number of undecayed parent element 

reduces to half thus accordingly the halflife of the nuclide is 

3 hour. Some half lives are only a millionth of a second for 

highly active elements and som~ less active elements have half 

life in billions of years. 

or we can write 

In (2) 
T=-

"-

In (2) 
'}..=--

A 

Now from equation-(4.18) we have · 

... (4.19) 
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Taking antilog on both sides, we get 

N 
- =c2r',r 
No . 

=} 

' 
... (4.20) 

Equation-(4.20) is an alternate form of decay equation useful 
for numerical applications. 

4.3.6 Mean Life Time 

For a given radioactive substance, some nuclei disintegrate in 
the beginning and some will disintegrate after a long time. Thus 
we can say that some nuclei have very short life and some have 
very large life time for disintegration. For a radioactive element 
mean life is defined as 

Mean life time 

T 
' m 

Sum of lives of all nuclei in a sample 
Total number of nuclides in sample 

L T=
m "-

... (4:21) 

The above numerical value is comes out to be reciprocal of 
decay constant of the element. This can not be directly calculated 
but we can· calculate the value of mean life time for a radioactive 
element using basic probability laws as explained in the next 
section. 

4.3. 7 Calculation of Mean Life Time For a Radioactive Element 

The half-life ofa sample of radioactive nuclei is the time for half 
of the sample to disintegrate. The average or meao life of the 
sample is different. Some of the atoms in the sample exist much 
longer than others before decaying. To determine the mean life, 
consider an analogy. Imagine a collection of! 0 people with the 
following death statistics; 3 die at age 60 y, 2 at age 70 y, 4 at 
75 y, and 1 at a venerable 90 y. The average age is found by 
multiplying the number dying at each age, summing the results, 
and dividing the sum by the total sample size : 

3(60y)+ 2(70y) +4(75y) + 1(90y) 
Average age= , 

10 

=71y 

The average lifetime of an initfal sample ofN0 radioactive atoms 
is found in a similar way. LetNbe the number ofatoms that still 
exit attime t. Between t and t+ dt, we lose a few of these hearty 
atoms: dN of them decay. Thus the number of atoms that live a 

Nuclear PhYsics an~ ~~~oactivityJ 

time tis dN. The sun in the number of the average is really an 
integration of the quantity t dNbetween N0 and 0 particles; the 
denominator is the sum of the particles, or the integration of dN 
over all the particles: 

0 

. J1dN 

Mean or average life= ~ ... (4.22) 

f dN 

No 

For the integration in the numerator, we use the activity of the 
substance to find dN, given as 

dN -=-W 
dt 

dN=-Wdt 

We make the substitution for dN in the numerator of equation
(4.22). For the average life, we then have 

00 

_:Jtwdt 
0 

Mean or average life = --'_'--N~
0
-

From radioactive decay equation we have 

N=Ne-JJ 
0 

Thus equation-(4.23) becomes 

00 f 1woe-•1 dt 
0 . 

Mean life= -"---N-
0
--

... (4.23) 

... (4.24) 

This integration is done by parts. The result comes out as 

. I 
Meanhfe= I ... (4.25) 

Thus the numerical value of mean life is the reciprocal of the 
disintegration constant for the respective radioactive element. 

# Illustrative Example 4. 7 

The halflife ofradon is 3.8 days. After how many days will only 
one twentieth of radon sample be left over? 

Solution 

We know that · 

Here 

=} 

i=0.693/T 

T=3.8 day 

· 0.693 
i= 3.8 =0.182perday 
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Ifinitially at I= 0, the number of atoms present be N0, then the 
number of atoms N left after a time I is given by => ( 

99) 50 
log2 100 =-y 

N=N. e-At 
0 

N _ =e-At 
No 

I _,, 
20 =e 

e" =20 

Taking log on both sides, we get 

Al= In (20) = 2.303 log10 20 

2.303log10 20 
t= "-

2.303log10 20 
0_ 182 = 16.45 days. 

# Illustrative Example 4.8 

One gm of a radioactive material having a half life period of 

T= (100) log 2 99 

50 

log10 (2) 
T=50x--~=~---

log10(!00)-log2(99) 

[ 
0.301 ] 

T= 50 2-1.9956 

T=3420sec=57 min. 

# Illustrative Example 4.10 

I g of a radioactive substance disintegrates at the rate of 
3.7 x 1010 disintegrations per second. The atomic mass of the 
substance is 226. Calculate its mean life. 

2 years is kept in store for a duration of 4 years. Calculate how Solution 
much of the material remains unchanged? 

Solution 

According to radioactive decay law we have 

N=Noz-11r 

Here we have T= 2 yrs. and I= 4 yrs. 

Thus we have 

No I 
N=-=-gm 4 4 

Given that activity of substance is 

A,=3.7 x I010 dps 

The number of atoms in I gm of substance are 

N= !x6.023x!023 

226 

N = 2.66 x I 021 atoms 

If").. is the decay constant of the substance, we know that 

Activity 

Thus after 4 years 0.25 gm of the material will be left. => 

# Illustrative Example 4. 9 

I gm ofradioactive substance takes 50 sec to lose I centigram.· 

A= 3.7 x I 0
10 

s-' 
2.66xl021 

Find its halflife period. => A= 1.39 x 10-11 s-1 

Solution 

Given that after 50 second the amount remaining is 0.99 gm as 
out of I gm, I centigram is lost. Now from radioactive decay 
equation, we have 

N=N 2-i!T 
0 

0_99 = (I) z-so1r 

Thus mean life of the radioactive substance is 

T = J_ 
m "-

T = I 
m l.39x!0-11 
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# lllustrative Example 4.11 

There is a stream ofneutrons with a kinetic energy of0.0327 eV. 
If the half life of neutron is 700 seconds, what fraction of 

neutrons will decay before they travel a distance of IO km. 
(mass of the neutrons= l.6758 x 10-27 kg). 

Solution 

Given that kinetic energy of neutrons is 

½mv2 =0.0327 x (l.6 x 10-19>1 

2 2x0.0327x(l.6x!0-19 ) 
V = 

l.675x!0-27 

v=2500m/s 

Time to travel a distance of IO km 

104 m 
t= 2500m/s = 4 s 

After 4 second number ofneutrons left can be given as 

When n = ~ no. of half-lives. Here n = ?6o = 1 ~5 

N N =2-1/175=0.996 
0 

N=0.996N0 

Thus fraction of neutrons decayed is 

N0 -N 0.004N0 f= = ----,-,-----'- = 0.004 
No No 

# Illustrative Example 4.12 

An experiment is done to determine that halflife ofa radioactive 
substance that emits one beta particle of each decay process. 
Measurements show that an average of 8.4 beta particles are 
emitted each second by 2.5 milligram of the substance. The 

atomic weight of the substance is 230. Find the halflife of the 

substance. 

Solution 

Given that activity of the substance is 

Ac =8.4 dps 

Nucle~r -~h-ysi~~~~~~ ~~dioactiviiiJ 

No. ofatoms in 2.5 mg of substance are 

N= 2,5xl0-6 x6.023xl023 

230 

N = 6.54 x 1018 atoms 

We know that activity is given as 

Ac=A.N 

or decay constant is 

,._= Ac 
N 

A,= 8.4 
6.54x 1018 

Thus halflife of substance is 

ln(2) 
T=T 

0.693 
T=----s 

l.28x 10-18 

T=5.41 x 1017 s 

# Illustrative Example 4.13 

I~ an experiment on two radioactive isotopes of an element 

(which do not decay into each other), their mass ratio at a given 
instant was found to be 3. The rapidly decaying isotopes has · 
larger mass and an activity of l.O µ curie initially. The halflives 
of the two isotopes are known to be 12 hours and 16 hours. 

What would be the activity of each isotope and their mass ratio 

after two days ? 

Solution 

Let the two isotopes are A and B such as their halflives are 

and 

TA=l2hr. 

T8 =16hr. 

Initially their mass ratio is given m A = 3 
mo . 

Given that initiallyactivityofisotopeA is I µCi 

A0A= l µCi 

Activity of isotope A after 2 days will be given as 

AA= AoA (2)-48/12 
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=> 
!µCi 

= 7."6" 

=> =0.0625 µCi 

After I= 5 hrs, the activity present in the solution is 

=> 

A = Ao (2rs11s 

A=3.7x I04 x2-113 dps 

. _ 133J 

For the second isotope B it atomic mass assumed to be same 

the initial activity can be given as Given that in l cm3 ofblood sample is 2:
0
6 dps. If total value of 

A
08 

= ')..
8 

N
8 

blood is V then total activity is. 

=> 

ln(2) NA 
=--x-

16 3 

AoA xl2 
_3xln2 

After two days activity of second isotope will be 

As=·Aos (2)-48/16 

=> 
Aos AoA 

As=-8-=32 

A = !µCi 
B 32 

A8 =0.03125 µCi 

No. of atoms of isotopes A and B left after two days are 

N~=NA(2)-4 

N;=N8 (2r3 

=> 

# Illustrative Example 4.14 

A small quantity of solution containing Na24 radionuclide (half 

life 15 hours) ofactivity 1.0 microcurie is injected into the blood 
of a person. A sample of the blood of volume I cm3 taken after 

5 hours shows an activity of 296 disintegrations per minute. 
Determine the total volume ofblood in the body of the person. 
Assume that the radioactive solution mixes uniformly in the 
blood of the person (I curie= 3.7 x 10 10 disintegration per 
second). 

Sollltion 

Given that initial activity is 

=> 

=> 

A= I µCi 

A =3.7 x 1010 x 10..;;dps 

A=3.7 x I04 dps 

=> 

296 V= 3.7xl0
4 

60 2113 . 

V= 3.7xl0
4 

x60 cm3 
296x2113 

V = 5952 cm3 = 5.952 ltr. 

# Illustrative Example 4.15 

In an ore containing uranium, the ratio of238U to 2116Pb nuclei is 

3. Calculate the age of the ore, assuming that all the lead present 
in the ore is the final stable product of238U. Take the half-life of 
238U to be 4.5 x I 09 yeani. 

Solution 

Presently the ratio of238U to 2°'Pb nuclei is 3 

Nu 
-=3 
Np• 

Ifwe consicfer no. of uranium atoms are 

Nu=3N1 

Then no. oflead atoms 

NPb=N1 

Given that all lead atoms are the decay product of uranium thus 

in the beginning at I= 0, no. ofuranium atoms can be taken as 

!fare ofore is I then from radioactive decay equation, we have 

Nu= Nou (2r'IT 

=> 

=> 

=> 

=> 

3N1 = 4N1 (2r1!4.s' 10' 

(zrr/4.S ' 109 = i 
3 

_ 
9 

log 10 (½) · 
l-4.5x]O log

10
(2) yrs 

4.5x]09 x0.125 
t= 0.301 yrs. 

t = 1.868 x I 09 yrs. 

Study Physics Galaxy with www.puucho.com

www.puucho.com



~,1-3_4 ___ -- - - ---

# lllustrative Example 4.16 

In the chemical analysis of a rock, the mass ratio of two 
radioactive isotopes is found to be lO0 : I. The mean lives of the 
two isotopes are 4 x I 09 years and 2 x l 09 years respectively. If 
it is assumed that, at the time of formation of the rock, the atoms 
of the two isotopes were in equal proportion, estimate the age 
of the rock. The ratio of the atomic weights of the two isotopes 

is 1.02: I. 

Solution 

Given that the present mass ratio of the two isotopes is 

3_ =100 m, 
The ratio ofno. ofatoms can be given as 

N1 m1 A, I 100 
- = - x -=l00x --=-
N2 m2 A1 1.02 1.02 

From radioactive decay equation, we have 

N =N e-1tt1 
I 10 

and N =N e-,!-cz 
2 20 

Dividing equation-(4.26) by equation-( 4.27) 

N -,(_!__t) 
_I =e •1 •2 

N,t= In(~) 

(}, -;J 
2.303log(f:%%-) 

t= yrs 

(2x \o9 - 4x~o9 ) 

= J.833 X 1010 yrs. 

# lllustrative Example 4.17 

... (4.26) 

... (4.27) 

- A bone suspected to have originated during the period of 
Ashoka the Great, was found in Bihar. Accelerator techniques 

14c 
gave its 12 C ratio as l.l x l0-12. Is the bone old enough to 

have belonged to that period? (Take initial ratio of 14C with 12C 
= 1.2 x 10-12 and halflife of14C= 5730 years). 

Solution 

Given that initial ratio of 14C to 12C is 

· No1, = 1.2 x 10-12 

No12 

- . -- -- . -·--::-, 

Nuclear Physics a~~-R~~).i~~~~~ityJ 

After time t no. of atoms of 14C can be calculated by decay 

equation as 

=:, 

N1, = N01 , c2r'" 

N14 = No1, (2r11r 
No12 No12 

[ As N012 remain unchanged] 

u x 10-1, = 1.2 x w-1, c2r'" 

I (1.2) r =tog, ii 

= 0.0377 X 5730 
I 0.301 yr 

=719.1 yr. 
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Practice Exercise 4.2 

(i) The halflife period ofradium is 1590 years. After how 
many years will one gram of the pure element. 

(a) be reduced to one centigram, 
(b) lose one centigram. 

[10564.78 years, 23.06 years] 

(ii) The disintegration rate ofa certain radioactive sample at 
any instant is 4750 disintegrations per minute. Five minutes 
later the rate becomes 2700 disintegrations per minute. Calculate 
the halflife of the sample. · 

[6.135 minutes] 

(iii) Calculate the activity of one gm sample of;~Sr whose 

halflife period is 28.8 years. 

[5.106 X IQll dps] 

(IV) The halflife ofa cobalt radio-isotope is 5.3 years. What 
strength will a milli-curie source of the isotope have after a 

period of one year. 

[0.87 mCi[ 
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(v) A sample contains 10-2 kg each of two substances A and 
B with half lives 4 seconds and '8 seconds respectively. Their 
atomic masses are in the ratio of! : 2. Find the amounts of A and 
B after an interval ofl6 seconds. 

[6,25 X 10-4 kg, 2.5 X 10-J kg] 

(vi") At a given instant there are 25% undecayed radio-active 
nuclei in a sample. After 10 seconds the number ofundecayed 
nuclei reduces to 12.5%. Calculate (a) mean-life of the nuclei, 
and (b) the time in which the number ofundecayed nuclei will 
further reduce to 6.25% ofthe reduced number. 

[(a) 14.43 s, (b) 10 s] 

(vii) 1 gram of cesium-137 (';;cs) decays by ~-emission with 
a-half-life of30 years. What is (a) the resulting isotope ?(b)the 
number of atoms left after 5 years? ( c) !finitial activity of sample 
is I m(_::i then what is the activity of cesium after 5 years ? 

[(a) ",~Ba, (b) 3.913 x 1021 , (c) 0.89 mCi.] 

(viii) The normal activityofa living matter containing carbon is 
found to be 15 decays per minute per gram of carbon. An 
archaeological specimen gives 6 decays per minute per gram of 
carbon. If the half-life of carbon is 5730 years, estimate the 
approximate age of the specimen. 

[7575.40 years] 

(ix) A radioactive isotopeXhas ahalflife of3 second. Initially 
a given sample of this isotope contains 8000 atoms. Calculate 
(a) its decay constant, (b) the time 11 when 1000 atoms of the 
isotope X remain in the sample, and ( c) the number of decay per 
second in he sample att = 11• 

[(a) 0.231 ,-1, (b) 9 s, (c) 231 ,-11 

4.4 Radioactive Series 

In the discovery of radioactivity we know it was formed that 
many of radioactive elements are relatively heavy. It was seen 
that sometime when one nucleus decays into another, the 
resulting daughter _nucleus is also unstable or radioactive and 
it subsequently decays into another daughter nucleus until a 
stable element appears. This series ofall daughter nuclides we 
call radioactive series and the end product of the series is a 
stable isotope. 

There are four radioactive series discovered and majority of 
radioactive elements can be considered to be members of one 
of these radioactive series. Out of these four, three are naturally 
found radioaciive series and one is artificial laboratory made 
series. The reason that there are exactly four series follows from 
the fact that when a radioactive element decays by a-decay, the 
mass number ofnucleus reduces by 4. Due to this we can say 

- .... ___ ys] 
that the heavy nuclides having mass number A= 4n, where n is 
an integer, can decay into one another in descending order of 
mass number constituting a radioactive series. Thus there can 
be four radioactive series having mass number specified by 4n, 
4n + I, 4n + 2 and 4n + 3. Table-4.2 lists the four radioactive 
series. Among all series, the halflife ofNeptunium is so short as 
compared to the age of solar system that the members of this 
series are not found on Earth. This series is produced in 
laboratory by bombarding other heavy nuclei with neutrons. 
From table we can see that all three natural radioactive series 
terminate with the end product lead (Pb) and the artificial series 
terminates in Bismuth (Bi) 

Table4,2 

Mass Numbers Series Parent Half -life, y Stable End Product 

4n Thorium ~~Th l.39xl010 2~Pb 

4n+l Neptunium ~lNp 2.25xl06 2~Bi 

4n+2 Uranium i~~u 4.51xl09 2~Pb 

4n+3 Actinium ~~u 7.07xl08 2~~Pb 

Figure-4.4 shows the uranium series (A =4n + 2 series) which 

starts from the parent nucleus 2~~U and terminates in 2i~Pb. 
All the intermediate elements of the series are shown in figure. 
We can see here that some of the radioactive nuclei have 
alternate decay modes, decaying by either alpha emission or 
beta emission like-218Po, 214Bi, 21°Bi etc. . 

Figure 4.4 
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4.4.1 Radioactive Equilibrium 

In a radioactive series if we talk about an intermediate element, 
it is produced ·due to the decay of its previous element and it 
decays to the next element of the series. In the equation-(4.28) 
shown an intermediate element J decays to K with a decay 
constant :>..

1 
& K decyas to L with decay constant :>..2• 

-:--+ J ~ K ~ L ... (4.28) 

N1 N2 

Similarly for a radioactive element with decay constant:>.. which 
decays by both a and fl-decay is given that the probability for 
an a emission isP

1 
and that for P-emission is P

2 
then the decay 

constant of the element can be split for individual decay modes, 
like in this case the decay constants for a and fl decays separately 
can be given as 

and 

!fat an instant, N1 nuclei ofJ are present, its disintegration rate 4.4.3 Accumulation of a Radioactive Element in Radioactive 
can be given as Series 

... (4.29) 
In a radioactive series, we've discussed that each element decays 

As J decays to K, the above relation in equation-( 4.29) also into its daughter nuclei until a stable element appears. Consider 
gives the formation rate of nuclei of K. If at this instant N2 a radioactive series shown below 

nuclei of Kare present its decay rate can be given as A ~ A ~ A ~ 
I 2 3 

... (4.30) 

If at some instant the production rate and decay rate of the 
elementKbecomes equal then the amount of K appears to be a 
constant as the number ofnuclei of K produced per second are 
equal to the number of nuclei of K disintegrating per second. 
This situation for the intermediate elementK is called radioactive 
equilibrium. We can also state that this equilibrium is a dynamic 
equilibrium in which the amount of K element appears to be a 
constant along with the process of its continuous formation by 
decaying elementJ and its continuous disintegration to element 
L. Thus for an element condition ofradioactive equilibrium is 

Rate of formation= Rate of disintegration · 

Here fore elementK to be in radioactive equilibrium, we have 

... (4.31) 

4.4.2 Simultaneous Decay Modes of a Radioactive Element 

We know that due to radioactive _disintegration a radio nuclide 
transformed into its daughter nucleus. Depending on the 
nuclear structure and its unstability a parent nucleus may 
undergo either a or p emission. Some times a parent nucleus 
may undergo both types of emission with the probabilities of 
a-decay or P-decay. The amount of daughter nuclide produced· 
by a and P-decay will be in the probability ratio of a and P 
decays. 

Now we analyze the decay of such elements which disintegrates 
with two or more decay modes simultaneously. If an element 
decays to different daughter nuclei with different decay 
constants :>..I' :>..2, :>..3, ... for each decay mode then the effective 
decay constant of the parent nuclei can be given as 

To analyze mathematically the above series, we assume initially 
at I= 0, N0 atoms of parent element A I are present which decays 
to the element A

2 
with a decay constant :>..1, thus after time I, 

numberofundecayed nuclei ofA 1 present at a time instant I can 
be given be decay law as 

N =N e-1 ,' 
· I 0 ... (4.32) 

Due to disintegration of Al' nuclei of A2 are formed and these 
start decaying with a decay constant :>..2 to another element Ar 

Let at an instant t, N2 undecayed nuclei of A2 are present then 
the decay rate of A

2 
at this instant can be given as 

Decay rate of ... (4.33) 

Due to disintegration of A 1, A
2 

is produced thus the production 
rate of nuclei of A

2 
will be the decay rate ofnuclei of Al' thus 

production rate of A
2 

at this instant can be given as 

Production rate of A
2 

= :>..
1 
N

1 
... (4.34) 

Now in a further time dt, if dN
2 

nuclei of element A2 are 
accumulated then the accumulation rate ofnuclei ofelementA2 

can be given as 

. .. (4.35) 

Equation-(4.35) is a simple linear differential equation which on 
solving gives the number ofnuclei of element A2 as a function 
of time t. On solving equation-( 4.35) we get 

... (4.36) 
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Here we can see that in the begging as N2 = 0, due to 
disintegration of Ai' A

2 
is being formed and as the amount of A1 

is decreased and that of A2 is increased, decay rate of A2 
increases and that of A I decreases. After a time when both 
decay rate becomes equal, the element A2 will be said to be in 
radioactive equilibrium and later the amount of A2 start 
decreasing with time. Thus it is the state of radioactive 
equilibrium when the yield of the radionuclideA

2 
is maximum. 

Lets take some examples to understand the above phenomenon 
better. 

# Illustrative Example 4. I 8 

A 32P radionuclide with half life 14.3 days is produced in a 
reactor at a constant rate q = 2. 7 x I 09 per second. How soon 
after the beginning of production ofradionuclirie will its activity 
be equal to A = 1 x 109 disintegration/sec 

Solution 

In the reactor just after production of radio nuclide, it starts 
decaying. The accumulation rate of the radio nuclide can be 
given as 

=> 

dN dt =q-A.N 

_c!!!_ = dt 
q-A.N 

N t 

J_c!!!__ = f dt 
q-AN 

0 0 

q-A.N=qe_1,,, 

When activity"' N = 1 x 109 dps then 

=> 14.3 (2.7) 
t = ln(2) x ln 1.7 

=> 14.3 (27) 1 = log 
10 

(2) log10 17 

=> f = d.~t) X 0.20) 

=> t = 9.55 days. 

# Ill11strative Example 4.19 

The mean lives of a radioactive substance are 1620 years and 
405 years for a-emission and Jl-emission respectively. Find out 
the time during which three fourth ofa sample will decay ifit is 

decaying both by a-emission and Jl-emission simultaneously. 

Sol11tio11 

The decay constants for a and Jl emissions are 1/1620 and 
1/405 per year respectively. 

In this case effective decay constant for both decays 
simultaneously is 

A,=A,n +Ap 

1 1 1 _, 
"'= 1620 + 405 = 324 year 

Let t be time in which the given sample decays three fourth. 
Therefore, the fraction of sample undecayed in time t is 1/4. 
Hence 

N=NrJ4 

Now from decay equation 

N=N e-1,,, 
0 

=> 
No ,_=Ne-At 
4 0 

ln(4) 
f= ~ = 1.386 X 324=449yr 

# Illustrative Example 4.20 

Lead 206Pb is found in a certain uranium ore due to disintegration 
of uranium. What is the age Of uranium ore ifit now contains 
0.8 gm of 2

'
6Pb for each gram of 238U given the half life of 

uranium= 4.5 x l09 years. 

Solution 

206 grams of Pb is produced by 238 grams of238U 

Hence 0.8 grams of Pb will produced by 

238 _ f238 
206 

x 0.8 - 0.92427 grams o U 

Now from decay equation we use 

m=m e-AI 
0 

1 = 1.92427 e-<0.693 ,1•.s' JO'J 

Study Physics Galaxy with www.puucho.com

www.puucho.com



1138 

Here m0 = I +0.92427= 1.92427 

I = e--<0.693 ,14._5 x 109) 
1.92427 

0.693 t ~ In (1.92427) 
4.5xl09 

=2.303 log10 (1.92427) 

4.5x109 

t = 
0

_
693 

[2303 log10 (1.92427)] 

=425 X Hi9yr 

# lllustrative Example 4.21 

Find the half-life of uranium, given that3.32 x 10-1 gm ofradium 
is found per gm ofuranium in old minerals. The atomic weight 
of uranium and radium are 238 and 226 and half-life of radium is 
1600years(AvogadroNumberis6.023 x 1023/gm-atom). 

Solution 

N~cle~r _P_~~ics and Radioactiviti} 

Where T= halflife period and N = number of molecules, 

Further, 

N = .::m=a=ss:...o:..:fc.:t::he:..·s:..:a:::m::,:pc:.le:...x_A'-'-'cvo::.,ga::a=dr:..:oc.:' s:..:n::.:um=b..:.er:.. 
_ m3.ss number 

Letthe total mass of uranium mixture be M 

Then mass of 234U . 
' 92 ' 

M = 0.006 M 
I • 100 

mass of 235U 
92 ' 

M = 0.71 M 
2 100 

and mass of 238U 
92 ' 

M = 99.284 M 
3 100 

Again, 
. ?3 

N = 0.006 Mx6.03x10-
1 100 234 

In very old minerals, the amount ofan element is constant this and 
implies that the element exist in.radioactive equilibrium _thus 

6 23 
R = 0.693 x 0.00 M x 6:03 x 10 

1 2.SxlOs 100 234 

023 here we can use 

Nu 
T =-xT u NR R 

=> T = lx226 x 1600 
U 3.32x 10-? X 238 )'T 

# Illustrative Example 4.22 

A sample of uranium is a mixture of three isotopes 'i~U, 2;~U 
and 2;~U present in the ratio of0.006%, 0.71% and99.284% 
respectively. The half-lives of these isotopes are 2.5 x 105 years, 
7.1 x 108 years and4.5 x 109 years respectively. Calculate the 
contribution to activity (in % ) of each isotope in this sample. 

Solution 

. Activity · 

N = 0.71 Mx 6.03xl 
2 100 235 · 

end 
0.693 0.71M 6.03xl023 

R - ----'=-'-c-x--x=~"-'--
• 2 - 7.lxJ08 100 235 

and 
N = 99.284 Mx 6.03x!0

23 

3 100 238 

and 
R = 0.693" x 99.284M x 6.03xl0

23 

3 4.5x109 100 238 

Thus activities are in the ratio 

0.006 . 0.71 

234x(2.5x105) · 235x(7.lxl08) 

0.01026 : 0.000426 

99.284 
: 238x(4.SxJ09 ) 

:0.00927 

Total activity= 0.019956 

'¼ A . . . 0.01026 X I00-5141'¼ o ct1Vlt1es, 
0

_
019956 

- . o 

0.000426 X 100 =2 J3o/c 
0.019956 . 0 

0.00927 X J00-46 453/c 
0.019956 - . 0 
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# Illustrative Example 4.23 

A radionuclide with half life Tis produced in a reactor at a 
constant rate p nuclei per second. During each decay, energy 
£ 0 is released; If production of radionuclide is started at I= 0, 
calculate 

(a) rate ofrelease of energy as a function of time 

(b) total energy release_d upto time I 

Sollltion 

As production rate of radionuclide is p, the accumulation rate 
of these nuclide in the reactor can be given as 

=> 

=> 

dN 
- =p-AN 
dt 

dN 
p-AN =dt 

N I 

f _!!!!_ = f dt 
p-AN 

0 0 

p-AN 
--- =e-AI 

p 

... (4.37) 

Thus after time t the activity of radionuclide in the reactor is 

Given that during each decay an energy £ 0 is released, thus 
rate of energy release or power of reactor Pat time I is 

P=A,xE0 

=> 
ln2 [Where A= -J 
T 

Upto time I, number of undecayed nuclei can be given by 
equation-( 4.37) as 

N= E.(1-e-'1) 
A . 

In a time I, total number of nuclei produced are pt. Thus upto 
time I, number ofnuclei decayed are 

Nn=pt-N 

Thus total energy released upto time I is 

=> =(pt-N)E0 

=> =ptE - pE,T (1-e-•~ 
o ln2 

# Illustrative Example 4.24 

Nuclei of a radioactive element A are being produced at a 
constant rate ct. The element has a decay constant A. At time 
I= 0, there are N0 nuclei of the element. 

(a) Calculate the number N ofnuclei of A at time I 

(b) If ct= 2N0 A, calculate the number ofnuclei of A after one 
half. life of A, and also the limiting value of N as I~ oo 

Solution 

(a) Att=O,N=N0 

Rate of decay = - A N, and rate of formation = ct, thus 
accumulation rate of element is 

=> 

dN 
- =ct-AN dt 

dN 
--=di 
ct-AN 

Integrating this expression, we get 

=> 

=> 

=> 

=> 

=> 

In[ ct-AN] =-Al 
ct-AN0 

ct-AN -Al 
=e ct-AN0 

1 -N= °i [ct-(ct-AN0)e '1 

I 
N= °i[2N0 A-(2N0 A-N0 A)e-'1 

N=N0 [2-e-'1 

At the time ofhalf-life, 

T=(0.693(')..) 

So, 
. 3N0 N = No [2 - e--0.693] = -2-

Limiting value ofN(as /~oo) 

N= N0 [2-e-J ~2N0. 
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Practice Exercise 4.3 

(i) A radio nuclide A1 with decay constant ').,1 transforms 
into a radio nuclide A2 with decay constant ½- Assuming t .. at 
at the initial moment the preparation contained only the radio 
nuclide A,. Consider initially there were N0 nuclei of A I were 
there all= 0, find: 

(a) The equation describing accumulation ofradio nuclide 
A2 with time. · 

(b) The time interval after which the activity ofradio nuclide 
A2 reaches its maximum value. 

[(a) N
2
(t) = ,i-,N~ (e-''' -e-''') (b) In (1-, IA,) 

A2-AI Ai-AJ l 

(ii) 2liBi can disintegrate either by emitting an ct-particle or 
by emitting a P-particle. 

(a) Write the two equations showing the products of the 
decays. 

(b) The probabilities of disintegration by ct- arid P-decays are 
in the ratio 7/13. The overall half-life of212Bi is one hour. If! g 
of pure 212Bi is taken at 12.00 noon, what will be the composition 
of this sample at I p.m. the same day? 

[(a) 2
~ Bi ~ 2~f Tl + a, 2~i Bi ---t 

2~i Bi ---t 
2
~ Po + e- + V, (b) 0.50 

g- Bi, 0.175 g-Tl, 0.325 g - Po] 

(iii) A '"Bi radionuclide decays via the chain '"Bi ~-

' 
210Po ,.~ 206Pb (stable), where the decay constants are 

').,
1 
= 1.6 x 10--"s-1 ,').,

2
= 5.8 x 10-s s-1• Calculate ct& p activities 

of the 210Bi preparation of mass 1.00 mg a month after its 
manufacture. 

[N =NA exp (-At)=072 x 10 11 part/s A = NoAiAi [e-i.1t _e-A.1t]] 
p O l . . ' ~ A.2-A.1 

(IV) A human body excretes (removes by waste discharge, 
sweating etc.) certain materials by a law similar to radioactivity. 
If technetium is injected in some form in a human body, the 
body excretes half the amount in 24 hours. A patient is given an 
injection containing 99Tc. This isotope is radioactive with a 
half-life of 6 hours. The activity from the body just after the 
injection is 6 µCi. How much time will elapse before the activity 
falls to 3 µCi ? 

[4.8 hours] 

Nuclear PhysicS_ and-RadiOBCtiviii] 

(v) 57Co decays to 57Fe by p +emission.The resulting 57Fe 
is in its excited state and comes to the ground state by emitting 
y-rays. The half life of p+ decay is 270 days and that of the 
y-emission is I o-s sec. A sample of57Co gives 5 X I 09 gamma 
rays per second. How much time will elapse before the emission 
rate of gamma rays drops to 2.5 x 109 per second? 

1270 days] 

("1') A radionuclide A I goes through the transformation chain 
A, -A,-A3 (stable) with respective decay constants ').,1 
and "-,· Assuming that at the initial moment the preparation 
contained only the radionuclide A1 equal in quantity to NJO 
nuclei, find the equation describing accumulation of the stable 
isotope.A 3. 

[ ,._;~°,,_
1 

(A2-A1 +(Aie-i-.21 -:A2e-i-.1'))] 

4.5 Nuclear Reactions 

When two nuclei came close to each other, nuclear reaction can 
occur that r'esults in a new nuclei being formed. Generally it is 
very difficult to bring nuclei very close as they are positively 
charged_ and repulsion between thel)l keeps them beyond the 
range where they can interact unless they are moving very fast 
toward each other to decrease the distance of their closest 
approach to start the nuclear reaction. 

In Sun nuclear reactions are very frequent as the temperature is 
millions of kelvin, the nuclei have sufficient speed to bring then 
very close to each other and the energy released in reaction · 
maintains the temperature there. 

Most of the nuclear reactions occur in two stages or steps. In 
first step an incident particle strikes a target nucleus and the 
two combine to form a new nucleus called compound nucleus, 
which have atomic number and mass number equal to the sum 
of target nucleus and the striking particle. The compound 
nucleus is generally formed in excited state because of the initial 
kinetic energy of the striking particle. It is observed that the 
compound nuclei have very short life time of the order of I 0-15 

seconds. In second step these compound nuclei may decay in 
one or more different ways depending on their excitation energy. 

Lets discuss an example when an ct-particle incident on a 1jN 
nucleus with some kinetic energy. The corresponding nuclear 
reaction is given in equation-(4.38). 

... (4.38) 

Here fluorine nucleus 1~F, formed in an excited state. This has 
some excess energy which automatically lead it to eject a particle 
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like in this case, a proton ( jH ). As the excited nucleus lasts 

only for a short time, it is commonly omitted from the equation 

of nuclear reaction thus above reaction can also be written as 

- _---1417 

There are two major categories of nuclear reactions, we'll discuss 
in detail. These are 

.(i) Nuclear fission 

J4N + 4H ------+ 170 + I H 
7 2 8 I 

(ii) Nuclear fusion ... (4.39) 

Nuclear reaction suc.h as those written in above have a general 
form 

A + a ------+ B + b ... (4.40) 

Here uppercase letters represent the nuclei and the lowercase 
letter represent the particles. The shorthand form of above 

reaction is written as 

A (a, b) B ... (4.41) 

For the example we've taken above equation-( 4.39) can be 

written as 

1~N(a,p) 'iO ... (4.42) 

4.5.1 Q-Value of Nuclear Reaction 

Q-value ofa nuclear reaction is defined as the difference in the 
rest mass energies of particle and nuclei before reaction and 
those of pro4ucts formed afterreaction. For example in a nuclear 

lets discuss these in detail. 

4.6 Nuclear Fission 

Figure-4.5 shows the variation of Binding Energy per nucleon 
with mass number of different element. We have discussed that 
the middle weight elements are more stable then the heavy 

weight elements. Thus if we can break a large nucleus into 

smaller nuclei energy must be released. If the released energy is 

more then that required, to split the nucleus then the difference 

energy can be converted into useful forms. 

The phenomenon Qf splitting a heavier nuclei into two or more 
lesser weight fragments is known as nuclear fission. 

For example in the figure say 150X is a heavy element with 

Bin\ling energy per nucleon Ex then to break it into nucleons 

energy required is 

U1 = 150Ex ... (4.45) 

reaction. 

A + B ------+ C + D 

The Q-value of above reaction is defined as 

Q=(mA+m8-mc-m0) c'-

lfnuclei splits into two fragments Y and Z according to reaction 

... (4.43) given in equation-(4.46) 

... (4.44) 

!fin a reaction energy is released, Q is a positive quantity. If in 
a reaction Q is a negative quantity then for reaction to take 

place energy must be supplied to the system. 

10 
56 75 

3li,-- 26 Fe 33 As 

16 O ~ 90 8 39K 40Zr 
4He 'f'l..._"19F 

19 
2 9 14N 

/ Ll~c 
7 

~6 
-3 Li 

3H 
1 

2H 
1 i 

50 100 

isox ------+ 6oy + •oz + t,,E ... (4.46) 

Then the amount of energy released in formation of nuclei Y 
andZis 

". (4.47) 

t 
,63 Eu 209B' 

120 S 83 I 

50 n 
238 u-
92 

150 200 250 

Nucleon nwnber A 

Figure 4.5 
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Where Eyand £
2 

are the binding energy per nucleon ofnuclei 
Y and Z respectively. Thus the energy released in the fission of 
nucleus X per fission tili can be given as 

\ 
M=U

2
-U

1 

=60Ey+90E2-150Ex ... (4.48) 

The above energy t,E or Q-value of this reaction can also be 
calcdlated by mass defect t,m of this reaction as 

M=6mc2 

... (4.49) 

The fission fragments formed by fission ofa heavy nuclei are of 
unequal si~ because the heavy nuclei have a greater neutron 
to proton ratio as compared to light nuclei, thus the fragments 
will have more neutrons. Hence to achieve stability generally 
out of two fission fragments, one is a middle weight fragment 
and other is a relatively heavy element because of excess 
neutrons in the heavy nucleus. To reduce this excess, two or 
three neutrons are emitted by the fragments as soon as they are 

- formed and subsequent beta decays followed by y-emission 
adjust their nip ratio to stable values. 

...... y-ray 

-----------'Q. 
Neutron' ......... 

~~\:,:·:,/f: ______ _ 
' -----o 

p 

, Neut;;n----. 

Fission 
fragment 

Figure 4.6 

' ' ' ' ' ' ' ' ' ' 
,~ Neutron 

' ~ 

y-ray 

4.6.1 Fission of Uranium Isotopes and Chain Reaction 

In 1939 Otto Hahn and his colleagues found that a uranium 
nucleus, after absorbing a neutron, splits into two fragments 
each with a mass smaller then the original nucleus. Figure shows 

a fission reaction in which a uranium 2Ji U nucleus is split into 

barium 11~Ba and krypton il Kr nuclei. The reaction starts 

when a 2Ji U nucleus is absorbs a slow moving neutron (kinetic 

energy '" 0.04 eV or lessrwe call thermal neutron, transforms 

into a compound nucleus, 2Jf U. This compound nucleus have 

a very short life time and disintegrates quickly into 1i~Ba and 

il Kr and three neutr~ms. The reaction can be written as 

Nuclear Physics. "and Racifoactiviti] 

J 235 U 236 * 141 92 Kr 3 I (4 50) on + 92 ~ 92 U ~ s,Ba + 36 + on ·· · · 

The above reaction is one out of many possible reactions like 

In+ 235u ~ 236U* ~ 140Xe + 94sr +2ln 0 92 92 ------r 54 38 0 ... (4.51) 

But it is observed that the maximum yield of the reaction is for 
equation-( 4.50). Some reaction may produce as many as 5 
neutrons but the average number of neutrons produced per 

fission is 2.5. 

Fission processes have the possibility of some practical uses 
because we have positive Q-values of the reaction. The positive 
Q-value occurs because the heavy element break up into two 
fragments that are more tightly bound and therefore have less 
total mass energy. 

A heavy nucleus undergo fission when it has enough excitation 
energy so that the compound nucleus oscillate violently. For 
example 238U (which is about 99.3% in natural uranium) undergo 
fission reaction only by fast neutrons whose kinetic energy are 
more then I MeV. Whereas few nuclei like 235U are able to split 
into two nuclei by just absorbing neutron. For such cases very 
slow neutrons are required to start fission reaction as in fast 
neutrons the contact time ofneutron with the nuclei is very less 

to start fission with such nuclei. 

Another important aspect of nuclear fission is the amount of 
large magnitude ofenergy released. For example during fission 
of each uranium nuclei about200 MeV energy is released. In all 
fission reactions major fraction of the energy released is in the 
form of kinetic energy of the fragments. Roughly about 80 to 85 
percent of the energy released is carried by the fragments of 
fission as their kinetic energy. About 2-3 percentis in the form 
of kinetic energy ofneutrons. About 2-5 percent is in the form 
ofemitted y-rayphotons during fission and the remaining I 0-15 
percent of the total energy is the form of subsequent beta and 
gamma decays of the fission fragments. 

In each fission we've discussed that an average of about 2-5. 
neutrons are released. Without these neutrons practically the 
utilization of the fission energy becomes difficult. lfwe place 
the fissioning nuclei quantity in a proper amount it is possible 
to obtain o. self sustained fission reaction. The neutrons from 
the fission can cause other fission. Each fission releasing more 
neutrons and energy as shown in figure-4:7. Such a process is 
called a chain reaction. If such a process occurs in an 
uncontrolled fashion, it results in a very big explosion. lfthe 
some of neutrons from each fission are stopped by some external 
mechanism to limit the uncontrolled chain reaction then the 
kinetic energy(now limited) of fragments can be extracted and 
utilized to do u~eful work. This process is carried out in nuclear 
fueled power plants. 
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The major problem in above cases of energy production is, the 
products of the fission process are extremely radioactive. These 

are in majorityy-emitters with large lives, which is a wizard for 

health. 

Most of the nuclear reactors use uranium as their nuclear fuel. 
As we've discussed that in natural uranium only 0.7% is 235U 
rest is 238U. In chain reaction 235U plays an important role. 
Thus before using in nuclear reactornatural uranium is processed 
and enriched to about 3.5% of the isotope 235U. 

Some students may think why 238U do not participate in a chain 
reaction. The answer is simple. As we've discussed that to start 
fission in 238U we need very fast neutrons having kinetic 
energies more than about I MeV. Other wise 238U when struck 
by a neutron, it captures the neutron to become 239U and 
according to equation-( 4.50) it decays to 239Pu by emitting two 
p particles and 235U immediately fissions when struck by a slow 
moving thermal neutron. The reactions 

In + 238U - 29329U + y 
. 0 92 

239U·-' 239 N + 1 e +y 92 ~ 93 p -0 

239N 239p I 
93 P - 94 u + -oe + Y 

... (4.52a) 

... (4.52b) 

... (4:52c) 

In a nuclear reactor, the probability that ofa neutron will cause 
235U to fission is more for a slow moving neutrons. Thus there 
is less probability that the fast neutrons produced in fission 
will cause other fission to occur and chain reaction will start. To 
slow down these neutrons (to initiate more fission events) in a 
nuclear reactor moderator is used which may be ordinary water 
carbon or heavy water (D,O). 

-___ !.'!3J 

The neutrons lose their kinetic energy by collisions with 
moderator and they slow down initial their kinetic energy is of 

the other of thermal neutrons to start further fission events. 
Detailed explanation of nuclear reactor is not given here as in 
earlier classes you have studied about a nuclear reactor in detail. 
We advise you to refer the same once again. 

4.6.2 Liquid Drop Model 

Nuclear fission of uranium can be understood on the basis of 
liquid drop model ofnucleus. When a neutron strikes the 235U 
nuclei, it is captured by the nucleus and it is transformed into 
the excited 236U* which due to excess energy oscillates in a 
variety of ways. Figure-4.8(a) shows the stages of oscillations 
of the 236U as a liquid drop. The drop in tum becomes a spheroid, 
a sphere, an oblate spheroid, a sphere and a prolate spheroid 
again and so on. 

0 

() 0 . . 

0 
Time__. 

(a) 

(b) 

Figure 4.8 

Oscillating stages of compound nucleus 236U* 

The inertia of the moving liquid molecules causes the drop to 
overshoot sphericity and _go to the opposite extreme of 
distortion. It is observed the nuclei exhibit surface tension and 
these can vibrate like a liquid drop when in excited state. For 
small excitation it is possible to oscillate like this as distortion in 
nucleus is recovered back by its surface tension. But when 
excitation is large and distortion in nucleus is large, once the 
excitation energy of nucleus is given off in the form of y-ray 
photon, the surface tension due to short range strong n_uclear 
forces is not able to bring back the nucleus into its spheical 
shape and the nucleus splits into two parts as shown in 
figure-4.S(b). 

4. 7 Nuclear Fusion 

Ifwe again look at the figure-4.9 which shows variation of 
binding energy per nucleon of elements with mass number, we 
can see that for heavyweight elements average binding energy 
per nucleon is about 7.8 MeV and for middle weight stable 
elements it is about· 8.6 MeV. Thus we can say that the 
average energy released per nucleon by fission is thediffurence 
between these two values about 0.9 MeV per nucleon. 
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Now ifwe take a look on the left portion of this curves, the 

steepness is ·relatively high or we can say thatthe difference in 
binding energy per nucleon between very light nuclei 811d middle 
weight nuclei are much more compared to heavy and middle 

weight elements. Thus if two very low weigh\ nuclei are fused 

together to produce a middle weight nuclei having greater 

binding energy, the energy released per nucleon will be very 
high compared to energy released per nucleon in a fission event. 
This process is called nuclear fusion. For example look at the 

fusion reaction given in equation-(4.53) 

... (4.53) 

Here two deuterium isotope fuse together and releases 

approximately 4 MeV energy which we can easily calculate by 

using mass defect of the reaction. This energy is about the 

same energy per nucleon released in a fission event. But the 
most important thing is most of the fusion reaction products 

such as ~ He here are stable and non radioactive. 

Deuterium IH 
nucleus 

(contains two 
neutrons) 

I 'i Proton CJ Neutronl 

Neutron An 

Figure 4.10 

Tritium jH 
nucleus 

(contains two 
neutrons) 

Nuclear Physics and Radi08Cti\liitl 

For another example consider a general fusion reaction, given 

as 

2 5 A + 3 6B - 28C + /1.E (fusion energy) ... (4.54) 

Here 2 nuclei of an element 5 A and 3 of6B fuse together to form 

a single middle weight nuclei 28C. If we know the values of 
binding energy per nucleon for the elements A, Band C as EA, 
E 8 and Ee then the amount ofreleased energy can be given as 

... (4.55) 

Equation-(4.55) is an alternative way to calculate fusion energy 

if the binding energypernucleon for all the elements ofreaction 

are known. If masses of individual nuclei are known /1.E can 
also be calculated by mass defect of the reaction. 

In a fusion reaction, reaction will start only when two nuclei are 

brought sufficiently close to each other so that the short range 

nuclear force can pull then together. We know at large 

separations coulomb force dominates and due to strong 

electrostatic repulsion between positive nuclei, it is very difficult 
to bring nuclei s_o close that strong nuclear force dominates 
and start the fusion reaction. This distance at which fusion 
starts is called coulomb potential energy barrier and it is of the 

order of 10"14 m. At such close distance nuclei will approach 

each other only when they have large kinetic energies which is 
possible only at high temperatures of the order of hundreds or 

thousands of million kelvin. 

Such reactions which takes places only at such high 

temperatures are called thermonuclear reactions. Under such 
conditions all the atoms are completely ionized in gaseous form. 
Such a high temperature gas of positive and negative charged. 

particles is called plasma. 

The main problem in nuclear reactions is to confine plasma for 

a long enough fime so that collisions among the ions can lead 

to fusion. There are three methods of confining the plasma 
named, magnetic confinement, inertial confinement and Z-pinch 
which is a slight modification ofinertial confinement. Detailed 
analysis of thes~ methods is beyond the scope of this book. 

# Illustrative Example 4.25 

On disintegration of one atom of 235U the amount of energy 
obtained is 200 Me V. The powerobtained in a reactor is 1000 kW. 

How many atoms are disintegrated per second in the reactor? 

What is the decay in mass per hour ? 

Solution 

Power produced ir:i the reactor is 

P= l000kW= 1000 x 103W 
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P= 106 J/s 

106 
P= 19 eV/s 

l.6xl0-

= 6.25 x 1018 MeV /s 

As in each disintegration 200 MeV energy is released, number 
of atoms disintegrated per second are 

6.25xl018 
N= 

200 
=3.125x I0 16 s-1 

Energy released per second is I 06 J 

Energy released per-hour is 

E=I06 x60x60J 

Thus mass decay per hour can be given as 

t;,r, = "'; (Einstein's mass energy formula) 
C 

106 x60x60J 
!;,r, = ----

(3 x 108m/s)2 

!;,r, = 4 X J0-8 kg 

!;,r, = 4 x 10-5 gm 

# Ill11strative Example 4.26 

-------- 145 1 
-----~·~ 

The number ofatoms of235U consumed in 1000 hours are 

NI= 1018 x (1000 x 3600) =36 x 1023 

Now I gm-atoms of 235U has 6 x I 023 atoms. Therefore, the 

mass of235U consumed in I 000 hours of operation are 

36xl023 
m= 

6
x

1023 
x235=1410gm 

m=l.4lkg 

# Ill11strative Example 4.27 

The fission type of war head of some guided missiles is 
estimated to be equivalent to 30000 tons of TNT. If 
3.5 x I 08 joules ofenergy are released by on tone ofexploding. 
TNT how may fissions occur and how much 235U would be 

consumed in the explosion of war head? An energyof200 MeV 
is released by fission of one atom 235U. 

Sol11tion 

Energy released by war head= 3000 tons ofTNT= (3.5 x 108) 
(30000)= 10.5 X 1012 J 

Number of fusions in war head 

12 
N- I0.5xl0 

- (200xl06 )(1.6x!0-19 ) gm 

N=0.1279kg A reactor is developing nuclear energy at a rate of ~ 
32,000 kilowatts. How many kg of 235U undergo fission per 

second? How many kg of235U would be used up in I 000 hours 

ofoperation ? Assume an average energy of200 MeV released 
# Ill11strative Example 4.28 

per fission. Take Avogadro's number as 6 x 1023 and 
I MeV = 1.6 x 10-13 J. 

Sol11tion 

Power developed by reactor 

P=32,000kW 

P=3.2 x I07 watts 

Energy released by rector per sec in e Vis 

7 
P= 3.2xl0 MeV/s 

l.6x 10-13 

P=2 x I020 MeV/s 

As in each fission even 200 MeV energy is released, so number 

of fission events occurring in the reactor per second are 

2xl020 
N= 200 = 1018 s-1 

Calculate the energy released by the fission of2 gm of'liU in 

kWh. Given that the energy released per fission is 200 MeV. 

Solution 

The number of atoms in 2 gm of'liU are 

N= 2x6.025xl023 atoms 
235 

Energy released per fission 

N=200MeV 

N=200 x 1.6 x 10-13 J 

N=3.2 x 10-11 J 

Energy released by 2 gm of23JU is 

E= 2x6.025xl0
23 

x (3_2 x 10_11)J 
235 
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. ~ 
2 X 6.025 X 1023 

235 

~ =4.55 x. l04kWh. 

(3.2x!0-11 ) · 
x~--~kWh 

3600x 103 

# Illustrative Example 4.29 

In neutron-induced binary fission of2~/U (235.044 amu) two 

stable end products usually formed are ~~o (97 .905 amu) and 

';~e usually formed (135.917 amu). Assuming that these 

isotopes have come from the original fission process, find (i) 

what elementary particles are released (ii) mass defect of the 

reaction (iii) the equivalent energy released. 

Solution 

(i) The reaction is represented by 

mu + In ~ 98Mo + '"x 920 42 54 

Nuclear Physics and ~Radioactivity] 

# Illustrative Example 4.3 0 

In a nuclear reactor, fission is produced in I gm of 235U 
(235.0349 amu) in assuming that~Kr (91.8673 amu) and 't!Ba 
(140.9139 amu) are produced in all reactions and no energy is 
lost, write the complete reaction and calculate the total energy 

produced in kilowatt-hour. Given I amu = 931.5 MeV. 

Solution 

The nuclear fission reaction in the above process is 

mu+ 'n~ t41Ba + 92Kr + 3 'n 
9205636 0 

The sum of the masses before reaction is 

235.0439+ 1.0087 = 236.0526 amu 

The sum of the masses after reaction is 

140.9139+91.8973 +(1.0087) =235.8375 amu 

Mass defect, /';m = 236.0526-235.83 73 = 0.2153 amu 

From the reaction, it is obvious that the total z value of two Energy released in the fission of
235

U nucleus is given by 

stable fission product is (42 + 54) = 96, which is 4 units more M = /';m x 931.5 MeV 

than Z value ofleft hand side. 

This shows that the original unstable products must have emitted 

4 p particles. Again mass number on right hand side is 2 units 

less than on left hand side i.e., two neutrons are also produced. 

Now the reaction can be represented as 

mu+ in~ 98Mo+ 136Xe+4 °e+ 2 1n 92 u-· 42 54 -I O . 

(ii) Mass defect, 

Mass of 

Mass of 

/;rn = mass ofL.H.S. - mass ofR.H.S. 

LH.S. = (235.044 + 1.009) = 236.053 amu 

RH.S. =(97.905 + 135.917)+4(0.00055) 

+2(1.009) 

=235.842 amu 

Thus mass defect is 

/;rn =(236.053-235.842) amu 

=0.211 amu 

The equivalent energy released is 

,iE = /;rn x 931.5 MeV 

=0.211 x931.5MeV=l96.54MeV 

=0.2153 x 931.5.;; 200 MeV 

Number of atoms in I gm of235U are 

6.02xl023 

N = 235 =2.56 x 1021 

Energy released in fission of I gm of235U 

£=200 x 2.56 x 1021 MeV 

=5.J2x l023 MeV 

=(5.]2 X Jo23) X (J.6 X 10-IJ) 

='8.2 x 1010 joule 

IO 
8.2x10 kWh 
3.6xl06 

=2.28 X !04kWh 

# Illustrative Example 4.31 

A deuterium reaction that occurs in an experimental fusion 

reactor is in two stages : 

(i) Two deuterium (;D) nuclei fuse together to form a tritium 
nucleus, with a proton as a by-product written asD (D,p) T. 

(ii) A tritium nucleus fuses with another deuterium nucleus to 
form a helium iHe nucleus with neutron as a by-product, written 

as T(D, n) iHe. 
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Compute (a) the energy released in each of two stages (b) the 
energy released in the combined reaction per deuterium, and ( c) 
what percentage of the mass energy of the initial deuterium is 
released. 

Given 

Solution 

;D =2.014102amu 

;T=3.016049amu 

;'He =4.002603 amu 

I H = 1.007825 amt'.l 

. ~ n = 1.00665 amu 

(a) The reaction involved in the process is 

~D + ;D--c> ;T + /p + E1 

Mass defect of the above reaction is 

t,,n =[2(2.014I02)-(3.016049+ 1.007825)] 

=0.00433 amu 

Energy released in the process is 

£ 1 =0.00433 x931.5MeV=4.033MeV 

The reaction involved in the process is 

;T + ;D --c> ;'He + bn + Ei 
Mass defect of above reaction is 

t,,n = [(3.016049+2.014l02)-(4.002603 + 1.008665)] 

=0.01888amu 

Energy released in the process is 

£ 2 =0.01888 x 931:5MeV= 17.586MeV 

Total energy released in both processes 

= 17.586+4.033 =21.619MeV 

(b) Energy released per deuterium atom is 

21.619 
£ 1 = -

3
- =7.206MeV 

(c) % ofrest mass of~D released 

- 7.206 -o 0 

J~ 2.014102x93 I - ·385 1/o 

# Illustrative Example 4.32 

In the process of nuclear fission of I gram uranium, the mass 
lost is 0.92 milligram. The efficiency of power house run by the 

-- _--- ---~ -=_-:::_~Ifz}l 
fission reactor is 10%. To obtain 400 megawatt power from the 
power house, how much uranium will be required per hour ? 
(c=3 x J08m/s). 

Solution 

Power to be obtained from power house= 400 MW 

In this case energy obtained per hour = 400 MW x I hour 

=(400 x 106watt) x 3600s 

=144x JO'°J 

Here only 10% of output is utilized. In order to obtain 
. 144 x JO'° joule ofuseful energy, the output energy from the 
power house is given by 

(144xl010 )x!OO 
E= 10 

=144x J011 J 

Let, this energy is obtained from a mass-loss of 11,n kg. Then 

(l!.,n)c2=J44x J011 J 

II 
!:,m = l44 x JO = 16 x w-5k 

(3xl08)2 g 
or 

=0.16gm. 

Since 0.92 milligram(= 0.92 x 10-3 gm) ma~s is lost in I gm 
uranium, hence for a mass loss of0.16 gm the uranium required 
is given by 

11,n'= Jx0.16 = 174 gm_ 
0.92x!0-3 

Thus to run the power house, 174 gm uranium is required per 
hour. 

# Illustrative Example 4.33 . 

The energy received from the sun by earth and its surrounding · 
atmosphere is 2 cals/cm2/min on a surface normal to the rays of 
sun. 

(a) What is the total energy received in joules by earth and its 
atmosphere. 

(b) What is the total energy radiated in Jim by sun to the 
universe? Distance of sun to earth is 1.49 x I 08 km. 

(c) At what rate in mega-grams per minute must hydrogen be 
consumed in the fusion reaction to provide the sun with the 
energy it radiates ? 

Take mass of hydrogen atom= 1.008145 amu. 

Take mass of He atom= 4.003874 amu. 
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Solution 

(a) Let D be the diameter of earth. Then effective area of earth 

receiving radiation normally is given as 

Energy received by earth per minute 

= {¾(1.27)2 x!0
18 

}x(2x4.2) Jim 

= 10.645 X 1018 Jim 

(b) The area of the surface surrounding sun at a distance equal 

to earth distance= 4rrd'-

= 4it (1.49 x 108)2 x 106 x 104 cm2
. 

=4p(l.49)2x la26cm2 

The energy is received at the rate of2 cal/cm2lmin on this surface. 

This amount of energy must be radiated by sun 

The energy radiated by sun in Jlmin is 

E=2 x 4.2 x [4it(l.49)2 x Ja26] Jlmin 

=2.3444 x ia28 Jlmin. 

(c) We know that the fusion reaction in sum is 

4H-..+He+Q 

The mass defect of this reaction is 

&7! =4 X J.008145-4.003874 

= 0.028706 arnu. 

The energy released in one reaction is 

Q = 0.028706 x 931.5 MeV 

Now mass of hydrogen required 

4.032580x 1.6598x I 0-2
• x 2.3444 x 10

28 
gm/m 

0.028706x931.5x 1.6x 10-19 

=3.6673 X la22gm/m 

= 3.6673 x 1016 megagm/m 

# Jl/11strative Example 4.34 

A nuclear reactor generates power at 50% efficiency by fission 

of';iU into two equal fragments of '!;Pd with the emission of 
two gamma rays of 5.2 MeV each and three neutrons. The 

average binding energies per particle of ';iU and '!;Pd are 

7.2 MeV and 8.2 MeV respectively. Calculate the energy released 

-in one fission event. Also estimate the amount to 235U consumed 
per hour to produce 1600 megawatt power. 

Sohltion 

Energy released in one fission = Binding energy of two 1 !;Pd 
nuclei - Binding energy of'liU nucleus- energy of two emitted 

gamma rays 

Here binding energy of 2;iU nucleus is 

(M:Ju=72 x 235 = 1692MeV 

Binding energy of two 1~Pd nuclei 

2(/:;E)pd = 2 x 8.2 x 116 = 1902.4 MeV 

Energy of two emitted gamma rays is 

2 E, =2 x 5.2= 10.4MeV 

Total energy released is one event is 

E= 1902.4-1692-10.4 

E=200MeV 

E = 200 x (1.6 x H,13) 

E=3.2 x 10-11 J 

Hence, the number of fission per second required to produce 

1600 x 106 J of energy per second ( 1600 MW) is given as 

N= 1600xl06 = 5 x 10'9 s-1 
3.2xl0-11 

So, we require 5 x 1019 nuclei of235U per second. The mass of 

these atoms will be 

235 m= 
23 

X (5 X 101
") 

6.02xl0 

Ill= J95.2 X 10-4 gm/3 

Thus amount of 235U consumed per hour is 

m=(195.2x io-4)x3600 

m = 70.27 gm/hr 

Since reactor efficiency is 50%, hence consumption of235U per 

hour is given by 

m=70.27 X 2= ]40.5 gm 
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# Illustrative Example 4.35 

In the fission of 2::?.Pu, by a thermal neutron, two fission 
fragments of equal masses and sizes are produced and 
4 neutrons are emitted. Find the force between the two fission 

fragments at the moment they are produced. Given R0 ':" 1.1 fermi. 

Solution 

Total mass number of2~"Pu + neutron (thermal)= 239 + I = 240. 
Since 4 neutrons are produced, the mass number of each 

240-4 . 
fragment (A)= 

2 
= 118. The atomic number of each 

fragment= 94/2 = 47. Therefore, charge of each fragment is 

q =47 X \.6 X 10-19 =7.52 X 10-ISc 

The radius of each nucleus of the fragment is 

R = Ro(A)113 

. . . _ ... 1t9! 
electrical energy obtained from the fission of one 235U nucleus 
is 

El =3.2 x 10-11 x 1~
5
0 =8.0 x 10-12 J. 

Therefore, the number of fissions of235U required in one year 
will be 

N= 
7.884xl015 

9.855 X \<>26 
8.0xl0-12 

Number of moles of235U required per year is 

n= 9.855xl026 =l.636x lo' 
6.023xl023 

Therefore, mass of235U required per year is 

m= 1.636 x Jo' x 235=3.844 x !OSg 

=384.4kg 

=} R = 1.1 x 10-15 x (118)1/3 (As 1 fermi = 10-" cm) #Illustrative Example 4.37 -------------~--------
=} R=5.395xJ0-15 m 

Distance between the centres of the two fragments at the 
moment they are produced is 

r = 2 X 5.395 X 10-15 

=} r=l0.79x 10-15 m 

The electrostatic between them is, 

=} 

I Q2 
F=--·-

4rc Eo r2 

· (7.52x10-18 )2 
· F=9 x 109 ~---~

(! 0. 79 X 10-!5 )2 

=} F=4.37 x 103N 

# Illustrative Example 4.36 

A nuclear reactor usinr. 235U generates 250 MW of electrical 
power. The efficiency of the reactor (i.e. efficiency of conversion 
of thermal energy into electrical energy) is 25%. What is the 
amount of235U used in the reactor per year? The thermal energy 
released per fission of235U is 200 MeV. 

Solution 

Rate of electrical energy generation is 250 MW= 250 x I 06 W 
(or Js-1). therefore electrical energy generated in I year is 

(250x 106 Js-1)x(365x24x60x60s)=7.884x I015 J 

Thermal energy from fission ofone 235U nucleus is 200 MeV = 
200 x 1.6 x 10-13 = 3.2 x 10-11 J. Since th~ efficiencyis25%, the 

The deuterium-tritium fusion reaction ( called the D-T reaction) 
is most likely to be the basic fusion reaction in a future 
thermonuclear fusion reactor is · 

2H + 3H ~ 4He+ !n + Q I I 2 u- • 

(a) Calculate the amount of energy released in the reaction, 
given m(~H) = 2.014102 amu, m (;H) = 3.016090 amu, m(in) = 
1.008665 amu and m (iHe) =4.002603 arnu. 

(b) Find the kinetic energy needed to overcome coulomb 
repulsion. Assume the radius ofboth deuterium and tritium to 
be approximately 1.5 x I 0-15 m. 

(c) To what temperature must the gases be heated to initiate 
the fusion reaction? Take Boltzmann constant 
k = 1.38 X 10-23 JK-1 • 

Solution 

(a) The amount of energy released is given by 

Q= [{meH)+ m(/H))- {m(1He)+m (~))] X 931.2 MeV 

=[{2.014102+3.016090}-{4.0092603 + 1.008665)] x 93 l.2MeV 

=0.018924 x 931.5= 17.62MeV 

(b) In order to fuse, the two nuclei (D and T) must almost 
touch each other. Then the separation between them is equal to 
twice the radius of each which is given as 

/=2r=2 X ].5 x'10-l5 

=3.0 X J0-l5m. 

In order to start the fusion reaction, deuterium and tritium have 
to be heated to a very high temperature. At such high 
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temperature the two gases are ionized, i.e. the only electron in 
the atoms of each gas is removed, so that the two nuclei have a 
positive charge of 1.6 x 10-19 C, i.e. q1 = q2 = 1.6 x 10-19 C. The 
potential energy when they are almost touching is 

=> 

=> 

U= Kq2 
I 

9x!09 x(l.6xl0-19 ) 2 
U=---~--~~ 

3.0x 10-15 

U=7.68 x 1014 J 

The kinetic energy must be just enough to overcome Coulomb 
repulsion between positively charged nuclei. Hence kinetic 
energy must be equal to potential energy calculated above. 
Thus we have 

KE=7.68 x 1014 J 

If this energy is supplied, the two nuclei will just overcome the 
repulsion and stay in touch. 

(c) Let Tbe the required temperature of the nuclei to initiate 
the fusion reaction . Then the kinetic energy of the system at 
temperature _T can be given as 

KE=]_kT 
2 

Where k is the Boltzmann constant. Hence to start fusion 
reaction this kinetic energy will be sufficient to fuse then 
together thus for this temperature is given as 

T= 2Ek = 2x7.68xl0
14 

3k 3 X J.38 X 10-23 

=3.7 x 109 K 

# lllustrative Example 4.38 

Calculate the excitation energy of the compound nuclei 
produced when 2350 and 2380 absorb thermal neutrons. Given 
masses are 

Solutio11 

M(235O) =235.0439amu, 

M(n) = 1.0087 amu, 

M(238U) = 238.0508 amu, 

M(236U) = 236.0456 amu, 

M(239u) =239.0543 amu 

The two reactions are 

II + 2350 --+ 2360* 

n + 2380 --+ 239u• 

We find the excitation energy from the atomic masses. A thermal 

neutron has a negligible kinetic energy (About 0.03 eV). 

E('"'u*) = [m(n) + M(2''U)-M(236U)Jc2 

= [1.0087 amu +235.0439 amu-236.0456amu]c2 

= 0.0070 x 931.5 = 6.5 MeV 

£(2390*)= [m(n) + M(238U)-M(239U)Jc2 

= [1.0087 amu +238.0508 amu-239.0543 amu] c2 

=0.0052 x 931.5=4.8MeV 

Thus 2360* has more excitation energy than 2390* when both 
are produced. by thermal neutron absorption. This is why 2350 

more easily undergoes thermal neutron fission. 

# 1/htstrative Example 4.39 

Calculate the ground-state Q value of the induced fission 

reaction in the equation 

n + 2350--+ 2360* --+ 997r + 13~e + 3n 
92 92 4~ 52 

If the neutron is thermal. A thermal neutron is in thermal 
equilibrium with its environment; it has an average kinetic 
energy given by 3/2 kT. 

Given masses are m(n)= l.0087amu;M('35U)=235.0439amu;. 

M(99Zr)=98.916 amu; M(1~e)= 133.9115 amu. 

So/11tio11 

Kinetic energy of a thermal neutron can be neglected; even for 

a temperature ofl06K, the thermal energy is only 130 eV. The Q 
value of the above reaction is given by the equation 

Q=Amx931.5MeV 

Here Am is the mass defect of the reaction, given as 

Am= [M (235U)+ m (n)]-[M (99Zr)+M (134Te)+3 m(n)] 

= [235.0439-98.9165-133.9 I 15-2 (1.0087)] amu 

=0.1985amu 

Thus energy released is 

Q=0.1985 x 931.5= 184.90MeV 

Even with a thermal neutron of negligible kinetic energy a 

tremendous amount of energy is released. 
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# Illustrative Example 4.40 

Show that 2)gu does not decay be emitting a neutron or proton. 
Given masses are 

M c2lgt;) = 230.033927 amu; M ('~~ = 229.033496 amu; M 
(~;Pa)= 229.032089amu; m(n)= 1.008665 amu,m(p)= 1.007825 
amu. 

Solution 

The corresponding decay equations would be 

(i) 

(ii) 

230u-+ n + 229U and 92 92 

230u -+p + 229pa 
92 91 · 

In first equation the energy released can be given by 

Q = [230.033927-229.033496- 1.008665] x 931.5 MeV 

=-7.7MeV 

Because Q < 0, neutron decay is not possible spontaneously. 

Similarly in second equation the energy released can be given 
as 

Q = [230.033927 -229.032089- 1.007825] x 931.5 MeV 

=-5.6MeV 

As Q < 0, proton decay is also not possible spontaneously. 

# Illustrative Example 4.41 

Compute the minimum kinetic energy of proton incident on 13C 
nuclei at rest in the laboratory that will produce the endothermic 

reaction 13C(p, n)13N. Given masses are 

Solution 

M(13C) = 13.003355 amu, 

M(1 H) = 1.007825 amu 

m(n) = 1.008665 amu, 

M(13N) = 13.005738 amu 

The threshold energy of the incident protons in the lab frame is 

given by 

E,h= m~MIQI 

The magnitude of the Q value of the reaction is 

IQI 
-2 = mfina1 - minitial 

C 

... (4.56) 

= [M(13N) + mn]- [M(13C) + M(1H)] 

.15.q 
Substituting given values of masses into the expression for IQ I 

gives 

IQ I =(I4.0I4403- I40.I I I80) u. r!-

1 QI =0.003223 x 931.5MeV 

IQl=3.00MeV 

Substituting this value 

m=M(1H),M=M(13C) 

into Equation-( 4.56), we get: 

_ = 1.007825+ 13.003355 x 3 OO 
",h 13.003355 . 

=3.00=3.23MeV. 

# Illustrative Example 4.42 

The nuclear reaction, 

n + 10B-+ 7Li + 4He 5 3 2 

is observed to occur even when very slow-moving neutrons 

(M
0 

= 1.0087 amu) strike a boron atom at rest. For a particular 

reaction in which K
0 

= 0, the helium (MH, = 4.0026 amu) is 

observed to have a speed of9.30 x I 06 mis. Determine (a) the 

kinetic energy of the lithium (Mu= 7.0160 amu), and (b) the 

Q-value of the reaction. 

Solution 

(a) Since the neutron and boron are both initially at rest, the 

total momentum before the reaction is zero and afterward is also 

zero. Therefore, 

We solve this for vu and substitute it into the equation for 
kinetic energy. We can use classical kinetic energy with little 

/ 

error, rather than relativistic formulas, because 
vH, = 9.30 x I 06 mis is not close to the speed oflight c and vu 
will be even less since ML,> MH,· Thus we can write : 

We put in numbers, changing the mass in u to kg and recalling 
that 1.60 x 10-13 J = I MeV: 

( 4.0026)2 (1.66 x 10-27 )(9.30x 106 )2 K-=~-~~---~~--~~ 
L, 2(7 .0 l 60)(1.66 x I o-27 ) 

Ku= 1.64 x 10-13 J= l.02MeV 
<> 
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(b) We are given the data 

so 

where 

Ka=Kx=0, 

Q=Ku+Km, 

I 
KH, = 2 MH,"ile 

= ½ (4.0026)(1.66 X w--z?)(9.30 X 106)2 

= 2.87 x H,13 J = 1.80 _MeV 

Hence, Q= l.02MeV+ l.80MeV=2.82MeV. 

;-----
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Practice Exercise 4.4 

(i) Find the amount of energy produced in joules due to 
fission of! gram of uranium assuming that 0.1 percent of mass 
is transformed into energy. 

Take I amu = 1.66 x 10-21 kg= 93 l.5 Me V 

Mass of uranium= 235 amu. 

Avogadro number= 6.02 x 1023 

[8.978 x 10 10 '!] 

(ii) What is the power output of '~iU reactor if it takes 
30 days to use up2 kg of fuel, and if each fission gives 185 MeV 
of usable energy ? 

[58.52 MW] 

(iii) Assuming that 200 MeV ofenergy is released per fission 

ofuranium atom, find the number offission per second required 
to release one kilowatt power. 

[3 .125 x IO 13 fissions per second] 

(iv) It is proposed to use the nuclear fusion reaction 

2H+ 2H~ 4He I I 2 

in a nuclear reactor of200 MW rating. If the energy from the 
above reaction is used with a25 % efficiency in the reactor, how 
many grams of deuterium fuel will be needed per day. (The 

masses of;Hand 1Heare2.0141 atomic mass units and4.0026 
atomic mass unit respectively and take lamu = 93 l.5MeV). 

[120.31 g] 

Nucl:ar P.~¥Si<:?s and Radioactivity'-! 

(v) A fusion reaction of the type given below 

;D+ ;D~\T+ )p+M 

is most promising for the production of power. Here D and T 
stand for deuterium and tritium, respectively. Calculate the mass 

of deuterium in gram required per day for a power output of 

109W. Assume that efficiency of the process to be 50%. Given 

mass of tD = 2.014102 amu. 

mass of /T=3.0160.5 amu. 

mass of )p = 1.007825 amu. and 

I amu =93l.5MeV. 

[1778.51 gm] 

(vr') The binding energies per nucleon for deuteron (tHJ and 

helium CiHe) are 1.1 MeVand 7.0 MeV respectively. Calculate 

the energy released when two deuterons fuse to form a helium 

nucleus CiHe). 

[23.6 MeV] 

(vii) Find the energy released when '~iU nucleus undergoes 

fission by a thermal neutron into i~Kr and '~)Ba. Given, mass 

of2~)U = 235.043925 amu, mass ofneutron = 1.008665 amu, 

mass of1~Kr = 91.8973 amu and mass of 't)Ba = 140.9139 amu. 

Take lamu = 93 l.5MeV. 

[200.64 'MeVJ 

(viii) How much energy is needed to remove a neutron from 

the nucleus of1Jca? Given mn = 1.008665 amu, atomic mass of 

1Jca = 40.962278 amu and atomic mass ofi~Ca = 39.962591 

amu. Take I amu = 931.5 Me V. 

[8.363 MeV] 

(ix) Find the Q value of the reaction p + 1Li ~ 4He + 4He. 

Determine whether the reaction is exothermic or endothermic. 

The atomic mass of 1H, 4Heand 7Li are 1.007825 amu, 4.002603 

amu and 7.016004 amurespectively. 

[Exothermic, 17.347 MeV] 

4.8 Properties of Radioactive Radiations 

We know that an unstable nuclei achieves stability by 

radioactivity due to emission of a, 13 and y-radiations. Now in 

this section we will discuss how these are emitted and the 

characteristics of these radiations one by one. 
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4.8.-1 Alpha Decay 

We've already discussed that the range of attractive nuclear 
forces among nucleons is very short and that of the electrostatic 
repulsive forces between protons is unlimited. This is the reason 
why nuclei with mass number above 210 are so large that the 
short range nuclear forces that hold the nucleon together are 
not sufficient to counterbalance the mutual repulsion between 
the protons. Alpha decay occurs in such nuclei as a means of 
increasing their stability by reducing their size. 

In this case a question arises why only a-particles are emitted 
why not individual protons are emitted to decrease the repulsive 
force in the nucleus. The reason is very high binding energy of 
a-particles. To escape from nucleus, a particle should have 
sufficiently high kinetic energy and only a-particle mass is 
sufficiently smaller than the masses ofits constituent nucleons 
for such energy to be available. 

Whenever an a-particle is emitted, the mass number of the 
daughter element is less then 4 and atomic number less then 2. 
The equation of the nuclear reaction for a-decay can be written 
as 

Ax ----+ A-4 Y + 4 He + energy Z Z-2 2 ... (4.57) 

In equation-( 4.57) we can see that during a-decay some energy 
is released, this shows that the Q-value of the a-decay is 
positive and the total released energy is shared by both, the 
daughter nucleus and the emitted a-particle as shown in 
figure-4. I I 

Z,A 
Z-2, 
A-4 

• ~ ~ -:_·-;ffi _v•-+ 
~- mcr 

md 

(a) (b) 

Figure 4.11 

The energy released in the above process or the Q-valu~ of the 
above nuclear reaction can be given as 

Q=(m -m -m )c2 
X Y a 

Here mx----+ mass ofparentnucleusX 

my----+ mass of daughter nucleus Y 

m
0

----+ massofa-particle(1He) 

... (4.58) 

During a-emission linear momentum of system must. be 
conserved, hence if the speeds attained by a-particle and the 
daughter nuclide Yin the above process are v and v then we . a Y 
must have 

... (4.59) 

.·-·1iii) 

and from energy conservation we can say that the released 
energy Q is distributed in both, hence we have 

l l 
Q=-mv 2+-mv 2 

2 yy 2 aa 
... (4.60) 

Q= _l_m v 2 (1+ m") 2 a a m 
y 

... (4.61) 

Equation-(4.61) shows that the kinetic energy of ejected 

a-particle in the decay process is (A~ 4 ) times the Q-volume 

of the nuclear reaction in the process. 

It is seen that all the a-emitter radioactive element have mass 
number A> 210 so we can say that most of the energy produced 
during decay appears as the kinetic energy of the emitted 
a-particle. 

4.8.2 Beta Decay 

Similar to emission of a-decay, Jl-decay also makes th.e 
composition ofnucleus more stable. There are three fundamental 
beta decay processes are observed. There are 

(I) Beta Minus Emission (p-) : p- are the electrons, which 
are emitted from the nucleus when inside a neutron decays to a 
proton and an electron, this electron is emitted from the nucleus 
with some kinetic energy and it is called p- decay, the P:ocess 
involved inside the nucleus in p- decay is 

... (4.62) 

In reaction represented by equation-(4.62) also includes a 

particle with Jl- emission it is v (nu-bar), denotes an 
antineutrino. About this we'll discuss in next section. 

(2) Beta Plus Emission (P-1 : Jl+ are the positions, which are 
emitted from the nucleus when inside a nucleus a proton 
transforms to a neutron and position. The position emitted from 
the nucleus, is called Jl+ decay. The process involved inside the 
nucleus in Jl+-decay is 

p ----+ n + +~e + v (Jl+ emission) ... (4.63) 
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In the above equation-(4.63) the reaction involves another 
particle v (nu) with 13+ emission, called neutrino. About this also 
we'll disCuss in next section. 

When a proton inside a 13• decay inside a nucleus, the parent 
radionuclide X transforms to-a daughter nuclide according to 
the reaction 

... (4.64) 

Here position emission leads to a daughter nucleus of lower 
atomic number Z by l and leaving the mass number A 
unchanged. Also remember that a proton can not decay into a 
neutron outside a nucleus because of its smaller mass. This is 
possible only inside a nucleus. 

(3) Electron Capture or K-capture : This is a third kind of 
13-decay it properties are similar to 13• emission in which a nucleus 
pulls in or captures one of the orbital electrons from outside the 
nucleus and inside the nucleus a proton absorbs this electron 
and transforms into a neutron. This process is called electron 
capture, or K-capture, since the electron is normally captured 
from the innermost or K-shell. The process of electron capture 
inside a nucleus can be given as 

1p + 0e _., n+v 
I -I ... (4.65) 

As in this process also a proton transforms into a neutron, 
neutrino is also emitted and we can say that basically this 
process resembles with 13• emission but no particle 
_:e or +:e are emitted from the nucleus. For a radioactive 
elementX decays to a daughter element Y, by electron capture, 
the reaction can be given as 

AX A z _., z_,Y +v ... (4.66) 

Here also similar to 13+ decay the atomic number of daughter 
nuclei decreases by one and mass number remain unchanged. 

4.8.3 Apparent Violation of Conservation Laws in b-decay 

As we've discussed that by beta decay also the nucleus 
becomes more stable. During beta decay it is observed that the 
basic conservation laws of energy, linear momentum and angular 
momentum are all apparently violated as discussed now. 

(1) Law of Conservation ofEnergy 

We·know when a radionuclideX-decays to a daughter nuclide 
Y with 13-decaythe amount of energy released or Q-value of the 
nuclear reaction can be calculated by using mass defect of the 
reaction. But when the emitted 13-particles are observed they do 
not have enough 'energy to account for the total energy released. 
Ifl3-particle carries away only a part of the energy, where the 
remaining energy is going. This was a serious puzzle among 
physicists in late 1920 s. It was very difficult to accept that law 
of energy conservation is not valid in this case. 

Nuclear .Physics and Radioactiyitfl 

(2) Law of Conservation of Linear Momentum 

During 13-decay when the directions of emitted 13-particles (e
ar e+) and that ofrecoiling nuclei are observed, they are almost 
never exactly opposite as required for linear momentum to be 
conserved as sh9wn in figure-4.12. It seems that one more 
particle is to be emitted in other direction to conserve linear 
momentum but no other particle was detected during beta 
emission. 

Daughter Nucleus 

~ ParentNucleus 

~ 

Figure 4.12 

CJ p particle 

"-,.v 

(3) Law of Conservation of Angular Momentum 

Inside a nucleus, every nucleon-neutrons protons, electrons or 

positions each have a spin angular momentum± ½ ;" . Ifwe 

once again look into the equations of l3-decay processes, these 
are 

13-decay n _., p + e- ... (4.67) 

1 h lh lh 
Angular momentum± 2 Z,c ± 2 Z,c ± 2 Z,c 

13+ decay p _., n + e+ ... (4.68) 

lh lh lh 
Angular momentum± -- ± -- ± --

2 2,c 2 2,c 2 2,c 

In both of above equations we can see that when a nucleon 
decays in the two on left hand side of equation before decay its 

l . "h I h l h b ft d angu armomentum tsett er+ 2 Z,c or- 2 Z,c uta er ecay 

on right hand side of equation the total angular momentum will 

h 
be± Z,c or 0. 

Thus here we can see that on the two sides of the equation-(4.67) 
and (4.68), angular momentum are not equal. For an isolated 
system like nucleus, we can not expect this to happen. But 
again this one can not accept that the law of conservation of 
angular momentum is not applicable ~ere. 

The above three conservation laws apparently violet in the 
process of !)-decay. This remain a series problem among 
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physicists until 1930 when Pauli proposed that during P-decay 
one more particle is emitted, called neutrino. Existence of 
neutrino was verified experimentallyin 1956. Lets discuss Pauli's 
Neutrino Hypothesis in detail. 

4.8.4 Pauli's Neutrino Hypothesis 

As discussed above Pauli suggested that during emission ofa 
P-particle au additional particle is also emitted, named neutrino 
and this hypothesis made all the above conservation laws 
working finely for the process of P-decay. According to Pauli 
the particle neutrino has the following characteristics : 

(0 Its charge is zero 

(ii) It is an energy particle like a photon. 

(iii) Its rest mass is zero like a photon. 

(iv) It carries linear momentum like a photon. 

(v) It carries angular momentum like other nucleons± ½ ;ic . 
(vi) During P-decay, p+ emission is accomplished by emission 
of a neutrino (v) where as p--emission is accomplished by 

emission of an antineutrino ( v) 

(vii) It is_ extremely difficult to detect a neutrino because it 
interacts very weakly with matter. It can be concluded on basis 
of experiments that an average neutrino can penetrate about 
1012 km distance in the most dense material lead without 
interacting with it. Even though more then 109 neutrinos pass 
through our body every second without any effect. It is difficult 
but in Japan Super Kamiokande neutrino detector was made to 
detect neutrino. 

Thus the new reactions for P-decayproces_ses can be rewritten 
as 

p- decay n -----* p + e- + v 

p+ decay p -----* n + e+ + v 

... (4.69) 

... (4.70) 

Now using the above two equations ifwe again look into the 
energy, momentum and angular momentum of the nucleons 
involved in the decay process all conservation laws now seems 
to appear valid due to the presence of this additional particle in 
the reaction. 

Here we've discussed that the emitted P-particles carries energy 
less then that evolved in the process. The remaining energy is 
carried by the neutrino. Thus we can say that for every emission 
the sum ofenergies of P-particle and neutrino ( or antineutrino) 
remains constant in the decay. Similarlythedirection of emitted 
neutrino will account for the conservation oflinear momentum 
and in the equations for decay processes, ifwe account for the 
angular momentum ofneutrino ( or antineutrino) then on both 
side of equality angular momentum will get conserved. 

-----7 
155, 

-- -- _____ J, 

4.8.5 Mass Defect Calculation For b-decay 

We've discussed that there are three fundamental P-decay 
processes. Here mass defect involved in the nuclear reaction 
are very small as mass of P-particle (e- or el is very small. 
Generally the masses we use for calculation of mass defect in a 
nuclear reaction are the masses of atoms where we neglect the 
masses of electrons which is included in the mass of atom. 

Here for the P-decay process the mass of P-particle itself is 
same as that ofan electron, we can not neglect the weight ofall 
the orbital electrons present in an atom thus for an atom 1 X -Z 
(mass of electron) thus for calculation of mass defect for a 
P-decay process, we first find the mass ofnuclein involved in 
the reaction then we find mass defect. Lets discuss this one by 
one for each type of P-decay. 

(i) Mass Defect for p-Decay: 

For an element 1 X when undergoes p- emission, the decay 
equation is written as 

AX A y O -
Z --------) Z+l + -I e + V 

Here the mass defect of the above reaction can be written as 

/J.m=(Mx-·zm,)- {(My-(Z+ l)m,)+ m,) 

or /J,m=Mx-My 

Thus Q-value of this reaction can be given as 

(ii) Mass Defect of p + Decay : 

For an element 1 X when undergoes p+ decay, the decay 
equation can be written as 

1X-z~1Y++~e+v 
Here the mass defect of the above reaction can be written as 

/J.m=(Mx-Zm)-{(My-(Z-l)m,)+ m,} 

or /J.m=Mx-My-2m, 

Thus Q-value of this reaction can be given as 

M=(M -M -2m )C2 
X Y e 

(iii) K-Capture: 

For an element 1 X undergoes K-capture, the decay equation 
can be written as 

ix-i,Y+v 
Here the mass defect of the reaction can be given as 

/J.m= (Mx-Zm,)-(My-(Z-1) m,) 
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or t;m=M -M-m X Y e 

Thus Q-value of the above reaction is given as 

AE=(M-M-m)C2 
X Y e 

4.8.6 GammaDecay 

Just like an atom, nucleus can also exist in different energy 
states higher then its ground state. An excited nucleus is 
denoted by an asterisk after its symbol like X". Such excited 
nuclei return to their ground state by emitting photons ofenergy 
equal to the energy difference between the final and initial states 
in the transitions involved. These photons have range of 
energies upto several MeV are traditionally known as gamma 
rays (y-rays). 

Whenever a radionuclide undergoes a or P-emission, the 
daughter nuclide may remain in excited state just after decay 
which after some time (its life time) transit to ground state with 
release ofy-rayphoton. 

Lets consider an example P-active Mg which decays to Al. Look 
at the following reactions : 

We know that 

(i) The emission of a-particle (iHe) decreases the charge 
number by two and mass number by four. 

Thus emission of a, a-particles reduce the charge number by 
2a and mass number by 4a. 

(ii) The emission of p-particle increase the charge number by 
one and leaving the mass number unchanged. 

Thus emission of b, P-particles increase the charge number by 
b XI =b. 

Thus 238U ~ 206pb + a (•He) + b lo") 
~ ~ 2 !P 

Applying the law of conservation of charge number and mass 

number before and after the decay, we have 

and 

92=82+2a-b 

238 =206+4a 

From equation-(4.74), 

a=8 . 

... (4.73) 

. .. (4.74) 

Mg-Al* + W + v 

Al*-Al + y 

... (4.71) Fromequation-(4.73), 

... (4.72) b=l 

In the above reaction we can see when p- is emitted from Mg 
nucleus some part of the released energy is absorbed by the 
daughter nucleus & gets in excited state Al* and remaining 

energy is carried by p- & v. Aftera short duration Al* releases 

the excess· energy in form of y-ray photon and transit to its 
ground state Al as shown in equation-(4. 72). Some times due to 
more excitation energy one or may be two gamma decays takes 
place for daughter nucleus to reach the ground state. 

Some times the energy of y-ray photon from the nucleus which 
it releases at the time of transition from higher state to ground 
state, is absorbed by the atomic electrons around it. This 
process is similar to photo electric process in which this atomic 
electron is emitted with a kinetic energy equal to the nuclear 
excitation energy minus the binding energy of electron in the 
atom. This phenomenon we call internal conservation. 

# ll1ustrative Example 4.43 

How many alpha and beta particles are emitted when uranium 
(
238U) decays to lead 2~b ? 92 82 · 

Solution 

Let a and b, the number of a and p particles are emitted when 
238U decays to 206Pb 92 82 · 

# I11ustrative Exumple 4.44 

The nucleus 23Ne decays by P-emission into the nucleus 23Na. 
Write down the P-decay equation and determine the maximum 
kinetic energy of the electrons emitted. Given m (~tNe) = 
22.994466 amu. and m (;;Na)= 22.989770_amu. Ignore the mass 
ofantineutrino (v) . 

Solution 

The P-decay of 23Ne is represented by the equation 

~~Ne~ ~Na+ e- + v + Q 

Mass defect for the above reaction is 

t;m = [(~tNe)- M (f/Na)] 

= [22.994466-22.989770] amu 

= 0.004696 amu 

Now Q-value of the above reaction is given as 

Q=!;mx93L5MeV 

=0.004696 x 931.SMeV 

=4.374MeV 
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The energy Q released is shared by 23Na nucleus and the 
electron-antineutrino pair. Since 23Na is massive, most of the 

kinetic energy is carried by the e ~ v pair. The electron will 

carry the maximum energy if the antineutrino carries zero energy. 
Thus the maximum energy of the electrons emitted is 4.374 MeV. 

# Illustrative Example 4.45 

A radioactive source in the form of metal sphere of diameter 
10-3 m emits beta particle at a constant rate of 6.25 x 1010 particle · 
per second. If the source is electrically insulateci how long will 
it take for its potential to rise by 1.0 volt, assuming that 80% of 
the emitted beta particles escape from the source ? 

Solution 

Lett be the time for the potential of metal sphere to rise by one 
volt. Then upto this time P-particles emitted from sphere are 

N=(6.25 x 1010) x t 

Number of p-particles escaped in this time are 

N, =(80/100) x (6.25 x 101")1 

=5xl010 t 

Thus charge acquired by the sphere in I sec 

Q=(5 X lQ]O/) X (1,6 X 10-19) 

= 8 x 10-9 1 coulomb ... (4.75) 

(Q emission of p-particle leads to a charge eon metal sphere) 

The capacitance C of a metal sphere is given by 

C=41tE0 xr 

We know that, 

= (9x:o9 }[
102-

3

) 

10-12 
=-- farad 

18 

Q= C x V (Here V= I volt) 

(8 x lQ-
9)/= ( !~~

12

) X J 

Solving it for I, we get 

t=6.95 µsec 

# Illustrative Ex_ample 4.46 

... (4.76) 

A nucleus X, initially at rest, undergoes alpha-decay according· 
to the equation. 

------- _157] 

(a) Find the values of A and Zin the above process. 

(b) The alpha particle produced in the above process is found 
to move in a circular track ofradius 0.11 min a uniform magnetic 
field of3 Tesla. Find the energy (in MeV) released during the 
process and the binding energy of the parent nucleus X. 

Given that: 

Solution 

m(Y)=228.03 amu; 

m (~n) = 1.009 amu 

m (iHe) =4.003 amu; 

m (\ H) = 1.008 amu. 

Given nuclear reaction is 

(a) According to principle of conservation of charge number, 
we have for above equation 

92=Z+2 

Z=90 

And according to principle to conservation of mass number, we 
have for above equation 

A=228+4=232 

A=232 

. (.b) For circular track ofa charge particle in uniform magnetic 
field, we have 

mv2 

-=qvB 
r 
mv=qBr 

Here momentum of a-particle is given as 

p=mv= 2exBxr 

p ;2 x (1.6 x 10-19) (3)(0.11) kg-m/sec 

p = 1.056 x 10-19 kg-m/sec 

K.E. of a-particle is given by 

E = L_ = (1.056xl0-19
)

9 

" 2m" 2x4.003xl.66x!0-27 

= 0.0839 x 10-11 joule 

0.0839xl0-II 
====-MeV 

l.6x 10-13 

=5.244MeV 
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The parent nucleus is at rest and hence its momentum is zero. 
Now the sum of momenta of daughter nucleus Yanda-particle 
must be zero i.e., the momentum of daughter nucleus Y is equal 

and opposite to momentum of a-particle. 

Thus K.E. of daughter nucleus Y is 

p2 (L056xl0-19J2 
Y =E = -- = -~---~~-

r 2My 2x228.03xl.66xl0-27 

=0.00147_3 x 10-11 joule=0.092MeV 

Nuclear PhysicS 8Tld-Radio~j 

Mass defect of this reaction can be given as 

"61n = [M <2:~Po)-M (2~Pb)-M (1He)] 

l!,m = 209.98264-205.97440-4.00260 

= 0.00564 amu 

Thus Q-value of the nuclear reaction is 

Q=0.00564 x 931 MeV=5.25MeV 

=5.25 X (J.6 X '1()-13) 

In above reaction, the total energy released is in the form of ~ = 8.4 x 10-13 joule 

kinetic energy of particles hence we have 

Total energy 

Mass defect of the reaction is 

l!,m = Mass of X -(Mass of Y+ Mass of a-particle)· 

5.336 
93

1.
5 

amu = Mx-(228.03 +4.003) 

Mx=(232.0387)amu 

Now mass defect of parent nucleus 2!~ is given as 

= 92 m, + (232- 92)mn -Mx 

=(92 X J.QQ8+ J40 X J.009 

-232.0387) 

=l.9573amu 

~ Binding energy of parent nucleus Xis 

(Af:Jx= 1.9573 x 931.5 MeV 

= 1823.225 MeV. 

# Illustrative Example 4.47 

Polonium (2:\'Po) emits 1He particles and is converted into lead 
(2~b). This reaction is used for producing electric power in a 
space mission 21°I'o has half life of 138.6 days. Assuming an 

efficiency of I 0% for the thermoelectric machine, how much 
210Po is required to produce 1.2 x I 07 J of electric energy per 

day at the end of693 days. Also find the initial activity of the 

material. 

(Given: masses ofnuclei M(210Po) =209.98264 amu, M(2°6Pb) 

= ,W5.97440 amu, M(1He) =4.00260 amu) 

Solution 

The nuclear reaction for the above process can be expressed as 

210 Po-4 206pb + •He 
84 82 2 -

The decay constant 1,, is given by for 210Po is given by 

,, = 0.693 = 0.693 0_005 day-I 
r 138.6 days 

Let M gm be required to produce 1.2 x 107 joule per day. 

Numberofnuclei inMgm 

(6xl023 )M 
N= 210 

Now decay rate by N nuclei per day or the activity of N nuclei 

are 

_ dN =1,,N 
dt 

(6xl023 )M 
=0.005x 

210 
perday ... (4.77) 

Thus energy produced per day 

= 0005x(6 xl0
23

)M x(84x 10-13)J 
. 210 . --- (4.78) 

This should be equal to 1.2 x 107 joule. 

Hence 0.005x (6 x
1023

)M x (8.4 x 10-13)= 1.2 x 107 
210 

M=lgm. . -- (4.79) 

The efficiency is 10%. Hence the quantity required will be IO gm. 

From equation-(4.77), activi_tyis 

A =0.005 x (
6x;~~3

)IO 

A=.!. x 1021 per day 
7 

Let A0 be the activity before 693 days, then from decay equation 

we have 

693 
Ac= Ao (2)-138.6 

Ac0=Ac(2)5 

Study Physics Galaxy with www.puucho.com

www.puucho.com



# Illustrative Example 4.48 

Find whether alpha decay or any of the beta decay are allowed 
for ~~c. Given masses are 

M(';)Ac)=226.028356 amu, M('itFr)=222.017415 amu, M 
(';.'Th)= 226.017388 amu, 

' . 

M(~~a) = 226.025406 amu, M(1He) = 4.002603 amu. 

Solution 

Our first step will be to write the reactio;1, then to find the 
disintegration energy Q. If Q > 0, the decay is allowed. 

Alpha decay : ';;Ac ---t ~tFr + a 

Q= [M(';)Ac)-M('/~Fr)-M(4He)]c2 

= 5.50 MeV(Alpha decay is allowed) 

A- decay · 226 Ac= 226Th + A-+ -t-' -"89 90 PV 

Q = [M(';)Ac) - M('~;Th)] c2 

= 1.12 MeV (p- decay is allowed) 

Q = [M(';;Ac) - M('/~Ra) - 2m ,] c2 

=-0.38 MeV ep+ decay is not allowed) 

Electron capture : 2/;Ac + e- ---t ';~Ra+ v 

=0.64 MeV (Electron capture is allowed) 

In above analysis it is clear that during a-decay, Q-value is 
maximum thus chances of a-decay are maximum. 

# Illustrative Example 4.49 

Show that ~!Fe may electron capture, but not p• decay. Masses 
given are 

M(~;Fe )= 54.938298 amu; M(i~Mn)= 54.938050 amu; m (e) = 
0.000549 amu. 

Solution 

The two possible reactions for electron capture and p• decay 
by 55 Fe are 26 

~Fe+ e ---t i)Mn + n Electron capture 

i~Fe---t );Mn+ p• + v p; decay 

... (4.80) 

... (4.81) 

-,- . - _ 1~~ 
First we will determine the disintegration energy Q of equations
( 4.80) and (4.81): 

M@Fe) =54.938298amu, 

M@Mn) =54.938050 amu andm, 

= 0.000549 amu. 

For p• decay the Q-value ofreaction is 

Q= [54.938298-54.938050 

-2 x 0.000549] x 931.5 MeV 

=-0.79MeV 

Negative value of Q implies that positron decay is not possible 
spontaneously 

For electron capture the Q-value ofreaction is 

Q = [54.938298-54.938050] x 931.5 MeV 

=0.23MeV 

Positive value of Q implies that electron capture is possible in 
this case. 

# Illustrative Example 4.50 

A sample of 18F is used internally as a medical diagnostic tool 
to look for the effects of the positron decay (T112 = 110 min). 
How long does it take for 99% of the 18F to decay? 

Solution 

Radioactive decay equation is 

1n ln2 N=N
0
e-"= N0e- (')t!T · [As 1,.= T] 

After decayof99% of the initial sample only I% will be left, and 
NIN0 = l %. We then have 

N _ I _ -ln(2)r/T 
N

0 
- 100 - e 

If we take the natural logarithm, we have 

-In 100 = _ ln2xt 
T 

Which on solving for I yields 

·• 

t= lnlOO xT 
ln2 

· log!OO 
=---xT 

log2 

2 
= 0.3010 x I JO 

=73lmin=l2.2h. 
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Practice Exercise 4.5 

(i) A radioactive source, in the form ofa metallic sphere of 
radius 10-2 m emits p-particles at the rate of5 x 1010 particles 
per second. The source is electrically insulated. How 1011g will it 
take for its potential to be raised by 2 volt, assuming that 40% 
of the emitted P-particle escape the source. 

[6.94 X 10--4 S] 

(ii) The nucleus of23.,1.Th is unstable against a-decay with a 
half-life of 7.6 x 103 years. Write down the equation of the 
decay and estimate the kinetic energy of the emitted a-particle 
from the following data: m (239'l"rh)= 230.033131 amu, m(~;Ra) 
= 226.025406 amu andm (iHe) =4.002603 amu. 

[3,267 MeVJ 

(iii) 2~Pu is ~ndergoing a-decay according to the equati~n 

2J•pu ~ 235U + •He 
94 92 2 

The process is accompanied by an emission of y-rays of 
wavelength 0.125 A. Find the speed of the emitted a-particle. 
Given, mass of 2t:Pu = 239.052158 amu, mass of 
~~U = 235.043925 amu, mass of iHe = 4.002603 amu and 
1 amu=931 MeV. 

[J.56 X 107 m/5] 

(iv) Calculate the maximum kinetic energy of the beta particle 
emitted in the following decay process: 

12N~ 12C* +e+ +v; 

12C*------+ 12C+y(4.43 MeV) 

Atomic mass of 12N = 12.0186.13 amu and mass of 
e + = 0.00055amu. 

[I 1.88 MeV] 

• • 

• 

N1:1clea! k.hY~iCS and Radio8ctivity,J 

(v) The a-decay of 2!0Po nuclei (in the ground state) is 
accompanied by emission of two groups of a-particles with 
kinetic energies 5.30 & 4.50 MeV. Following the emission of 
these particles the daughter nuclei are found in the ground & 
excited states. Find the energy of gamma-quanta emitted by 
the excited nuclei. 

[0.81 MeV] 

(w) Proton with kineticenergyT= l.OMeV striking a lithium 
target induces a n'uclear reaction /p +]Li~ 2 iHe. Find the 
kinetic energy of each a-particle and the angle of their 
divergence provided their motion directions are symmetrical 
with respect to that of incoming protons. 

[mp= 1.00783 amu, mu =_7.01601 ~u, mH, = 4. 00260 amu J 

[9.1 MeV, 170.5'.J 

(vii) 228Th emits an alpha particle to reduce to 224Ra. 
Calculate the kinetic energy ofthe alpha particle emitted in the 
following decay: 

228Tb -----'---+ ,,.Ra* + a; 

· 224Ra*------+ 224Ra +y(217keV) 

Atomic masses are: To228 = 228.028726 amu; 
224Ra = 224.020196 amu; 4He"=4.00260 amu. 

[5.304 MeV] 

(viii) When thermal neutrons (energy= 0.04 eV) are used to 
induce the reaction; 

~B ·+ ~n ---+ jLf +iHe. a-particles are emitted with an 

energy of 1.83 MeV. 

Given theniasses ofboron neutron & 4He as 10.01167, 1.00894 

& 4.00386 amu respectively, What is the mass ofi Li? 

[7.013663 amu] · 
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Discussion Question 
Q4-1 Is the mass excess of an alpha particle greater than or· 
less than the particle's total binding energy? 

Q4-2 We have stimulated emission and spontaneous emission. 
Do we also have stimulated absorption and spontaneous 
absorption? 

Q4-3 Tritium is the 3H isotope of hydrogen. Its atomic mass is 
3.016 amu; the atomic mass of1His 1.0078 amu, and that for the 
neutron is 1.00867 amu. What do you predict about the stability 
of tritium? Repeat for 2H, deuterium, which has an atomic mass 
of2.0141 amu. 

Q4-4 If neutron exert only attractive force, why don't we have 
a nucleus containing neutrons alone ? 

Q4-5 Consider two pairs of neutrons. In each pair, the 
separation between the neutrons is the same. Can the force 
between the neutrons have different magnitudes for the two 
pairs? 

Q4-6 A molecule of hydrogen contains two protons and two 
electrons. The nuclear force between these two protons is always 
neglected while discussing the behaviour of a hydrogen 
molecule. Why? 

Q4-7 Is it easier to take out a nucleon from carbon or from 
iron? From iron or from lead? 

Q4-8 Suppose we have 12 protons and 12 neutrons. We can 
assemble them to from either a 24Mg Nucleus or two 1'C nuclei. 
In which of the two cases more energy will be liberated? 

Q4-9 What is the difference between cathode rays and beta 
rays? When the two ~re travelling in space, can you make out 
which is tlie cathode ray and which is the beta ray? 

Q4-10 Att= 0, a sample of radionuclide A has the same decay 
rate as a sample of radionuclide B has at t = 30 min. The 
disintegration constants are 1o.A and 1o.8, with 1o.A < 1o.8• Will the two 
samples ever have (simultaneously) the same decay rate?. 

Q4-11 At I= 0 we begin to observe two identical radioactive 
nuclei with a halflife of5 min. At I= 1 min one of the nuclei 
decays. Does that event increase or decrease the chance of the 
second nucleus decaying in the next 4 min. or is there no effect 
on the second nucleus ? 

Q4-12 If the nucleus of a nucleus are separated from each 
other, the total mass is increased. Where does this mass come 
from? 

Q4-13 The radionuclide 49Sc has a halflife of 57 .o· min. The 
countingrate of sample ofthis nuclide at t= 0 is 6000 counts/min 
above the general background activity, which is 30 counts/min. 

Without actual computation, determine whether the counting 
rate of the sample will be about equal to the background rate in 
about 3 h, 7 h, 10 h, or a time much longer than IO h. 

Q4-14 The radionuclides 209 At and 209Po emit alpha particles 
with energies of5.65 and4.88 MeV, respectively. Which nuclide 
has the longer halflife? 

Q4-15 In beta decay, an electron (ora positron) is emitted bya 
nucleus. Does the remaining atom get oppositely charged ? 

Q4-16 When a boron nucleus c11B) is bombarded by a neutron, 
an et-particle is emitted. Which nucleus will be formed as.a 
result? 

Q4-17 Does a result lose mass when it suffers gamma decay? 

Q4-18 In a typical fission reaction, the nucleus is split into 

two middle - weight nuclei ofunequal masses. Which of the 
two (heavier or lighter) has greater kinetic energy? Greater linear 
momentum? 

Q4-19 Consider the fission reaction 
235U+n----+ X+Y+2n 

Rank the following possible nuclides for representation by X 
(or Y), most likely first: 

(a) iszNd, (b) 1401, (c) 12s1n, 

(d) 11,Pd, (e) I05Mo 

. Q4-20 Ifthreehelium nuclei combine to form a carbon nucleus, 
energy is liberated. Why can't helium nuclei combine on their 
own and minimize the energy? 

Q4-21 Estimate the atomic mass of 1tzn from the fuct that the 
binding energy per nucleon for it is about 8.7 MeV. 

Q4-22 Why do chemists consider different isotopes to be the 
same element even through their nuclei are not the same? 

Q4-23 Suppose that a 238U nucleus "swallows" a neutron and 
then decays not by fission but by beta decay, emitting an electron 
and a neutrino. Which nuclide remains after this decay: 

(a) 239Pu, (b) 23sNp, (c) Zl9Np, 

or ( d) 238Pa? 
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Q4-24 The neutron number is not conserved in a beta decay. 

Is this a violation of the conservation ofnucleons? Explain. 

. ~.....- -
Q4-25. \Vhich,physical or chemical properties affect the decay 

rate or half-life of a radioactive isotope? 

Q4-26 One radioactive nuclide has a decay constant that is 

half that of another. If the two nuclides start with the saine 
number of undecayed nuclei, will twice as many of its nuclei 

decay in a given time? Explain. . 

Q4-27 A basic assumption ofradiocarbon dating is that the 

cosmic ray intensity has been generally constant for the last 

40 000 y or so. Suppose it were found that the intensity was 

much less IO 000 y ago than it is today. How would this affect 
14C dating? 

Q4-28 A patient receives a dose ofradiation of 1.0 rad from 

X-rays and a dose of 1.0 rad from an alpha source. (a) Which 

has the greater biological (damage) effectiveness ? (b) What 

are the doses in rems ? 

Q4-29 The energy produced in fission reactions is carried off 

as kinetic energies of the products. How is this energy converted 

to heat in a nuclear reactor? 

Q4-30 Why is it so difficultto detect neutrinos experimentally? 

Q4-31 Why are heavy nuclei unstable? 

Q4-32 Why do nearly all the naturally occurring isotopes lie 

abovetheN=Zlinein figure4.I? 

Q4-33 If a nucleus has a half-life of I year, does this mean it 

will be completely decayed after 2 years? Explain. 

Q4-34. What fraction of a radioactive sample has decayed after -

two half-lives have elapsed ? 

Q4-35 Two samples of the same radioactive nuclide are 

prepared. Sample A has twice the initial activity of sample B. 
How does the half-life of A compare with the half-life of B ? 

After each has passed through five half-lives, what is the ratio 

of their activities? 

Q4-36 Explain why the half-lives for radioactive nuclei are 

essentially independent of temperature. 

Q4-37 If a nucleus such as 226Ra initially at rest undergoes 

alpha decay, which has more kinetic energy after the decay, the 

alpha particle or the daughter nucleus? 

Nuclear f'hXs~c_s ~ri"d -~~c!~i9~c~_!~] 

Q4-38 Can a nucleus emit alpha particles that have different 

energies? Explain . 

Q4-39 Explain why many heavy nuclei undergo alpha decay 

but do not spontaneously emit neutrons or protons. 

Q4-40 !fan alpha particle and an electron have the same kinetic 
energy, which undergoes the greater deflection when passed 
through a magnetic field? . 

Q4-41 If film is kept in a wooden box, alpha particles from a 

radioactive source outside the box cannot expose the film but 
beta particles can. Explain. 

Q4-42 Why would a fusion reactor produce less radioactive 
waste than a fission reactor? 

Q4-43 What_ factors make a fusion reaction difficult to 
achieve? 

Q4-44 Discuss the advantages and disadvantages of fusion 

power from the point of safety, pollution, and resources. 

Q4-45 Discuss three major problems associated with the 
development of a controlled fusion reactor. 

Q4-46 If two radioactive samples have the same activity 

measured in curies, will they necessarily create the same damage 
to a medium ? Explain. 

Q4-47 How can you be sure that nuclei are not made of protons 

and electrons rather than protons and neutrons ? 

_ Q4-48 Why aren't the masses of all nuclei exact integer 
multiples of the mass of a single nucleon ? 

Q4-49 Compared to a particles with the same energy, p particles 

can much more easily penetrate through matter Why is this? 

Q4-50 Some decays that are not possible 1)-om a nucleus in its 

ground state are possible if the nucleus is in an excited state. 
Explain why. 

Q4-51 _What are the properties of a nucleus that is likely to 
undergo (a) alpha decay, (b) beta decay, and(c) gamma decay? 

Q4-52 What would the distribution ofelectron kinetic energies 
be like ifno neutrinos were emitted in beta decay? What would 
it look like ifa verymassiveneutral particle wave always emitted? 

Q4-53 Why is the decay rate ofradioactive nuclei not changed 
by chemical environment, heating, or pressure? 
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Q4-54 Why is radium still found in nature ? Its half-life is 
1600 years, and·the estimated age of the universe is five billion 
years. 

.... 16.=!J 
Q4-56 Cari you suggest any reasons why natural radioactivity 
contains helium nuclei but neither hydrogen nor lithium nuclei ? 

Q4-57 What could be some of the reasons why stable nuclei 
Q4-55 How can isotopes of an element be separated, since have about the same number of protons and neutrons, with an 
they have the same chemical properties? excess number of neutrons as A increases ? 

* * * * * 

f, 
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Conceptual MCQs Single Option Correct 
4-1 A radioactive element 2)gJ{ decays into 2~Y. The number 
ofl3-particles emitted are (Consider only 13- emission) : 
(A) 4 (B) 6 
(C) 2 (D) 1 

4-2 Tiiree specimens A, B, C of same radioactive element have 
activities, I curie, 1 rutherford and I becquerel respectively. 
Which specimen has maximum mass: 
(A) A (B) B 
(C) C (D) All have equal mass 

4-3 Which of the following radiations 
wavelength ? 
(A) y-iays 
(C) a-rays 

(B) 13-rays 
(D) X-rays 

has the least 

4-4 A nucleus with Z= 92 emits the following in a sequence: 

a, a, 13-, 13-, a, a, a, a; 13-, 13-, a, 13•, 13+. a 

The Z of the resulting nucleus is: 
(A) 76 (B) 78 
(C) 82 (D) 74 

4-5 When aluminium is bombarded with fast neutrons, it 
changes into sodium with emission of particle according to the 
equation 

27Al ·+ ~ ~ 24Na+x 13 v- II 

What is the name ofx ? 
(A) Electron 
(C) Neutron 

(B) Proton 
(D) Alpha-particle 

4-6 The mean density of the nuclei is proportional to : 
(A) Mass number (B) Atomic number 
(C) Thenumber_ofm.icleons (D) None of the above 

4-7 In the equation 

ijAl +1fe ~ l~P + X, 

The correct symbol for Xis : 
(A) Je 

. (C) 1He 
(B) IH 

I . 

(D) ~n 

4-8 Choose the WRONG statement. A thermonuclear fusion 
reactor is better than a fission reactor for the following reasons: 
(A) For the same mass of substances involved, a fusion reaction 
releases much more energy than a fission reaction 
(B) A fusion reaction can be much more easily controlled than 

· a fission reaction 
(C) A fusion reaction produces almost no radioactive waste 
(D) The fuel required for fusion is readily available .in 
abundance from sea-water 

4-9 The chemical behaviour ofan atom depends upon : 
(A) The number of electrons orbiting around its nucleus 
(B) The number ~fprotons in its nucleus 
(C) The number of neutrons in its nucleus 
(D) The number ofnucleons in its nucleus 

4-10 The critical mass ofa fissionable material can be reduced 
by: 
(A) Heating it 
(B) Cooling it 
(C) Adding impurities to it 
(D) Surrounding it with a shield that will re.fleet neutrons 

4-11 Cadmium rods are used in a nuclear reactor for: 
(A) Slowing down fast neutrons 

· (B) Speeding up slow neutrons 
(C) Absorbing neutrons 
(D) Regulating the power level of the reactor -

4-12 A 13--particle is emitted by a radioactive nucleus at the 
time of conversion ofa : 
(A) Neutron into a proton 
(C) ,NJcleon into energy 

(B) 
(D) 

Proton into a neutron 
Positron into energy 

4-13 Why does the fusion occur at high temperature ? 
(A) Atoms are ionised at high temperature 
(B) Molecules break up at high temperature 
(C) Nuclei break up at high temperature 
(D) Kinetic energy is high enough to over~ome repulsion 
between nuclei 

4-14 Mass defect ofan atom refers to: 
(A) Inaccurate measurement of mass ofnucleons 
(B) Mass annihilated to produce energy to bind the nucleus 
(C) Packing fraction 
(D) Difference in number ofneutrons and protons in the nucleus 

4-15 If Mis the mass ofa nucleus and A its atomic mass, then 
the packing fraction is : 

(A) M-A 
M+A 

(C) M-A 
A 

(B) M-A 
M 

M+A 
(D) M-~ 

4-16 The fusion ofhydrogen into helium is more likely to take 

~== ~ 
(A) At high temperature and high pressure 
(B) At high temperature and low pressure 
(C) At low temperature and low pressure 
(D) At low temperature and high pressure 

/ 
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4-17 The average number of neutrons released by the fission (A) Nitrogen of mass 16 

ofone uranium atom is , (C) Oxygen of mass 16 
(B) Nitrogen of mass 17 

(D) Oxygen of mass 17 
. (A) I 

(C) 2.5 
(B) 2 
(D) 3 

4-18 A beam of fast-moving alpha particles was directed 
towards a thin gold film. The parts A', B' and C' of the 
transmitted and reflected beams corresponding to the incident 
parts A, B and C of the beam are shown in the following 
figure-4.13. The numberofalpha particles in: 

Gold film 

B' A-~-~--' 

B--;---+----+-+A' 

Figure 4.13 

(A) B' will be minimum and in C maximum 

(B) A' will be maximum and in B' minimum 
(C) A' will be minimum and in B' maximum 

(D) C will be minimum and in B' maximum 

C' 

4-19 From the following equations pick out the possible nuclear 
fusion reaction : 

(A) 'lC+/H ~ 'iC+4.3 MeV 

(B) 1ic+/H ~ 1~C+2MeV 

(C) 'iC+/H ~ 1io+7.3MeV 

(D) 2llU +Jn ~ 1)~e+ i1Sr + 2 (Jn) +y+ 200 MeV 

4-20 Radio carbon dating is done by estimating in the specimen : 

(A) The amount of ordinary carbon still present 
(B) The amount of radio carbon still present 

(C) The ratio of the amounts of 'tc to 1"{[:, still present 
(D) None of the above 

4-2.1 Which of the following cannot be emitted by radioactive 

substances during their decay ? 
(A) Protons (B) Neutrinos 
(C) Helium nuclei (D) Electrons 

4-22 The electron emitted in beta radiation originates from : 
(A) Inner orbits of atoms 

(B) Free electrons existing in nuclei 

(C) Decay of neutron in a nucleus 
(D) Photon escaping from the nucleus 

4-23 In the nuclear reaction, given by 2He4 + 
7
N 14 ~ XP + 

1 
H1. 

q . 
The nucleus X is : 

4-24 What is the number of a and f3 particles emitted in the 

following radioactive decay(Consider only beta minus decay)? 

(A) 8and6 
(C) 8and8 

2ggx ~ 'igr 
(B) 6and8 
(D) 6and6 

4-25 The radioactive nucleus ofan elementX decays to a stable 

nucleus of element Y. A graph of the rate of formation of Y 
against time would look like: 

dN dN 
di dt 

(A) (B) 

0 0 

.dN dN 
di 

_) 
di 

~ (C) (D) 

0 0 

4-26 The radioactive decay of uranium into thorium is 
represented by the equation : 

23!1J ~ 234Th + X 
92 90 

What isx? 
(A) An electron 
(C) An alpha particle 

(B) A proton 

(D) A neutron 

4-27 As a result ofradioactive decay a 2i~ nucleus is changed 

to a ~ip nucleus. Which particles are emitted in the decay? 
(A) One proton and two neutrons 

(B) One a-particle and one f3-particle 

(C) Two f3-particles and one neutron 

(D) Two f3-particles and one proton 

4-28 A free neutron decays into a proton, an electron and : 
(A) A neutrino (B) An antineutrino 
(C) An a-particle (D) A f3-particle 

4-29 A carbon nucleus emits a particle x and changes into 
nitrogen ac9ording to the equation : 

What isx? 
(A) An electron 
(C) An alpha particle 

'X: ~ ':!N +x 6 7 

(B) Aproton 
(D) A photon 
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4-30 23
92
9U decays emitting a P-particle producing neptunium 

nucleus, which further decays emitting a P-particle and the 
daughter product is plutonium (Pu). The grand daughter 
product can be expressed as : 

(A) 2t~Pu (B) 2i~Pu 

(D) '~1Pu 

4-31 The half-life of a radioactive substance depends upon : 
(A) Its temperature 
(B) The external pressure on it 
(C) The mass of the substance 
(D) The strength of the nuclear force between the nucleons of 
its atom 

4-32 The half-life period ofa radioactive elementXis same as 
the mean-life time of another radioactive element Y. Initially both 
of them have the same number ofatoms. Then : 
(A) X and Yhave the same decay rate initially 
(B) Xand Ydecayatthesameratealways. 
(C) Ywill decay at a faster rate thanX 
(D) X will decay at a faster rate than Y 

4-33 The radioactive decay of an element X to elements Y and 
K is represented by the equation 

ix~ z+1Y·~ ttx ~ 1=1 K 

The.sequence of the emitted radiations is: 
(A) a., p, y (B) p, a., y 
(C) y, a., p (D) p, y, Cl 

4-34 The nuclear reaction 1~iCd ~ 1~jAg can occur with 
the: • 
(A) Electron capture 
(C) Proton emission 

(B) Positron capture 
(D) a-particle emission 

4-35 Two radioactive elements% and Yhave half-life times of 
50 minutes and 100 minutes, respectively. Samples X and Y 
initially contain equal numbers ofatoms. After 200 minutes, the 
ratio 

number of undecayed atoms of X -~.c._~---'--~--~= is. 
number of undecayed atoms of Y 

(A) 4 
(C) 112 

(B) 2 
(D) 1/4 

4-36 When a p--particle is emitted from a nucleus, the 
neutron-proton ratio : 
(A) Is decreased 
(C) Remains the same 

4-37 In the given reaction : 

(B) Is increased 
(D) First (A) then (B) 

Nuclear Physic_s and ~a~_!?;_c}_ivity: 

radioactive radiations,p, q, rare emitted. The radiations p, q, r 
are respectively: 
(A) a,p,y (B) p, a., y 

(D) Cl, y, p, (C) y,a,p 

4-38 Graphite and heavy water are two common.moderators 
used in a nuclear reactor. The function of the moderator is: 
(A) To slow down the neutrons to thermal energies 
(BJ To absorb the neµtrons and stop the chain reaction 
(C) To cool the reactor 
(DJ To control the energy released in the reactor 

4-39 Alpha particles are fired at a nucleus. Which of the paths 
shown in figure-4.14 is not possible? 

(AJ l 
(C) 3 

2 1 
1
~Nucleus 

2 3 3-----4-------
Figure 4.14 

(B) 2 
(D) 4 

4 

4-40 The decay constant).. ofa radioactive sample: 
(A) Decreases with increase of external pressure and 
temperature 
(B) Increases with increase of external pressure and 
temperature 
(C) Decreases with increase of temperature and increase of 
pressure 
(DJ Is independent of temperature and pressure 

4-41 When high energy alpha particles (1He) pass through 
nitrogen gas, an isotope of oxygen is formed with the emission 
of particles nained x. The nuclear reaction is 

11N + 1He ~ liO + x 

What is the name of x? 
(A) Electron 
(C) Neutron 

(B) Proton 
(D) Positron 

4-42 When boron (1iB) is bombarded by neutron, a-particle is 
emitted. The resulting nucleus has a mass number: 
(A) 11 (B) 7 
(C) 6 (D) 15 

4-43 Consider a-particles, p-particles and y-rays, each having 
an energy of0.5 MeV. In increasing order of penetrating powers, 
the radiations are : 
(A) a,p,y 
(C) p,y,a 

(B) Cl, y, p 
(D) y, p, a 

Study Physics Galaxy with www.puucho.com

www.puucho.com



[N~IS~f,~_h_ySic~ 8nd Radioactivity 

4-44 A radioactive nucleus emits a beta particle. The parent 

and daughter nuclei are : 

(A) Isotopes 

(C) Isomers 

(B) Isobars 
(D) Isotones 

4-45 Fast neutrons can easily be slowed down by: 
(A) The use oflead shielding 
(B) Passing them through water 

(C) Elastic collisions with heavy nuclei 

(D) Applying a strong electric. field 

4-46 A nucleus ruptures into two nuclear parts, which ha.ve 

their velocity ratio equal to 2 : 1. What will be the ratio of their 

nuclear size (nuclear radius)? 

(A) 3112 : 1 
(C) 211,: 1 

(B) 1: 3112 
(D) 1 : 2113 

4-47 Fornuclei with A> 100, mark the INCORRECT statement : 

(A) The b.indi.ng energy per nucleon decreases on the average 

as A increases 
(B) If the nucleus breaks into two roughly equal parts, energy 

is released 
(C) If two nuclei fuse to form a bigger nucleus energy is released 
(D) The nucleus with Z> 83 are generally unstable 

.... := = ::--t67l 
4-48 Figure 4.15 shows a roughly approximated curve ofbinding 

energy per nucleon with mass number. W, X, Y and Z are four 

nuclei indicated on the curve. According to this curve, the 

process that would release energy is : 

y 
8.5 -----------~---
8.0 l : w 
1.s ---- -------t-· ----r-----

, ' 

60 

' ' ' ' ' ' ' ' ' ' ' ' 
90 

Figure 4.1S 

120 

* * * * * 
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Numerical MCQs Single Options Correct 
4-1 Two identical samples (same material and same amount) P 
and Q ofa radioactiv~ substance having mean life Tare observed 
to have activities Ap & AQ respectively at the time of 
observation. If P is older than Q, then the difference in their 
ages is: 

(A) Tin ( i) 
I (Ap) (C) - In -
T AQ 

(B) Tin(~) 
(D) T( ~;) 

4-2 Bi has a halflife of5 days. What time is taken by(7/8)th part 
of the sample to decay? 
(A) 3.4 days 

(C) 15 days 

(B) 10 days 

(D) 20 days 

4-3 A certain radioactive substance has a halflife of 5 years. 
Thus for a nucleus in a sample of the element, probability of 
decay in 10 years is: 
(A) 50% 

(C) 60% 

4-4 A 

(B) 75% 

(D) 100% 

t=O N0 0 0 

I N 1 N2 N3 
In the above radioactive decay C is stable nucleus. Then : 
(A) rate of decay of A will first increase and then decrease 
(B) number ofnuclei of B will first increase and then decrease 
(C) if½>,.,, then activity of B will always be higher than 
activity of A 
(D) ifA1 >>½, then number ofnucleus ofCwill always be less 
than number of nucleus of B. 

4-5 The half-life of a radioactive substance is 10 days. This 
means that: 
(A) The substance completely disintegrates in 20 days 
(B) The substance completely disintegrates in 40 days 
(C) 1/8 part.of the mass of the substance will be left intact at 
the end of 40 days 
(D) 7/8 part of the mass of the substance disintegrates in 
30 days 

4-6 90% of the active nuclei present in a radioactive sample are 
found to remain undecayed after I day. The percentage of 
undecayed nuclei left two days will be : 
{A) 85% (B) 81 % 
(C). 80% (D) 79% 

4-7 The atomic weight ofboron is I 0.81 and it has two isotopes 
1;'8 and 1JB. The ratio of 1;'8 : 1JB in nature would be : 

(A) 19: 81 
(C) 15: 16 

(B) 10: 11 
(D) 81 : 19 

4-8 Half-lives of two radioactive substances A and B are 

20 minutes and 40 minutes respective_Iy. lnitiallysamplesA and 

B have equal number ofnuclei. After 80 minutes, the ratio of the 

remaining number of A andBnuclei is: 

(A)l:16 (B)4:l 

(C)l:4 (D)l:l 

4-9 A I 00 ml solution having activity 50 dps is kept in a beaker. 

It is now constantly diluted by adding water at a constant rate 

of IO ml/sec and 2 ml/sec of solution is constantly being taken 

out. Find the activity of 10 ml solution·which is taken out, 

assuming halflife to be effectively very large: 

(A) 10[1-(t)'
14

] 

(C) 50[1-(%)"•] 

(B) 10 [i-(%)'12

] 

(B) 50 [ 1-( t )'12

] 

4-10 A radioactive source has a halflife of 3 hours. A freshly 

prepared sample of the same emits radiation 16 times the 

permissible safe value. The minimum time after which it would 

be possible to work safely with the source is : 

(A) 6 hours (B) 12 hours 

(C) 18 hours (D) 24 hours 

4-11 The halflife period ofa sample is 100 second. If we take 

40 gram of the radioactive sample, then after 400 second how 

much substance will be left undecayed? 

(A) IO gram (B) 5 gram 

(C) 2.5 gram (D) 1.25 gram 

4-12 The kinetic energyofa 300-K thermal neutron is: 
(A) 300eV (B) 300eV 

(C) 0.026 eV (D) 0.026 MeV 

4-13 A sample has two isotopes 150A and xxs having masses 

50 g and 30 g respectively. A is radioactive and Bis stable. A 

decays to A' by emitting a particles. The halflife of A is 2 hrs. 
Find the mass of the sample after 4 hour: 

(A) 43gm (B) 58gm 

(C) 61gm (D) 79gm 

4-14 In previous question find the approximate number ofalpha 
particles emitted. 
(A) 1.2 x 1023 

(C) 2.3 x I 023 
(B) 1.5 x I 023 
(D) 3,4 X ]023 
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4-15 What is the energy released in the fission reaction 

2j~u ~ ii;x + ii;y + 2 /,n 

given that the binding energypernucleon ofX and Y is 8.5 MeV 

and that of 2)fU is 7.6 MeV? 
(A) 176.2 MeV 
(C) 195.4 MeV 

(B) 183.7 MeV 
(D) 208.6 MeV 

4-16 The count rate from 100 cm3 of a radioactive liquid is c. 
Some of this liquid. is now discarded. The count rate of the 
remaining liquid is found to be c/10 after three half-lives. The 
volume of the remaining liquid, in cm3, is: 
(A) 20 (B) 40 
(C) 60 (D) 80 

5.-17 A sample ofradioactive material decays simultaneously 

by two processes A and B with half lives ½ and ¼ hr 

respectively. For first half hr it decays with the process A, next 
one hr with the process Band for further halfan hour with both 

A .and B. if origi11allythere wereN0 nuclei, find the number of 
nuclei after 2 hr of such decay: 

No 
(A) (2)' 

No 
(D) (2)5 . 

4-18 The binding energy of deuteron GH) is 1.15 MeV per 
nucleon and an alpha particle ('1e) has a binding energy of 
7.1 MeV pernucleon. Then in the reaction 

2H+ 2H ~ 4He+Q I I 2 

the energy Q released is : 
(A) I MeV 

(C) 23.SMeV 
(B) ll.9MeV 
(D) 931 MeV 

4-19 A radioactive substance is being produced at a constant 
rate of 200 nuclei/s. The decay constant of the substance is 
Js·1• After what time the number of radioactive nuclei will 
become I 00. Initially there are no nuclei present : 

(A) 1 sec 
I 

(B) ln (2) sec 

(C) In (2) sec (D) 2 sec 

4-20 What is the rest mass energy of an electron ? 
(A) I eV (B) 0.51 MeV 
(C) 931 MeV (D) None of,these 

-- -- ------1691 
- - -- ---- -~--:J 

4-21 Figure below shows initial steps of a radioactive series 

A ~ B 2 '- C 

t= o N
0 

o· o 
/ N1 N2 N3 

The ratio ofN1 to N2 when N2 is maximum is: 
(A) at no time this is possible 
(B) 2 
(C) 1/2 

(D) . /n2 
2 

4-22 After two hours !/6th of the initial amount ofa certain 
radioactive isotope remains undecayed. The half life of the 
isotope is : 
(A) 17.3 min 
(C) 46.4min 

(B) 34.7min 
(D) 1 hour 

4-23 The halflife of218Pa is 3 minutes. What mass ofa 16 g 
sample of218Pa will remain after 15 minutes? 
(A) 3.2 g (B) 2.0 g 
(C) 1.6 g (D) 0.5 g 

4-24 N atoms ofa radioactive element emit'n alpha particles 
per second at an instant. Then the half-life of the element is : , 

n 
(A) N sec 

n 
(C) 0.69 N sec 

N 
(D) 0.69 - sec 

n 

4-25 Consider a nuclear decay process 

A ----> B ----> C (stable) 

At a certain time,the activity ofnuclei A is 'x' and the nett rate 
ofincrease ofnumber ofnuclei Bis 'y'. The activity ofnuclei B 
at this instant is : 
(A) y 
(C) y-x 

(B) x--y 
(D) X 

4-26 · The activity of a radioactive sample A
0 

decreases to one 
third of the original value in 9 years. What will be its activity 
after further 9 years ? 
(A) A,J3 
(C) A,/9 

(B) A,J6 
(D) A,Jl8 

4-27 The radioactivity of a sample isX at a time t
1 

and Yat a 
time t2• If the mean life of the specimen is t, the numberofatoms 
that have disintegrated in the time interval (t2-t1) is: 
(A) Xt1-Yt2 (B) X-Y 
(C) (X-Y)h (D) (X-Y)t 
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4-28 A radioactive nucleus can decay by either emitting an a 
particle or by emitting a 13 particle_ Probability of a decay is 75% 

while that ofl3 decay is 25%. The decayconstant of a decay is 

;\.1 and that ofl3 decay is'-,· ~: is: 

(A) 3 

(C) 1 

(B) 3 

(D) cannot be said 

4-29 Part of the uranium decay series is shown 

92l.J238 - 90To234 - Pa234 - l.J234 -91 92 · 

,0Th230 - ggRa226 

How many pairs of isotopes are there in the above series 

(A) I (B) 2 

(CJ 3 (D) o 

4-30 A radioactive elementX with halflife of2 hours decays 

giving a stable element Y? After how many hours the ratio of X 

tofwillbel :7? 

(A) 6 hours (B) 8 hours 

(C) 10 hours (D) 12 hours 

• 4-31 The energy released by the fission of one uranium atom 

is 200 MeV. The number of fissions per second required to 

produce 3.2 MW of power is : 

(AJ !07 (BJ 1010 

(C) 1015 (D) 1017 

Nuclear Physics and R8di08Ctivity] 

4-35 The rate of disintegration ofa radioactive substance falls 
from 800 decay/min to 100 decay/min in 6 hours. The half-life of 

the radioactive substance is : 
(A) 6/7hour 
(C) 3 hrs 

(BJ 2hrs 
(D) 1 hr 

4-36 The activity of a radioactive sample decreases to one

tenth of the original activity A 0 in a period of one year further. 

After further 9 years, its activity will be: 

Ao 
(A) 100 

Ao 
(C) 10'0 

Ao 
(B) 90 

(D} None of these 

4-37 Halflife ofa radioactive elements is 12.5 hour and its 
quantity is 256 gm. After how much time its quantity will remain 

!gm? 

(A) 50 hrs 

(C) 150 hrs 

(B) 100 hrs 

(DJ 200hrs 

4-38 An unknown stable nuclide after absorbing a neutron 
emits an electron, and the riew nuclide splits spontaneously 

into two alpha particles. The unknown nuclide is : 

. (A) 4Be9 (B) 3Li7 

(C) 
2
He4 (D) ,B 10 

4-39 A radioactive material is made at the constant rate of 
104 nuclei per second and the material is getting decayed with 
decay constant 0.0123 monthc1 .Activity of material after a very 
long time (ifinitiallythere was no radioactive material) is: 

10' 
4-32 Nuclei X decay into nuclei Y by emitting a particles. (A) 0.0123 dps 

· (B) 1.6 X )08 dpS 

(D) None of these Energies of a particle are found to be only I MeV & 1.4 MeV. 

Disregarding the recoil of nuclei Y. The energy of y photon 

emitted will be: 

(A) 0.8 MeV (B) 1.4 MeV 

(C) 1 MeV (D) 0.4 MeV 

(C) 104 dps 

4-40 The halflife ofa certail) radio isotope is 10 minutes. The 

number of radioactive nuclei at a given instant of time is 108
• 

Then the numberofradioactivenuclei leftS minutes later would 

be: 

4-33 An elementX decays, first by positron emission and then 10, 
two a-particles are emitted in successive radioactive decay. If (A) 2 

the product nuclei has a mass number 229 and atomic number 89, 

(B) 104 

(D) 10• the mass number and atomic number ofelementX are: 

(A) 237,93 

(C) 221,84 

(B) 237, 94 

(D) 237,92 

4-34 The decay constant of a radioactive substance is 

1 per month. The percentage of radioactive substance left 

undecayed' after two months will be : 

(A) 25% (BJ 50% 

(C) 66% (D) 87% 

(C) ,.fi. X )07 
,.fi. 

441 A uranium nucleus (atomic number 92, mass number 238) 
emits an alpha particle and the resultant nucleus emits a 
13 particle. The atomic and mass numbers respectively of the 

final nucleus are : 
(A) 90,240 
(C) 91,234 

(B) 90,236 

(D) 92,232 
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Lr:fu~1~ar, Ph~SiC"s and R~dioactivity 

4-42 A radioactive nuclide having decay constant '/,,, is 
produced at the constant rate of n per second (say, by 
bombarding a target with neutrons). The expected number N of 
nuclei in existence I seconds after the number is N0 is given by : 

(A) N '°' N
0
e-i.i (B) N= !'_+Ne_,, 

. ).,_ 0 

(C) N= I+ ( No -f )e-"' (D) N=f +(No+f)e-i.1 

4-43 The equation 

4 /W-, iHe+ + 2e+ + 26 MeV represents 

(A) 13-decay 
(C) Fusion 

(B) q,-decay 
(D) Fission 

4-44 At time t = 0, N1 nuclei of decay constant A.1 & N2 nuclei 

of decay constant A.2 are mixed. The decay rate of the mixture at 

time 't' is: 

4-45 The number of a and 13- emitted during the radioactive 

decay chain starting from ~ 6 Ra and ending at /~6 Pb is : 

(A) 3u& 613-
(C) 5u&413-

(B) 4u& 513-
(D) 6et& 613-

4-46 Two identical nuclei A and B of the same radioactive 
element undergo 13 decay. A emits a 13:particle and changes to 
A'. B emits a 13-particle and then a y-ray photon immediately 
afterwards, and changes to B': 
(A) A' and B'have the same atomic number and mass number. 
(B) A 'and B'have the same atomic number but different mass 
numbers 
(C) A' and B' have different atomic numbers but the same mass 
number 
(D) A' and B' are isotopes. 

4-47 In nuclear fission 0.1 % mass is converted into energy. 
How much electrical energy can be generated by the fission of 
I kg of fuel? 
(A) 1 kWh 
(C) 2.5kWh 

(B) 107 kWh 
(D) 2.5 x ]07kWh 

4-48 If the binding ·energy per nucleon in jLi and 1He nuclei is 
respectively 5.60 MeV and 7.06 MeV, then the energy of the 
reaction 

(A) 19.60MeV 
(C) 8.46MeV 

jLi + /p->.21He is 

(B) 12.26 MeV 
(D) 17.28MeV 

4-49 In which of the following process the number of protons 
in the nucleus increases. 
(A) a - decay 
(C) 13+ - decay 

(B) 13- - decay 
(D) k - capture 

4-50. A radioactive nucleus 'X' decays to a stable nucleus 'Y'. 
Then the graph of rate of formation of'Y' against time 'I' will 
be: 

4-51 Suppose the speed oflight were half of the present value, 
the amount of energy released in the atomic bomb explosion 
will be decreased by a fraction : 

(A) I 
4 

(C) 3 
4 

(B) 2 

(D) 3 
8 

4-52 The graph shows how the count-rate A of a radioactive 
source varies with tiine I. A and I are related as : (assume In 
(12) = 2.5) 

In A 

Jb---~-~-~-~ 

(A) A= 2.5 e-10 ' 

(C) A= 2.5 e-0-1' 

Fi~ure 4.16 

(B) A= 12 e10 ' 

. (D) A= 12e--0.1, 

4-53 The ratio of molecular mass of two radioactive substance 

is ½ and the ratio of their decay constant is f . Then the ratio 

of their initial activity per mole will be: 

(A) 2 

(C) 4 
3 

(B) 8 
9 

(D) 9 
8 
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4-54 The count rate ofa Geiger Muller counter for the radiation 
of the a radioactive material of half-life of30 minutes decreases 
to 5 dps after 2 hours. The initial count rate was: 
(A) 80 second·1 (B) 625 second·1 

(CJ 20 second·1 (D) 25 second·1 

4-55 A radioactive nuclide can decay simultaneously by two 
different processes which have individual decay constants 1c1 
and "'2 respectively. The effective decay constant of the nuclide 
is A given by : 

(A) 1c=~"'1"'2 
I 1 1 

·(B) -=-+-
"' "'1 "'2 

(CJ "'= ½ (1c1 + "',) 

4-56 An n-particleofenergy5 MeV is scattered through 180° 
by a fixed uranium nucleus. The distance of closest approach is 
of the order of: 
(A) I A 
(CJ 10-12 cm 

(B) J0·10 cm 
(D) J0·15 cm 

4-57 Halflives of two isotopesX and Y ofa material are known 
to be 2 x 109 years and 4 x 109 years respectively. !fa planet was 
formed with equal number of these isotopes, then the current 
age of planet, given that currently the material has 20% of X and 
80% of Yby number, will be: 
(A) 2 x I 09 years 
(CJ 6 x I 09 years 

(B) 4 x 1 09 years 
(D) 8 x I 09 years 

4-58 A nucleus raptures into two nucl~ar parts which have 
their velocities in the ratio of2: I. What will be the ratio of their 
nuclear sizes (radii) ? 
(A) 2113 : I 
(CJ 3112: I 

(B) I: 2113 
(D) I: 3112 

4-59 In which of the following case the total number of decays 
will be maximum in a time interval oft=O to t=4 hr. The firstterm 
represents the number of nuclei at time I = 0 and the second 
represents the halflife of the radionuclide : 
(A) N., 4 hr (B) 2 N0, 3 hr 
(CJ 3 N0, 2hr (D) 4 N0, I hr 

4-60 There are two radioactive substances A and B. Decay 
constant of B is two times that of A. Initially both have equal 
number ofnuclei. After n halflives of A rate of disintegration of 
both are equal. The value of n is : 
(A) I (B) 2 
(CJ 4 (D) All of these 

4-61 An atom of mass num_ber 15 and atomic number 7 captures 
an alpha particle and then emits a proton. The mass number and 
atomic numberofthe resulting atom will be : 
(A) 14 and 2 respectively (B) 16 and 4 respectively 
(CJ 17 and 6 respectively (D) 18 and 8 respectively 

Nuclear Physics and Radio8ctivjty] 

4-62 A radioactive element X converts into another stable 
element Y. Halflife of Xis 2 hrs. Initially only Xis present. After 
time I, the ratio ofatoms of X and Yis found to be I : 4, then I in 
hours is: 
(A) 2 (B) 4 
(CJ between 4 and 6 (D) 6 

4-63 TworadioactivematerialsX1 andX2 have decay constants 
10 A and A.respectively. Ifinitiallythey have the same number of 
nuclei, then the ratio of the number ofnuclei of X

1 
to that of X

2 
will be lie after a time: 

I 
(A) I 01c 

II 
(CJ I 01c 

1 
(B) I IA 

I 
(D) 91c 

4-64 A radioactive material decays by simultaneous emission 
of two particles with respective halflives 1620 and 810 years. 
The time in years after which one-fourth of the material remains 
is: 
(A) 1080 
(CJ 3240 

(B) 2430 
(D) 4860 

4-65 A star initially has I 040 deuterons. It produces energy via 
the processes 

2H+ 2H~ 3H+p 
I I I 

and 2H + 3H ~ 4He + n I I 2 

where the masses of the nuclei are: m ("H) = 2.014102 amu, 
m(p) = 1.007825 amu, m(n) = 1.008665 amu and 
m (4He) = 4.002603 amu. If the average power radiated by the 
star is 1016 W,the deuteron supply of the star is exhausted in a 
time of the order of: 
(A) 106 s 
(CJ 1012 s 

(B) 108 s 
(D) 10 16 s 

. 4-66 Masses of two isobars ~Cu and f.,Zn are 63.929766 amu 
and 93.929145 amu respectively. It can be concluded from these 
data that: 
(A) Both the _isobars are stable 
(B) 64Zn is radioactive, decaying to 64Cu through J3-decay 
(CJ 64Cu is radioactive, decaying to 64Zn through y-decay 
(D) 64Cu is radioactive, decaying to 64Zn through J3-decay 

4-67 A radioactive substance% decays into another radioactive 
substance Y. Initially only X was present "', and \ are the 
disintegration constants ofX and Y. N, and NY are the number of 
nuclei of X and Yat any time I. Number of nuclei NY will be 
maximum when : 

(B) 

(D) 

N,-Ny 

\N,=1c,NY 
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'Nuclear _Physics and Radioactivity 

4-68 A particle of mass Mat rest decays into two particles of 

masses m1 and m2, having non-zero velocities. The ratio of the 

de-Broglie wavelengths of the particles, A/"-:,, is : 

(A) m/m2 (B) m,lm, 

(C) LO (D) ~m2 /m1 

4-69 A radioactive nucleus is being produced at a constant 

rate o. per second. Its decay constant is A. If N0 are the number 

ofnuclei attime I= 0, then maximum number ofnuclei possible 

are: 

a 
(A) T· 

(C) No 

4-70 A radioactive isotopeX with half-life of 1.37 x I 09 years 

decays to Y which is stable. A sample of rocks from the moon 

was found to contain both the elements X and Y which were in 

the ratio I : 7. The age of the rocks is: 
(A) 1.96 x 108 years (B) 3.85 x 109 years 

(C) 4.11 x I09 years - (D) 9.59 x 109 years 

4-71 N1 atoms of a radioactive element emit N2 beta particles 
per second. The decay constant of the element is (in s01 ) 

(A) !!J.._ 
Nz 

(B) Nz 
N, 

(C) N1 In (2) (D) N2 In (2) 

4-72 Sun radiates energy in all direction. The average energy 
received at earth is I .4 KW/m2• The average distance between 
the earth and the sun is 1.5 x 1011 m. If this energy is released by 

conservation of mass into energy, then the mass lost per day 
by the sun is approximately(use I day= 86400 sec) 

(Al 4.4 x 109 kg (B) 7.6 x 1014 kg 
(C) 3.8x 1012 kg (D) 3.8x 1014 kg 

4-73 Power output of2~U reactor ifit takes 30 da_ys to use up 

2 kg of fuel, and ifeach fission gives 185 MeV ofusable energy, 

is: 
(A) 5.85MW 
(C) .585MW 

(B) 58.5KW 
(D) None of these 

4-74 A radioactive material of half-life Twas produced in a 

nuclear reactor at different instants, the quantity produced 
second time was twice of that produced first time. Ifnow their 

present activities ~re A 1 and A2 respectively, then their age 
difference equals : 

-- ____ 173j 

(A) ..I_lln 2A, I 
ln2 A2 

(B) T lln ~; I 

(D) Tlnl2A], I 

4-75 The halflife of a radioactive material is 12.7 hr. What 

fraction of the original active material would become inactive in 

63.5hr. 
(A) 1/32 
(C) 31/32 

(B) l/23 

(D) 23/32 

4-76 In the nuclear fusion reaction, 

fH+-/H ~ 1He+n 

given that the repulsive potential energy between the two nuclei 
is- 7.7 x 10-14 J, the temperature at Jhich the gases must be 

heated to initiate the reaction is nearly [Boltzmann's constant 
k= 1.38 x 10-23 J/K] 

(A) 107 K 
(C) 103 K 

(B) 105K 

(D) 109K 

4-77 The activity ofa radioactive sample isA 1 at time 11 andA2 
at time 12. If the mean· life of the sample is,, then the number of 

nuclei decayed in time (12 - I 1) is proportional to : 

(A) A/1 -Azt2 
(B) A1 -A2 

(C) (A 1-Az)(12-11) 

5-78 Nuclei ofradioactive element A are produced at rate '12' at 

any ti~e I. The element A has decay constant A. Let N be the 

numberofnuclei ofelement A at any time I. At time I= t0, ~ is 
minimum. The~ the number ofnuclei of element A at time t= 10 
is : 

(A) 
210 -Al~ 

(B) 
t0 - Alt 

A2 A2 

(C) 
210 -Al~ 

(D) 
t0 -Al~ 

A A 

4-79 Suppose a radioactive substance disintegrates completely. 

in IO days. Each day it disintegrates at a constant rate which is 
twice the rate of the previous day. The percentage of the material 

left to be disintegrated after passing of9 days is : 
(A) 10 (B) 20 
(C) 25 (D) 50 

* * * * * 
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1174 ' Nuclear Physics ~nci_ ~8dioa-cti~~ 

Advance MCQs with One or More Options Correct 

4-1 When a nucleus with atomic number Zand mass number A 
undergoes a radioactive decay process : 

(A) Both Zand A will decrease, if the process is a decay 

(B) Zwill decrease but A will not change, if the process is p+ 
decay 

(C) Z will increase but A will not change, if the process is ;i
decay 

(D) Zand A will remain unchanged, if the process·is y decay 

4-2 When the nucleus ofan electrically neutral atom undergoes 

a radioactive decay process, it will remain neutral after the deca~ 

if the process is: 

(A) An a decay 

(C) Ay decay 

(B) A p- decay 

(D) A K-capture process 

4-3 Which ofthe following assertions are correct? 

(A) A neutron can decay to a proton only inside a nucleus . 

(B) A proton can change to a neutron only inside a nucleus 

(C) An isolated neutron can change into a proton 

(D) An isolated proton can change into a neutron 

4-4 Disintegration constant ofa radioactive material is A: 
log, 2 

(A) Its halflife equal to -A-

- I 
(B) Its mean life equals to ,:-

(C) At time equal to mean life, 63% of the initial radioactive 

material is left undecayed 

I 
(D) After 3-halflives, 3rd of the initial radioactive material is 

left undecayed. 

4-5 A nucleus undergoes a series of decay according to the 

scheme A------'!-+ B-4 C------'!....t D~ E 
Atomic number and mass numbers of E are 69 and 172 

(A) Atomic numberof A is 72 

(B) Mass numberof Bis 176 

(C) Atomic numberof Dis 69 

(D) Atomic numberof C is 69 

4-6 The halflife ofa radioactive substance is T0• At 1- 0, the 

numberof active nuclei areN0• Select the correct alternative. 
(A) The number ofnuclei decayed in time internal 0-1 is N0e-)J 

(B) The number of nuclei decayed in time interval O - t is 
N

0
(1-e-i.~ 

(C) The probability that a radioactive nuclei does not decay 
- in interval O - I is e-lJ 

(D) The probability that a radioactive nudei does not decay 
in interval I - e-lJ 

4-7 Two identical nuclei A and B of the same radioactive element 

undergo similar p decay. A emits a P-particle and changes to A'. 

B emits a P-particle and then a y-ray photon immediately 

afterwards, and changes to B' : 
(A) A' and B' may have the same atomic number and mass 

number 
(B) A' and B' may have the same atomic number but different 

mass numbers 
(C) A' and B' may have different atomic numbers but the same 

mass number 
(D) A' and B' may are isotopes 

4-B A and B are isotopes, B and Care isobars. All three are 

radioactive : 
(A) A, Band C must belong to the same element 
(B) A, Band C may belong to the same element 

(C) It is possible that A will change to B through a radioactive 

decay process 

(D) It is possible that B will change to C through a radioactive 

decay process 

4-9 A nuclide A undergoes a-decay and another nuclide B 
undergoes P-decay : 
(A) All the a-particles emitted by A will have almost the same 

speed 
(B) The a-particles emitted by A may have widely different 

speeds 

(C) All the P-particles emitted by B will have almost the same 

speed 

(D) The p-particles emitted by B will have different speeds 

4-10 _Which of the following is correct for a nuclear reaction? 

· (A) A typical fission represented by 92U235 + 0n 1 ~ 56Ba 143 + 

36Kr93+ Energy 
(B) Heavy water is used as moderator in preference to ordinary 

water 
(C) Cadmium rods increase the reactor power when they go 

in, decrease when they go outward 

(D) Slower neutrons are more effective in causing fission than 

faster neutrons in case of U235 

4-11 The decay constant of a radioactive substance is 

0.173 (yearsJ-1• Therefore 

(A) Nearly 63% of the radioactive substance will decay in 
(l/0.173)year · 

(B) Halflife of the radio active substance is (1/0.173) years. 

(C) One-fourth of the radioactive substance will be left after 

nearly 8 years 

(D) All the above statements are true 
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4-1~ Which of the following statement(s) is (are) correct? 
(A) The rest mass of a stable nucleus is less than the sum of 
the rest masses of its separated nucleons. 
(B) The rest mass ofa stable nucleus is greater than the sum of 
the rest masses of its separated nucleons. 
(C) In nuclear fission, energy is released by fusing two nuclei 
of medium mass (approximately 100 u) 
(D) In nuclear fission, energy is released by fragmentation of a 
very heavy nucleus. 

4-13 A radioactive sample has initial concentration N0 ofnuclei : 
(A) The number of undecayed nuclei present in the sample 
decays exponentially with time 
(B) The activity (R) of the sample at any instant is directly 
proportional to the number ofundecayed nuclei present in the 
sample at that time 
(C) The number of decayed nuclei grows linearly with time 
(D) The number of decayed nuclei grows exponentially with 
time 

4-14 For the graph shown in figure-4.17, which of the following 
statements is/are possible ? 

0 

Figure 4.17 

(A) y-axis shows number of nuclei of a radioactive element 
which is produced at a constant rate 
(B) y-axis represents number of nuclei decayed in a radio 
nuclide 
(C) y-axis represents activity of a radio nuclide 
(D) none of these 

4-15 92u235 is a (alpha) active. Then in a large quantity of the 
element: 
(A) the probability ofnucleus disintegrating during one second 
is lower in the first halflife and greater in the fifth halflife 
(B) the probability of a nucleus disintegrating during one 
second remains constant for all time 
(C) quite an appreciable quantity ofU235 will remain, even after 
the average life 
(D) the energy of the emitted 'a' particle is less than the 
disintegration energy of the U235 nucleus 

4-16 Let mp be the mass of proton, mn the mass ofneutron. M1 

the mass of :~Ne nucleus and M2 the mass of~~ Ca nucleus. 

Then: 
(A) M2=2M1 
(C) M

2
<2M

1 

(B)M2>2M1 
(D) M1 < 10 (mn + m,,) 

---- ·-1751 
- - - ------- ___ J 

4-17 Assume that the nuclear binding energy per ·nucleon 
(B/ A) versus mass number (A) is as shown in the figure-4.18. 
Use this plot to choose the·correct _choice(s) given below. 

BIA 

8 

6-

4· 

2+----' 

100 

Figure 4.18 

200 A 

(A) Fusion of two nuclei with mass numbers lying in the range 
of I <A <50 will release energy 

(B) Fusion of two nuclei with mass numbers lying in the range 
of SI <A< 100 will release energy 

(C) Fission ofa nucleus lying in the mass range of! 00 <A< 200 
will release energy when broken into two equal fragments 

(D) Fission ofanucleus lying in the mass range of200 <A <260 
will release energy when broken into two equal fragments 

4-18 During radioactive decay: 
(A) atomic mass number cannot increases 
(B) atomic number may increase 
(C) atomic number may decrease 
(D) atomic number may remain unchanged 

4-19 A large population of radioactive nucleus starts 
disintegrating at t = 0. Attime t, if N = number of parent nuclei 
present, D= the number of daughter nuclei present and R = rate 
at which the daughter nuclei are \'roduced , then the correct 
representation will be : 

(A) 

(C) 

N 

0 

R 
N 

0 

D 

(B) 

t 0 

R 

(D) 

0 
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4-20 After 200 days the activity ofa radioactive sample reduces 
to 8000 dps. After another l 00 days the activity reduces to 

8000 . .fi dps. It can be said that : 

(A) Initial activity of the sample was 8000 .fi dps 
(B) Initial activity of the sample was 16000 dps 
(C) Halflife of the sample is 200 days 
(D) After yet another I 00 days the activity will reduce to 
4000dps 

4-21 The decay constant of a radio active substance is 
0.173 (years)·1• Therefore: 

(A) Nearly 63% of the radioactive substance will decay in 
(l/0.173)year. 
(B) halflife of the radio active substance is (l/0.173) year. 
(C) one-forth of the radioactive substance will be left after 
nearly 8 years. 
(D) all the above statements are true. 

Nuclear Physics_ an_d ~~~i~~.!:tiv,!!y] 

4-22 In the a-decay process occurring in different types of 
nuclei at rest : 
(A) The kinetic energy ofthedaughternucleus is always greater 

· than the kinetic energy of the a-particle 

(B) The kinetic energy of the daughter nucleus is always less 
than the kinetic energy of the a-particle 
(C) The l)lagnitudes of the linear momenta of the a-particle 
and the daughter nucleus are always equal 
(D) The daughter nucleus is always in a stable state 

4-23 At I= p, a sample of radionuclide A has the same decay 
rate as a sample of radionuclide B has at I = 60 min. The 
disintegration constants of A and"B are "-A and "-e respectively, 

with "-A <A.B. 
(A) The halflife of radionuclide A is greater than that of B. 
(B) At t= 60 min, numberofatoms in sample of material A is 
greater than that of sample B. 
(C) The two samples will never have the same decay rate 
simultaneously. 
(D) After some time, the two samples will have the same decay 
rate simultaneously for an instant. 

* * * * * 
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Unsolved Numerical Problems for Preparation ofNSEP, INPhO & IPhO 
r For detailed preparatio11 of INPl,O a11d /Pl,O students can refer advance study material on www.physicsgalaxy.com 

4-1 When charcoal is prepared form a living tree it shows a 
disintegration rate of 15.3 disintegration of 14C per grarri per 
minute, A sample from an ancient piece of charcoal shows 14C 
activity to be 12.3 disintegration per gram per minute. How old 
is this sample? Halflife of 14C is 5730 yrs. , 

Ans. [1804.6 years] 

4-2 The halflife of226Ra is 1602 yrs. Calculate the activity of 
0, I gm ofRaCI2 in which all the radium is in the form of226Ra. 
Taken atomic weight of Ra to be 226 gm/mole and that of Cl to 
be 355 gm/mole. 

Ans. [2.8 x 109 dps} 

4-3 A vessel of volume 125 cm3 contains tritium (T = 12.3 yrs) 
at 500 kPa and 300 K. Calculate the activity of the gas, 

Ans. 1724 Ci] 

4-4 A piece of ancient wood shows an activity of 3.9 
disintegration per sec. per gram of 14C. Calculate the age of the 
wood. T 112 of 14C = 5570 years. Activity of fresh 14C = 15.6 
disintegration per second per gram. 

Ans. [11140 yrs] 

4-5 Consider the 13-decay 

198Au ~ 198Hg + 13- + v· 

where 198Hg represents a mercury nucleus in an excited state of 
energy 1.088 MeV above the ground state, What can be the 
maximum kinetic energy of the electron emitted, The atomic 
mass of 198Au is 197,968233 amu and that of 198Hg is 
197.966760 amu. l u=931 MeV/c2

• 

Ans. [0-2834 MeV] 

4-6 Determine the age ofancient wooden items ifit is known 
that the specific activity of 14C nuclide in them amounts to 3/5 
of that in lately felled trees, The halflife of14C nuclei is 5570 years. 
[Take In 0.6 =-0,51] 

Ans. [4.1 x tci3 years] 

4-7 A sample ofUran-ium is a tnixture of two isotopes '!iU and 
23JU present in the ratio 10% and 90% by weight The halflives 
of these isotopes are 2.5 x 105 years and 4.5 x 105 years 
respectively. Calculate the contribution to activity in percentage 
of each isotope in this sample, 

Ans. [16.67% and 83.33%] 

4-8 In a uranium ore the ratio of238U nuclei to 206Pb nuclei is 
h = 2.8 _ Evaluate the age of the ore assuming all the lead 206Pb 
to be a final decay product of the uranium series. The half-life 
of238U nuclei is 4.5 x I09 years. [In (14/19) = 0.3054] 

Ans. [About 2 x 109 years] 

4-9 4 x I 023 tritium atoms are contained in a vessel. The half 
life of decay of tritium nuclei is 12.3 yrs. Find : 

(a) the activity of the sample, 

(b) the number of decays in the next IO hours. (c) the numberof 
decays in the next 6.15 yrs. 

Ans. [7.146 x 10 14 dps, 2.57 x 10 19, 1.17 x 1023] 

4-10 (a) The halflife period of radium is 1590 yrs. After how 
many years will one gram of the pure element, 

(i) be reduced to one centigram. (ii) lose one centigram. 

(b) The halflife of radon is 3,8 days. After how many days will 
only one twentieth of radon sample be left over? 

(c) I gm of radioactive substance takes 50 sec, to lose 
I centigram. Find its halflife period? 

Ans. [(a) 10560 yrs. 23-25 yrs, (b) 16-45 days (c) 57.75 min.] 

4-11 A nucleus of rest undergoes a-decay according to the 
equation. 

2,j]X~Y+a 

At time t = 0, the emitted a-particle enters in a region of space 

where a uniform magnetic field B = Boi and electric field 

E = E0i exist. The a-particle enters in the region with velocity 

ii=v0} fromx=O.Attimet= ,J3 x 10 
111

E" sec, theparticle 
q. 0 

was observed to have speed twice the initial velocity v0 then 
find 

(a) the velocityofo-particle at time I 

(b) the initial velocity v
0 

of the a-particle 

(c) the binding energypernucleon of a-particle, 

Given that: 
rn (l')=22L03 amu, rn (a)=4,003 amu 

rn(n)= l.009amu, rn (p) = 1.0084 amu 

charge on a-particle q
0 

=6.4 x 10·19 c 

and I amu= 1.67 x 10·27 kg=931 MeV/c2 

Ans. [(a) -.E:.....!l.1 i + v0 cos B j - \1
0 

sin a k where 8 = rot and ro = -"- • 
(

q E ) • • , q B 
ma ma 

(b) 107 mis, (c) 8,00 MeV] -
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4-12 Some amount ofradio activesubstance (halflife = 30 days) 
is spread inside a room & consequently the level of radiation 
becomes 50 times permissible level for normal occupancy of the 

room. After how many days would the room be safe for 

occupation. 

Ans. [169.35 days] 

4-13 Protons and singly ionized atoms of 235U & 238U are 
passed in turn through a velocity selector (where a magnetic 
field causes them to describe semicircular path). The protons 

describe semicircles ofradius 10 mm. What is the separation 

between the ions of235U and 238U after describing semicircle? 

Ans. [60 mm! 

4-14 Polonium <'i.Opo) emits a-particles and is converted into 
lead ('~Pb). This reaction is used for producing electric power. 

Polonium has halflife 138.6 days. Assuming an efficiency of 

I 0% for the thermoelectric machine. How much polonium is 
required to produce 1.2 x 107 J ofelectric energy per day at the 

end of 693 days. Also find the initial activity of the material. 

Masses of nuclei are 
210Po =209.98264 amu 
2°'Pb = 205.97440 amu 

4He =4.00260 amu 

I amu = 931 MeV/c' 

Avagadro's number= 6 x l023 per mol. 

Ans. [319.984 gm, 4.5712 x 1021 disintegrations per day] 

4-15 The specific activity of a preparation consisting of 
radioactive 58Co and non radioactive 59Co is equal to 
2.2 x I012 dis/sec. Thehalflifeof58Co is 71.3 days. Find the ratio 

of the mass ofradioactive cobalt in that preparation to the total 
mass of the preparation (in percent). 

Ans. [0.19%] 

4-16 A solution contains a mixture of two isotopes A (halflife 
= IO days) andB(halflife=5 days). Totalactivityofthemixture 
is 1010 disintegrations per second at time I= 0, the activity 

reduces to 20% in 20 days. Find 
(a) the initial activities of A andB 

(b) the ratio ofinitial number oftheirnuclei 

Ans. [(a) 0.73 ~ !0 10 dps, 0.27 x 10 10 dps, (b) 5.4] 

4-17 Find the quantity of polonium 2/~o whose activity is 
3.7 x l0 10 dps. Find also the number of atoms of polonium 
disintegrated during its mean life. (Half life of Polonium is 

138 days) 

Ans. [0.22 mg, 4.03 x 10 17] 

Nuclear Physics anf! Rad·io·~_C!!~tY] 

4-18 The nuclei involved in the nuclear reaction A 1 + A2 ~ 

A
3 

+ A
4 

have the binding energies El' £ 2, E3 and £ 4• Find the 

energy of this reaction. 

Ans. [Q ~ (£
3 

+ £ 4) - (£1 + £ 2)] 

4-19 Complete the following nuclear reactions : 

(a) ~4 N+1He~~7 0 + ___ . 

(b) f~P ~12 Si + ___ . 

(c) :Be+i He ~~2 C + ___ . 

(d) f H +i H ~i He + . 

(e) :Be(p,a) __ . 

(f) iiiCa (a, __ )i1Sc 

Ans. l(a):H (b)fe (c)(n (d) (n (e) )Li (Q :p] 

4-20 On an average neutron loses halfofits energy per collision 

with a free proton. How many collisions, on the average are 

required tp reduce a 2 MeV neutron to a thermal energy of 

0.04eV? 

Ans. [N fc 26] 

4-21 A radio nuclide with halflife T= 14.3 days is produced in 

a reactor at a constant rate q = I 09 nuclei per second. How soon 

after the beginning of production of that radionuclide will;its 

activity be equal to A = I 08 disintegrations per second. Plot a 

rough graph ofits activity with time. 

4-21 (a) Calculate the energy released if238U emits an a particle. 
(b) Calculate the energy to be supplied to 238U ifl:\yo protons 
and two neutrons are to be emitted one by one, The atomic 

masses are: 
238U = 23 8.0508 amu 234Th = 234.04363 amu ;He= 4.0026 amu 

~n=l.008665amu \p= l.007276amu 

Ans. [(a) 4.25 MeV; (?) 23 MeV] 

4-22 The radius of a nucleus of a mass number A is given by 
R = R

0
A 113 , whereR

0 
= 1.3 x 10-15 m. Calculate the electrostatic 

potential energy between two equal nuclei produced in the 
fission of'V,8 U at the moment of their fission. 

Ans. [238.3 MeV] 
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4-23 Consider the case of bombardment of235U nucleus with 
a thermal neutron. The fission products are 95Mo & 139La and 
two neutrons. Calculate the energy released. (Rest masses of 

the nuclides 235U = 235.0439 amu, ~n = I.0087 amu, 
95Mo = 94.9058 amu, 139La = 138:9061 amu). 
[Use I amu = 93 l MeV] 

Ans. [207.9 MeV] 

4-24 A radionuclide with disintegration constant A. is produced 
in a reactor at a constant rate a nuclei per second. During each 
decay energy £ 0 is released. 20% of this energy is utilized in 
increasing the temperature of water. Find the increase in 

temperature of m mass of water in time t. Specific heat of water 
is s. Assume that there is no loss of energy through water 
surface. 

0.2£0[ w-f(1-e·"')] 
Ans.[-~~---~] 

ms 

4-25 238U & 235U occur in nature in an atomic ratio 140 : I. 
Assuming that at the time of earth's formation the two isotopes 
were present in equal amounts. Calculate the age of the earth. 

[T112 of238U=4.5 x I09year&thatof235U=7.13 x J08year)[ln 
(140)=4.94] 

Ans. [6.04 x 109 years] 

4-26 Consider a nuclear power plant to be put up to deliver 
4 x I 03 MW power. 

(a) What will be the rate of consumption of235U to operate this 
plant for I year? 

(b) Typically 3% ofthe 235U mass is converted into j~Sr, which 
is a beta emitter, with halflife 29 yrs. What is the beta activity in 
the Sr produced in curies, just after the end of I yr. Assume 
200 MeV is the average yield per fission of235U. 

Ans. [1541 kg per year, 6.324 x 106 Ci] 

4-27 An isotopic species oflithium hydride LiH is a potential 

fuel in a reactor on the basis of reaction ~ Li +f H ...+ 2~ He . 

Find the possible power production in kW associated with the 
consumption of I g of 6Li2 H per day, if the efficiency of the 
process is I 00 %. 

[M(1Li) = 6.01702 amu; M(fH)= 2.01474 amu; M(iHe)=4.00388 
arnu] 

Ans, [3129 KW] 

4-28 Find the numberofneutrons generated perunit time in a 
uranium reactor whose thermal power is P = I 00 MW, if the 

-- _-----. 179.J 

average number ofneutrons liberated in each nuclear splitting 
is v = 2.5. Each splitting is assumed to release an energy 
E=200MeV. · 

vP 
Ans. (N = E = 0.8 x 10 19 s- 1] 

4-29 (a) The halflife of198Au is 2.7 days (a) Find the activity of 
a sample containing I gm of 198Au. What will be the activity 
after 7 days ? 

(b) If3 x 10-9 kg of radioactive ~io Au has ar_activityof58.9 Ci, 

what is its half- life? 

Ans. [(a) 0.244 MCi, 0.04 MCi (b) T 
112 

= 4g· min] 

4-30 In a nuclear reactor 235U undergoes fission liberating 
200 MeV of energy. The reactor has a 10% efficiency and 
produces 1000 MW power. lfthe reactor is to function for 
IO years, find the total mass ofuranium required. 

Ans. [3.847 x 104 kg] 

4-31 The 2~/U absorbs a slow neutron (!hernial neutron) & 
undergoes a fission represented by 

mu+ 'n----+ 236U----+ 141Ba + 92Kr + 3 1n +E Calculate· 920 92 5636 0. " 

(i) The energyreleaseEper fission. 

(ii) The energy release when 1 g of ';~U undergoes complete 
fission. 

Given: i'u=235. l l 75 amu(atom); 'iiBa= 140.9577 arnu(atom); 
f~= 91.9264 amu (atom);~= 1.00898 amu. 

Ans. [(i) 200.68 MeV (ii) 22.86. MWh] 

4-32 The kinetic energy ofan a-particle which flies out of the 
nucleus ofa 226Ra atom in radioactive disintegration is 4. 78 Me V. 
Find the total energy evolved during the escape of the a-particle. 

Ans. [4.87 MeV] 

4-33 A towo has a population of! million. The average electric 
power needed per person is 300 W. A reactor is to be designed 
to supply power to this towo. The efficiency with which thermal 
power is converted into electric power is aimed at 25%. 

(a) Assuming 200 MeV.ofthermal energy to come from each 
fission event on an average, find the number of events that 
should take place every day. 

(b) Assuming the fission to take place largely through mu, at 
what rate will the amount of238U decr""'le ? Express your answer 
in kg/day. 

( c) Assuming that uranium enriched to 3% in mu will be used. 
How much uranium is needed per month (30 days)? 

Ans. [3.24 x I 024
, 1.264 kg/day, 1263 kg] 
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4-34 A radionuclide with halflife T= 693.1 days emits f3-particles 
ofaverage kinetic energy E= 8.4 x 10-14 joule. This radionuclide 
is used as source in a machine which generates electrical energy 
with efficiency Tl = 12.6%. Calculate number of moles of the 
nuclide required to generate electrical energy at an initial rate 
P = 44 I KW. (Take Avogadro number, N = 6 x I 023), 
Qog,2 = 0.693 I) 

Ans. [6000) 

4-35 (a) What isotope is produced from the a - radioactive 
2itRa as a result of five a disintegrations & four 
f3- disintegrations? · 
(b) How many a & f3 decays does ~~U experience before turning 
finally into the stable 2~Pb isotope ? 

Ans. [(a) 2~~Pb (b) 8a decays & 6 p decays] 

4-36 A radio nuclide with halflife T= 69;3 l second emits f3-
particles ofaverage kinetic energy E = 11.25 eV. At an instant 
concentration off3-particles at distance, r= 2 m from nuclide is 
n=3x 1013 perm3. 

(i) Calculate number ofnuclei in the nuclide at that instant. 
(ii) !fa small circular plate is placed at distancer from nuclide 
such that f3-particles strike the plate normally and come, to rest, 
calculate pressure experienced by the plate due to collision of 
f3-particles. 
(Mass off3-particle= 9 x 10-31 kg) 

Ans. [(i) 9.6 n x 1022, (ii) 1.08 x J0-4 Nm-2] 

4-37 The half-life of238U is about 4.5 x 109 years & its end 
product is 206Pb. We find that the oldest uranium bearing rocks 
on earth contain about SO - SO mixture by mass of 238U and 
206Pb. What is the age of those rocks. [In (222/103) = 0. 768] 

Ans. [4.9 billion years] 

4-38 Carbon with mass number 11 decays to boron. 

(a) Is it a 13+ decay? 

(b) The halflife of the decay scheme is 20.3 minutes. How much 
time will elapsed before a mixture of90% carbon - 11 and I 0% 
boron - 11 (by the number of atoms) converts itself into a 
mixture of! 0% carbon - 11 and 90% boron - 11 -? 

Ans. [p+, 64 min] 

4-39 A radio nuclide consists of two isotopes. One of the 
isotopes decays by a-emission and the other by f3-emission 
with half lives T1 = 405 second and T

2 
= I 620 second, 

respectively. At I= 0, probabilities of getting a and f3 particles 
from the radionuclide are equal. Calculate their respective 
probabilities att= 1620 second. If at t= 0, total numberofnuclei 
in the radio-nuclide are N

0
, calculate time I when total number 

< 

Nuclear Physics and ~~d!~activi!yJ 

N 
ofnuclei remained undecayed becomes equal to -f. 

Given, log10 2=0.30103, log10 5.94=0.7742275 

x4+4x-2.5=0 ~ x=0.594. 

1 8 Ans. [ 9,9 , 1215s) . 

4-40 A small amount of solution containing 24Na radionuclide 
with activity A = 2 x 103 dis/sec. was injected in the blood 
stream of a man. The activity of I cm3 of blood sample taken 

I= S hrs later turned out to be A'= 16 dis/min/cm3• The halflife 
of radionuclide is T= IS hrs. Find the volume of the man's 
blood. 

Ans. [6 litre] 

4-41 Radio active phosphorus 32 has a halflife of 14 days. A 
source containing this isotope has an initial activity of IO m Ci. 

(i) What is the activity of the source after 42 days? 

(ii) What time elapses before the activity of the source falls to 
2.SmCi? 

Ans. [(i) 1.25 mCi (ii) 28 days] 

4-42 A radioactive elementX decays to Y. In the radionuclide, 
the ratio of mass of element X to that of Y is n at I = 0. It is 

observed that at time I= 10, this ratio becomes equal to 1/n. 
Assuming that all the decay products (excepty-photons) remain 
in the sample, calculate halflife ofX 

log2 Ans. [-
1 

-·lo] 
og. 

4-43 The halflife of4°K is L3 x I 09 yrs. A sample of I gm of 
pure KC! gives 160 counts per seconds. Calculate the relative 
abundance of4°K (fraction ofK present) in natural potassium. 

Ans. [0.12 %] 

4-44 In a reactor, an elementX decays to a radioactive element 
Y, at a constant rate r atoms per second. Each decay reaction 
releases energy £ 1• Half life of element Y is equal to T and 
decays to a stable element. During each decay ofY, energy £

2 
is 

released. I fat I= 0, there was_no atom ofelement Y and all the 
energy released is used in the reactor for generation ofe!edrical 
power with efficiencyri, calculate electrical power generated in 
the reactor 
(i) at time I and (ii) in steady state: 

[ ( ,,..,, J] 
Ans. [(i) 11r E1 + E2 I- e-T- , (ii) rtr (E

1 
+ E2)] 
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4-45 Find the kinetic energy of the ct-particle emitted in the 
decay 238Pu ---+ 234U + ct. The atomic masses needed are as 

follows: 
4He 

238.04955 amu 234.04095 amu · 4.002603 amu 

Neglect any recoil of the residual nucleus. 

Ans. [5.58 MeV] 

4-46 Calculate the Q-volume in the following decays: 

(a) 19O ---+ 19F+e+v 

(b) 25Al ---+ 25Mg+e++v 

The atomic masses needed are as follows : 

190 19F 

19.003576 amu 
25Al 

24.990432 amu 

I 8.998403 amu 

"Mg 

24.985839 amu 

Ans. [(a) 4.816 MeV, (b) 3.254 MeV] 

4-47 Find the maximum energy that a beta particle can have in 

the following decay 

11•Lu ---+ I76Hf+ e + v. 
Atomic mass of 176Lu is 175.942694 amu and that of 176Hf is 
175.941420amu. 

Ans. [1.182 MeV] 

4-48 A radioactive sample has 6.0 x 1018 active nuclei at a 

certain instant. How many of these nuclei will still be in the 

same active state after two half-lives ? 

Ans. [1.5 x 10 18] 

4-49 The number of238U atoms in an ancient rock equals the 
number of 206Pb atoms. The half-life of decay of 238U is 
4.5 x I 09 y. Estimate the age of the rock assuming that all the 
206Pb atoms are formed from the decay of238U. 

Ans. [4.5 x 109 y old.] 

4-50 Find (he energy liberated in the reaction 

223Ra ---+ 209pb + 14C. 

223.018amu 

Ans. [31.65 MeV] 

209pb 

208.981 amu 

14C 

14.003amu 

4-51 32P beta-decays to 32S. Find the sum of the energy of the 
antineutrino and the kinetic energy of the !}-particle. Neglect 

- - 1811 
-- __ 1 

the recoil of the daughter nucleus. Atomic mass of 
32P = 31.974 amu and thatof32S = 31.972 amu. 

Ans. [I.86 MeV] 

4-52 The selling rate of a radioactive isotope is decided by its 
activity. What will be the second-hand rate of a one month old 
32P(t112 = 14.3 days) source if it was originally purchased for 
800 rupees? 

Ans. [187 rupees] 

4-53 In an agricultural experiment, a solution containing 1 mole 
ofa radioactive material (1 112 = 14.3 days) was injected into the 
roots of a plant. The plant. The plant was allowed 70 hours to 
settle down and then activity was measured in its fruit. If the 
activity measured was I µCi, what percent of activity is 
transmitted from the root to the fruit in steady state ? 

Ans. [ 1.26 X I 0- 11 %] 

4-54 Calculate the energy released by 1 g ofnatural uranium 
assuming 200 MeV is released in each fission event and that 
the fissionable isotope 235U has an abundance of 0. 7% by 
weight in natural uranium. 

Ans. [5. 7 x 108 J] 

4-55 A radioactive nucleus X decays to a nucleus Y with a 
decay constant )..x = 0.1 sec-1. Y further decays to a stable 
nucleus Zwith a decayconstant)..y= 1/30 sec-1. lnitially,_there 
are only X nuclei and their number is N0 = 1020. Setup the rate 
equations for the populations ofX, Yand Z. The population of 
the Y nucleus as a function of time is given by Ny (I) = 
{N0)..x/ ()..x-A.y)} {exp (-A.yl)-exp (-)..xi)}. Find the time at 
which Ny is maximum and determine the population ofX andZ 
at that instant. 

. dNX dNy dNZ .. 
Ans. [(1) di = - ).,N,, di = i., N, - ).JI,, di = )./Ir (11) 16.48 s, 

(iii) N = 1.92 x 10 19, N = 5.76 x 1019, 
. . ' 

N:r = 2.32 X I 019] 

4-56 Calculate the Q-value of the fusion reaction 
4He+ 4He= 8Be. 

Is such a fusion energetically favourable ? Atomic mass of8Be 
is 8.0053 amu and that of4He is 4.0026 amu. 

Ans. [- 93.1 keV, no] 

4-57 Calculate the energy that can be obtained from I kg of 
water through the fusion reaction · 

2H + 2H--.+ 3H + p. 

Assume that 1.5 x 10-2% ofnatural water is heavy water D2O 
(by number of molecules) and all the deuterium is used for 
fusion. 

Ans. [3200 Ml] 
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· 4-58 What minimum kinetic energy must a proton possess to 
split a deuteron 2H whose binding energy is Eb= 2.2 MeV? 

mµ+md 
Ans. [T ~ E,-- - 33 MeV] m, . 

4-59 An a-particle with kinetic energy T= 5.3 MeV initiates a 
nuclear reaction "Be(n, n) 12C with energy yield Q=+ 5.7 MeV. 
Find the kinetic energy of the neutron outgoing at right angles 
to the motion direction of the a-particle. 

Q+(l-ma_lmc)T 
Ans. [T" - - 8.5 Me\1 l+mnlmc 

4-60 Assuming the radius of nucleus to be equal to 

R = 0.13 VA pcm, where A is its mass numbe~ evaluate the 

density of nuclei and the number of nucleons per unit volume 
of the nucleus. 

Ans. [2 x 10 11 kg/cm3, 1 x 1038 nuclie/cm3] 

4-61 A radioactive nucleus can decay by two different 
processes. The half-life for the first process is 1

1 
and that for the 

second process i,s /2. Show that the effective half-life I of the 
nucleus is given by 

I I I -=-+
I 11 12 

4-62 In the decay 64Cu--> 64Ni + e + + v, the maximum kinetic 
energy carried by the positron is found to be 0.650 MeV. 

(a) What is the energy of the neutrino which was emitted 
together with a positron of kinetic energy 0.150 MeV? 

(b) Wbatis the momentum ofthis neutrino in kg-mis? Use the 
formula applicable to a photon. 

Ans. [(a) 500 keV, (b) 2.67 x 10-22 kg-m/s] 

4-63 Over what distance in free space will the intensity of a 
5 eV neutron beam reduced by a factor one - half? 
[T112 = 12.8min] 

Ans. [23808 km] 

4-64 About 185 MeV ofusable energy is released in the neutron 
induced fissioning ofa WU nucleus. If the reactor using f,' U 
as fuel continuously generates 100 MW of power how long will 
it take for I Kg of the uranium to be used up? 

Ans. [8.781 days] 

4-65 Assuming I metric ton of coal gives heat of combustion 
equal to 8 kcal and a single fission of 235U releases 200 MeV. 
Calculate the minimum consumption in kg of 235U to.be heat 
equivalent to I 00 ton ofcoal. 

Ans. (M - 4.077 x 10-• kg] 

Nuclear ,P_hysics_ a~d- R3dioactfvity] 

4-66 ~;U undergoes a fission giving 0.1 % of its original mass 

released as energy. 

(a) How much energy is released by an atomic bomb that 

contains 10 kg of235U. 

(b) If I ton TNT releases 4 x 109 joule. Wbat is the TNT 

equivalent of the bomb? 

Ans. [9 x 10 14, 2.25 x 105 ton] 

4-67 A point source emitting alpha particles is placed at a 

distance of I m from a counter which records any alpha particle 

falling on its l .cm2 window. If the source contains 6 x 1016 

active nuclei and the counter records a rate of50000 counts/sec. 

Find the decay constant: Assume that the source emits alpha 
particles uniformly in all directions and the alpha particles fall 

nearly normally on the window. 

Ans. [ 1.05 x 10-7 sec-1] 

4-68 In a fusion reactor the reaction occurs in two stages : 

(i) Two deuterium (~D) nuclei fuse to form a tritium (\T) nucleus 

with a proton as product. The reaction may be represented as D 
(D,p) T. 

(ii) A tritium nucleus fuses with another deuterium nucleus to 

form a helium (1He) nucleus with neutron as another product. 

The reaction is represented as T (D, n) a. Find: 

(a) The energy release in each stage. (b) The energy release 

in the combined reaction per deuterium. & 

( c) Wbat % of the mass energy of the initial deuterium is released. 

. Given: (~D) = 2.014102 amu; (\T) = 3.016049 amu; (1He) = 
4.002603 amu; (\P)= 1.00785 amu; Gin)= 1.008665 amu 

Ans. l(a) 4 MeV. I H (b) 7.2 MeV, (c) 0.384 %] 

4-69 Ifthe nucleus ofhydrogen fuses with a nucleus oflithium 

to form two helium nuclei, 

(a) write down the nuclear reaction equation 
(b) find the release of energy in joule per fusion 

(c) find the number of hydrogen atoms required to generate 

9.8J 

Mass of hydrogen, lithium and helium atoms are 1.0078 amu, 
7.017 amuand4.0036 amurespectively. 

Ans. [0.263 x 10-11 J, 37.26 x 10 11 ] 

4-70 Find the energy required for separation of a 2°Ne nucleus 

into two Cl-particles and a 12C nucleus-if it is known that the 

binding energies per one nucleon in 2°Ne, 4He & 12C nuclei are 

equal to 8.03, 7.07 & 7.68 MeV respectively. 

Ans. lE = 20 Ne - 2.4 Ea - 12 c = 11.9 MeV, where E is the B.E. per 

nucleon in the corresponding nucleus] 
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4-71 How many alpha and beta particles are emitted when 
uranium 238U decays to lead 206Pb ? 92 82 ' 

Ans. [8 alpha, 6 beta] 

4-72 Assuming that the splitting of a 235U nucleus liberates 
the energyof200MeV. Find: 

(a) The energy liberated in the fission of one Kg of235U isotope, 
the mass of coal with calorific value of 30 kJ/g, Which is 
equivalent to that for one kg of235U & 
(b) The mass of235U isotope required to produce same amount 

of energy as produced during the explosion of the atomic bomb 

with 30 x 103 kg oftrotyle, if the calorific value oftrotyle is 
4.1 kJ/g. 

Ans." [(a) 8.2 x 1010 kl, 2.7 x 106 kg (b) 1.5 g] 

4-73 The mean lives ofa radioactive substance are 1620 years 

and 405 years for Jl-emission respectively. Find out the time 
during which three-fourths ofa sample will decayifit is decaying 
by both ct-emission and Jl-emission simultaneously. 

Ans. [449 years] 

4-7 4 A count rate-meter is used to measure the activity of a 

given sample. At one instant the meter shows 4750 counts per 
minute. Five minutes later is shows 2700 counts per minute. 
Find the halflife of the sample. Also find the decay constant. 
Given, log10(1. 760) = 0.2455. 

Ans. [0.113 min-1, 6.1 min] 

4-75 A radioactive nucleus undergoes a series of decay 
according to the scheme 

A ~ A 1 ~ A2 ~ A3 ~ A4 

If the mass number and atomic number of A are 180 and 
72 respectively, what are these numbers for A4? 

Ans. [172 and 69] 

4-76 There is a stream of neutrons with a kinetic energy of 

0.0327 eV. Ifthe halflife ofneutrons is 70 seconds, what fraction 

of neutrons will decay before they travel a distance of O km? 
Given, mass ofa neutron= 1.676 x 10-27 kg. 

Ans. [4 x 10-3] 

4-77 A radioactive element decays by p- emission. If mass of 
parent and daughter atoms are m

1 
and m

2 
respectively, calculate 

energy liberated during the emission. Mass ofan electron= m. 

4-78 In the chemical analysis ofa rock, the mass ratio of two 
radioactive isotopes is found to be 100 : 1. The mean lives of the 

------183 1 

two isotopes are 4 x 109 years and 2 x I 09 years respectively. If 
it is assumed that, at the time of formation of the rock, the atoms 

of the two isotopes were in equal proportion, estimate the age 
of the rock. The ratio of the atomic weights of the two isotopes 

is 1.02: I : 

Ans. [1.83 x JOJO years] 

4:79 What is the power output of a 2~~U reactor if it takes 
30 days to use up 2 kg of fuel and if each fission gives 185 MeV 
of usable energy? 

Ans. (58.6 MW] 

4-80 The binding energies per nucleon for deuteron (~HJ and 
helium (iHe) are 1.1 MeV and 7.0 MeV respectively. Calculate 

the energy released when two deuterons fuse to form a helium 
nucleus (1He): 

Ans. [23.6 MeV] 

4-81 A nuclear reactor generates P = 20 MW power at efficiency 

lJ = 60% by nuclear fission of a radio-nuclide whose halflife is 

T = 2.2 years. If each fission releases energy E = 200 MeV, 

calculate time during whichµ= IO mole of the radionuclide will 

be consumed completely. 
(Avogadro number, N = 6 x 1023

, log, 2 = 00693; I year= 
3.15x]07 s) 

T ( µN~Eln2) Ans. [Tr;zln !+ PT = 108 In (1.0576) s] 

4-82 It is proposed to use the nuclear fusion reaction 

;H + ;H-, 1He in a nuclear reactor of200 MW rating. If the 

energy from the above reaction is used with a 25% efficiency in 
the reactor, how many grams of deuterium fuel will be needed 
per day? (The masses of;H and 1He are 2.0141 atomic mass 
unit and 4.0026 atomic mass unit respectively). 

Ans. [121.3 g] 

4-83 A nucleus X, initially a rest, undergoes alpha-decay. 
according to the equation, 

;,x-> 221y + ct 

(a) Find the values of A and Zin the above process. 

. (b) The alpha particle produced in the above process is found 
to move in a circular track of raditis 0.11 min a uniform magnetic 
field of3 tesla. Find the energy (in MeV) released during the 

process and the binding energy of the parent nucleusX. 

Given that: m (Y) =228.03 amu;m(:,n)= 1.009 amu 

m ('iHe) = 4.003 amu; m (\HJ= 1.008 amu 

Ans. [(a) 90, 232; (b) 1823 MeV] 
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4-84 A small quantity of solution containing 24Naradionuclide 

(halflife 15 hours) ofactivity 1.0 microcurie is injected into the 

blood ofa person. A sample of the blood of volume Jacm3 taken 

after 5 hours shows an activityof296 disintegrations per minute. 

Determine the total volume ofblood in the body of the person. 
Assume that the radioactive solution mixed uniformly in the 

bfood of the person. (1 curie= 3.7 x 1010 disintegrations per 

second). 

Ans. [5.95 litres] 

4-85 At a given instant there are 25% undecayed radioactive 

nuclei in a sample. After l O seconds the number ofundecayed 

nuclei reduces to 12.5%. Calculate (a) the mean life ofhe nuclei 
and (b) the time in which the number ofundecayed nuclei will 

further reduce to 6.25% of the reduced number. 

Ans. [(a) 14.43 s; (b) 40 s] 

4-86 In an ore containing uranium, the ratio of238U to 206Pb is 

3. Calculate the age of the ore, assuming that all the lead present 

in the ore is the final stable product of238U. Take the halflife of 
238U to be 4.5 X I 09 years. .. 

Ans. [I.867 x 109 years] 

4-87 A nuclear explosion is designed to deliver I MW ofheat 

energy. How many fission events must be required in a second 

to attain this power level? If this explosion is designed with a 

nuclear fuel consisting ofuranium:235 to run a reactor at this 

power level for one year, then calculate the amount of fuel 
needed. You can assume that the amount of energy released 

per fission event is 200 MeV. 

Ans. [3.125 x 1016, 384.5 g] 

4-88 Consider the beta decay 196Au ~ 198Hg' + p·+;;. 

Where 196Hg • represents a mercury nucleus in an excited state 
at energy l.088 MeVabove the ground state. What can be the 

maximum kinetic energy of the electron emitted? The atomic 
mass of 198Au is 197.968233 amu and that of 196Hg is 

197 .966760 arnu. 

Ans. [0.2806 MeV] 

4-89 A nucleus at rest undergoes a decay emitting an a-particle 

of de-Broglie wavelength,"/,.= 5.76 x 10-15 m. Ifthemass of the 

daughter nucleus is 223.610 amu and that of the a-particle is 
4.002 amu, determine the total kinetic energy in the final state. 
Hence, obtain the mass of the parent nucleus in amu 
(I amu=931.470MeV/c2) 

Ans. [6.25 MeV, 227.62 amu] 

Nuclear PhYsics and -R.adioactiv'ify] · 

4-90 Suppose, the daughter nucleus in a nuclear decay is itself 

radioactive. Let\ and "/,.d be the decay constants of the parent 

and the daughter nuclei. Also, let NP and Nd be the number of 

parent and daughter nuclei at time t. Find the condi\ion for 
which the number of daughter nuclei becomes constant. 

4-91 Potassium-40 can decay in three modes. It can decay by 

p- emission, p+ emission or electron capture. 

(a) Write the equations showing the end products. 

(b) Find the Q-values in each of the three cases. Atomic masses 

of1~Ar, :Kand 1gca are 39.9624 U, 39.9624 amu and39.9640 
amu and 39.9626 amu respectively. 

Ans. [(a) j~K 4 iica + e- + V, j~K---+ j~Ar + e+ + v, jgi<. + e-1 4 j~Ar 
+ v, (b) 1.3034 Me_Y, 0.4676 MeV, 1.490 MeV] 

4-92 Natural water contains a small amount of tritium ()H). 

This isotope beta-decays with a half-life of 12.5_ years. A 

mountaineer while climbing towards a difficult peak finds debris 

of ~ome earlier unsuccessful attempt. Among other things he 
finds a sealed bottle of whisky. On return he analyses the whisky 

and finds that it contains only 1.5 per cent of the JH radioactivity 

as compared to a recently purchased bottle marked '8 years 

old'. Estimate the time of that unsuccessful attempt. 

Ans. [About 83 years ago] 

4-93 ':bHg decays to '~!Au through electron capture with a 

decay constant of0.257 per day. 

. (a) What other particle or particles are emitted in the decay? 

(b) Assume that the electron is captured from theK shell. Use 

Moseley's law ,Jv =a(Z-b)witha=4.95 x I07 s·112 andb= 1 

to find the wavelength of the Ka X-ray emitted following the 

electron capture. 

Ans. [(a) Neutrino, (b) 20 pm] 

4-94 A radioactive isotope is being produced at a constant 
rate dN/dt= R in an experiment. The isotope has a half-life t 112• 

Show that after a time t >> t 112, the number of active nuclei will 
become constant. Find the value of this constant. 

Rt112 
Ans. [ 0.693 ] 

4-95 Consider the situation of the previous problem. 'suppose 
the production of the radioactive isotope starts at t = 0. Find the 

number of active nuclei at time t. 

Ans. [ 1 (I - ,·')] 
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4-96 A body of mass m0 is placed on a smooth horizontal 
surface. The mass of the body is decreasing exponentially with 
disintegration constant 1'.. Assuming that the mass is ejected 
backward with a relative velocity u. Initially the body was at 
rest. Find the velocity ofit after time t. 

Ans. [uAt] 

4-97 Radioactive isotopes are produced in a nuclear physics 
experiment at a consiant rate dN/dt = R. An inductor of 
inductance I 00 mH, a resistor ofresistance I 00 Q and a battery 
are connected to form a series circuit.The circuit is switched on 
at the instant the production ofradioactive isotope. It is found 
that i/N remains constant in. time where i is the current in the 
circuit at time I and N is the number of active nuclei at time I. 
Find the half-life of the isotope. 

Ans. [6.93 x 10-4 s] 

4-98 A charged capacitor of capacitance C is discharged 
through a resistance R. A radioactive sample decays with an 
average life t. Find the value of R for which the ratio of ihe 
electrostatic field energy stored in the capacitor to the activity 
of the radioactive sample remains constant in time. 

Ans. [2,/CJ 

4-99 A small bottle contains powdered beryllium Be & gaseous 
radon which is used as a source of a-particles. Neutrons are 
produced when a-particles of the radon react with beryllium. 
The yield of this reaction is (1/4000) i.e. only one a-particle out 
of 4000 induces the reaction. Find the amount of radon (222Rn) 
originally introduced into the source, if it produces J .;2 x I 06 

neutrons per second after five days. [T112 ofl\, = 3.8 days] 

Ans. [2. I x 10·6 g] 

4-100 Theenergyofalpha particles emitted by210Po is5.3 MeV. 
The ha!flife of this alpha emitter is 138 days. 

(a) What mass of210Po is needed to power a thermoelectric cell 
of I W output if the efficiency of energy conservation is 
8 percent? 

(b) What would be the power output after I year? 

Ans. [88.4 mg, 0.16 watt] 

4-101 238U decays with a halflife of 4.51 x I 09 yrs, the decay 
series eventually ending at 206Pb, which is stable. A rock sample 
analysis shoes that the ratio of the numbers of atoms of 206Pb 
to 238U is 0.0058. Assuming that all the 206Pb has been produced 
by the decay of238U and that all other halflives in the chain are 
negligible. Calculate the age of the rock sample. 

Ans. [38 x I 06 yrs] 

1a5 I 

4-102 A number N
0 

of atoms of a radio active element are 
placed inside a closed volume. The radioactive decay constant 
for the nucleus of this element is 1'.1. The daughter nucleus that 
form as a result of the decay process are assumed to be 
radioactive too with a radioactive decay constant 1'.2. Determine 
the time variation of the number of such nucleus. Consider two 

· limiting cases 1'.1 >>½and 1'.1 <<1'.2• 

A [ N -J..21 "-1No (I- -A.21) I ns. 0e,,._ e 
2 

4-103 A sample of I 00 millicurie of krypton gas consists of a 
mixture of the active isotope 85Kr & the stable isotope 84Kr. If 
the volume of the mixture is IO cm3 at STP & half-life of85Kr is 
IO years. Calculate the% by weight of85Kr present in the mixture. 

Ans. [0.632 %] 

4-104 _ A stationary 2~,b nucleus emits an a - particle with 
kinetic energy Ta= 5.77 MeV. Find the recoil velocity of a 
daughter nucleus. What fraction of the total energy liberated in 
this decay is accounted for by the recoil energy of daughter 
nucleus? 

Ans. [3.4 x 105 m/s; Q.020] 

4-105 Energy evolved from the fusion reaction is to 
be2fH =1He+Q usedfortheproductionofpower.Assuming · 
the efficiency of the process to be 30 %. Find the mass of 
deuterium that will be consumed in a second for an output of 
50MW. 

[Massof1He =4.002603amu; fH=2.014102amu] 

Ans. [2.9 x 10-1 kg] 

4-106 Find the amount of heat generated by 1.00 mg ofa 210Po 
preparation during the mean life time period of these nuclei, if 
the emitted a-particles are known to possess the kinetic energy 
5.3 MeV & practically all daughter nuclei are formed directly in 
the ground state. 

Ans. [~ 1.6 Ml] 

4-107 To investigate the P-decay of 23Mg radionuclide a 
counter was activated at moment I= 0. It registered NI P-particles 
by a moment 11 = 2.0 sand a moment 12 = 311, the number of 
registered p-particles was 2.66 time greater. Find the mean life 
time of the given nuclei. [Take In (0.88) =-0.125] 

Ans.[•= 16 s] 

4-108 Find the decay constant and the mean life time of55Co 
radionuclide if its activity is known to decrease 4% per hour. 
The decay product is non-radioactive. 
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4-109 Taking into account the motion of the nucleus of the 
nucleus of .a hydrogen atom, find the expressions for the 
electron's binding energy in the ground state. How much (in 
percent) do the binding energy obtained without taking into 
account the motion of the nucleus differ from the more accurate 

corresponding value of this quantity. Given ;; = 0.00055, where 

m and Mare the masses of an electron and a proton. 

µe4 
0 

_ .!!_ _ mM 
Ans. [ 2 2 2 , 0.055¾. Hereh-

2
, andµ- M] 

321t e0 1i m+ 

4-110 An a - particle with kinetic energy T
0 

= 7.0 MeV is 
scattered elastically by an initially stationary 6Li nucleus. Find 
the kinetic energy of the recoil nucleus if the angle of divergence 
of the two particles is 8 = 60'. Take masses of a particle and 

lithium as m and M respectively. 

Ans. [T Ta = 6.0 MeV] 
[l+(M-m)2 l4mMcos2 BJ 

4-111 A neutron collides elasticallywith an initially stationary 
deuteron. Find the fraction of the kinetic energy lost by the 
neutron. Take masses of neutron and deuteron as m and M 
respectively. 
(i) in a head-on-<:ollision.(ii) in scattering at right angles. 

2m 2 
Ans. [(a)~= 4 Mm (m + M)2 = 0.89, (b) ~ = (m+M) = 3 J 

4-112 Find the energy of.the reaction 14N (a, p) 170, if the 
kinetic energy of the incoming a-particle is T

0 
= 4.0 MeV & the 

proton outgoing at an angle 8 = 60' to the motion direction of 

the a-particle has a kinetic energy TP = 2.09 MeV. 

Ans. [Q = (I + ~,) T, - (I - ~.) T0 - 2 ~~p~aTpTa cos 9 = -L2 MeV, 

- - - ---
Nuclear Physics and R~di'?~~~~yj 

4-113 Find the greatest possible angle through which a 
deuteron is scattered as result of elastic collision with an initially 
stationary proton ? Take m1 & m2 as masses of a proton & a 
deuterium. 

, 1 m1 Ans. [P = sm- - = 30°] 
max m2 

4-114 The element Curium 2t~Cm has a mean life of 
1013 seconds. Its primary decay modes are spontaneous fission 
and a-decay modes are spontaneous fission and a-decay, the 
former with a probability of8% and the latter with a probability 
of92%. Each fission releases 200 MeV ofenergy. The masses 
involved in a-decay are as fo[lows : (I u = 931 MeV/c2). 

Calculate the power output from a sample of I 020 Cm atoms. 

Ans. [3.32 x 10-5 Js-1] 

4-115 Nuclei ofradioactive elementA are being produced at a 
constant rate a. The element has a decay constant :\.. At time 
t = 0, thereN0 nuclei of the element. 

(a) Calculate the number N ofnuclei of A at time t. 

(b) If a= 2N0:\., calculate the number ofnuclei of A after one 
half-life of A and also the limiting value ofN as,~ oo. 

I 
Ans. [(a) N = "i: [a - (a - 'A.Ne) e-": (b) 2 N0]] 

4-116 The meau path length ofa-particles in air under standard 
conditions is defined by the formula R = 0.98 x 10-27 V~ cm, 
where V0 (emfs) is the initial velocityofan a-particle. Using this 
formula, find for an a-particle with initial kinetic energy 7 .0 Me V: 

(a) Its mean path length. 

(b) The average number of ion pairs formed by the given 
a-particle over the whole path R as wen as over its first half. 
Assuming the ion pair formation eilergyto be equal to 34 eV. 

Ans. [(a) 6.1 cm (b) 2.1 x JO' and 0.77 x I0'J 

* * * * * 
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Geometrical Optics 

FEW WORDS FOR STUDENTS 

The topic of ray optics or geometrical optics is concerned 
with the analysis of propagation of light in a medium by 
considering it as the propagation of a 'Ray'. A ray defines 
the path, along with light propagates and it ca'n be assumed 
as tin infinitesimally thin pencil of light moving in a specific 
direction at a given point in space. In this topic of ray optics 
we do not bother about the nature of light and we ignore the 
wave and photon character of light. Here we focus on how 
light behaves on a large scale. 

CHAPTER CONTENTS 

5.1 Understanding a Light Ray and Light Beams 5.12 Total Internal Reflection 

5.2 Reflection of Light 5.13 Refraction by a Prism 

5.3 Understanding Object and Image in Geometrical 5.14 Refraction by a Thin Lenses 

5 
Image 

J . 

a ········· .. J J~ 

Optics 5.15 Analysis of Image Formation by Thin Lenses 
5.4 Reflection and Image formation by a Plane Mirror 5.16 Optical Power of a Thin Lens and a Spherical 
5.5 Field of Vtew for Image formed by a Plane Mirror Mirror 

5.6 Characteristics of Image formed by a Plane Mirror 5.17 Lenses and Mirrors submerged in a Transparent 

5.7 Understanding Shadow Formation Medium 

5.8 Spherical Mirrors 5.18 Displacement Method Experiment to measure 

5.9 Analysis of Image formation by Spherical Mirrors 
focal length of a Convex Lens 

5.19 Dispersion of Light 
5.10 Refraction of Light 

5.20 Optical Aberrations in Lenses and Mirrors 
5.11 Refraction of Light by Spherical Surfaces 

5.21 Optical Instruments 

COVER APPLICATION 

Figure-(a) Figure-(b) 

Figure-(a) shows the experimental setup of refraction of light through a trihedral prism and understanding of minimum deviation of light 
and figure-(b) shows the ray diagram of light refraction through the prism. 
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In this chapter of light, we will involve only geometric 
considerations for light propagation and all laws are formulated 
using the concepts of geometry thats why, ray optics is also 
called 'Geometrical Optics'. The basic concept we use is that a 
light ray travels along a well-defined path. Ray optics in reality 
is an approximation but it is very important when character and 
effects of light are studied at macroscopic level. Topic of ray 
optics is very important in understanding image formation by 
mirrors, lenses and it helps in studying the working of different 
types of optical instruments. 

Ray Optics is a very important branch of physics but many 
aspects oflight cannot be explained on the basis ofray optics 
like interferenoe, diffraction l!lld polarization oflight which require 
microscopic level understanding of wave theory oflight and 
such concepts and theories we will study in next chapter of 
'Wave Optics'. 

5.1 Understanding a Light Ray and Ligi1t Beams 

In previous grades you have studied that light travels in a 
straight line that's what we call 'Lawof Rectilinear Propagation 

of Light'. This is the concept based on which we say that an 
object placed in the path oflight coming from·a source produces 
a sharp shadow on a flat surface or a screen. This law of rectilinear 
propagation is considered valid only at macroscopic level or 
large scale. Light does not travel in a straight line when the size 
ofobject or obstacle is of the order of wavelength oflight. Such 
concepts we will study in microscopic analysis of light under 
wave optics and not considered here·. 

As already explained that a light ray can be imagined as a very. 
thin pencil of light travelling in a specific direction. It is 
represented by drawing a straight line with an arrow in the 
direction oflight propagation as shown in figure-5.1. A bilndle 
of several light rays is called a light beam which is shown in 
figure-5.2. For analysis of ray optics it is very important to 
understand different types of light rays and light beams in 
reference to an optical device (generally a mirror or a lens) or 
any optical instrument on which the light rays incident as the 
concept of image formation by any optical device involves a 
light beam through which light rays incident on the optical 
device. 

Figure 5.1 Figure S.2 

Always remember that light rays as such do not exist in reality 
and by any method light rays cannot be isolated experimentally 
from a light beam, these exist only in theoretical understlll!ding. 

Geometrical Opt~ 

5.1.1 Different Types of Light Rays 

When light rays incident on an optical device like a spherical 
mirror, a spherical surface, a lens or an optical instrument then 
in reference to the optical device light rays are categorized in 
two ways paraxial rays and marginal rays. Lets discuss these in 
detail. 

Paraxial Rays : These are the light rays which incident on an 
optical device very close to its principal axis and make very 
small angle with it or which are nearly parallel to principal axis of 
the device. In case of some lenses and mirrors paraxial rays are 
shown in figure-5.3. Most of the analysis ofimage formation in 
geometrical optics, we will study in this chapter are restricted to 
paraxial rays only. 

------------- -L--

C ---. 

- ~-=:1£,,.·3],,Jijjv::::::::---=---

h3, h4, 03, 04 areverysmall 

Figure 5.3 

Marginal Rays: These are light rays which makes large angles 
to the principal axis of the optical device falling on it. Figure-5.4 
shows some marginal rays in different cases of optical devices. 
I'mages formed by marginal rays are blurred and distorted so 
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these rays are not generally used in image formation while 

analyzing the cases under geometrical optics. 

Figure 5.4 

5.1.2 Different Types of Light Beams 

From a source oflight always several rays are emitted in form of 

a beam. A single. light ray cannot be considered as only ray 

emitted from a light source. Depending upon the behaviour of 
light propagation, light beam is categorized in three ways -
Convergent Beam, Divergent Beam and Parallel Beam oflight. 

Lets discuss these in detail. 

Divergent Beam of Light: This is a light beam in which the 
diameter of light beam increases in the direction of light 

propagation and all light rays appear to be coming from a point 

opposite to the direction of propagation of light. A general 
divergent beam oflight is shown in figure-5.S(a). From a luminous 

point source oflight diverging beam oflight is emitted in its 
surrounding in all direction as shown in figure-5.S(b) 

---£----m--
~;etff fi11r----m'.__ 

(a) (b) 

Figure 5.5 

Convergent Beam of Light: This is a light beam in which the 
diameter of light beam decreases in the direction of light 

-· .. ---- 1~fl 
propagation and all light rays appear to converge at a point in 

space which is called the point of convergence of the light 
beam. A general convergent beam oflight is shown in figure-5.6. 

Figure 5.6 

Generally such a beam is incident on an object ( or optical .device) 
which is placed between the light beam and its point of 
convergence as shown in figure-5.7(a). Ifthe object (or optical 

device) is placed beyond the point of convergence then the 

incident beam will be diverging not converging as shown in 

figure-5.7(b) . 

Converging incident rays falling on object 

(a) 

Diverging incident rays falling on object 

(b) 

Figure 5.7 

Parallel Beam of Light: This is a light beam in which ali rays 

constituting the beam move parallel to each other and the 

diameter of the beam remains same throughout the propagation 
oflight. A parallel beam oflight is shown in figure-5.8. 

-----l[ll-------l[l,________. 
Figure 5.8 

5.2 Reflection of Light 

Whenever a light ray incident on a boundary of two media then 
a part oflight is bounced back into the same medium and a part 
goes into the other medium as shown in figure-5.9. This 

phenomenon ofbouncing oflight energy into the medium from 
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which light incident on the boundary is called 'Reflection of 
Light'. 

N 

Medium-I 
Medium-2 

Figure 5,9 

Transmission of light energy into the other medium is called 
'Refraction of Light'. In this section we will study reflection of 
light in detail then later we will cover refraction oflight. Reflection 
oflight from a surface or a medium boundary is classified in two 
ways. These are 'Regular Reflection' or 'Specular 
Reflection' and 'Diffased Reflection'. 

5.2.1 Regular or Specular Reflection 

When a light beam incident on a perfect plane surface then the 
. reflec.tion is called Regular or Specular Reflection. In such a 

case the reflected light beam has high intensity only in one 
direction which is the direction of propagation of the reflected 
beam as shown in figure-5.10. 

-----'"-'"'-'L""-'"""-L-----Perfectly 
! plane surface 
i 

! 
·- J 

Regular reflection 

_Figure 5.10 

Angle of Deviation: In figure-5. 10 the total angle by which the 
light ray is rotated which is shown as 6 is called angle of 
deviation, the angle between the direction of propagation of 
initial ray and final ray. 

5.2.2 Irregular or Diffused Reflection 

When a light beam incident on a surface which is rough or 
having irregularities then the \ight rays in the incident beam of 
light will be reflected in irregular behaviour as shown in 
figure-5.11. Each light ray of the beam is reflected from the local 
point ·on the surface on which it incidents and different light 

rays are reflected in random directions depending upon the 
irregularities on the surface. The figure-5.11 is a highly enlarged 

view ofa rough surface, if we look onto it normally it looks like 
figure-5.12 where on a point ifa narrow light beam incident,"it 

• • · -Geometrical Op_j§J 

gets reflected in all directions from the point so the light spot 

on the surface can be seen from all directions. Due to diffused 
reflection only when we put a parallel light beam ofa torch on a 

· wall, the spot oflight formed can be seen from any location in 

the room as light rays in the beam are reflected in all directions 
randomly in the room from the surface where the incident beam 

falls. 

Surface with\ · 
irregularities

1 

I -- -- -- - - -- - ---- - ------ --~ 
Diffused reflection 

Figure 5.11 

,i,.,,. 

~ 
1 Rough-surfac~ 

L. -- --

Figure 5.12 

5.2.3 How we see an object in our surrounding· 

When from any luminous source oflight, light rays incident on 

an object, due to th~ roughness of the surface ofobject these 
rays are reflected from the object surface in diffused manner in 

all directions so wherever an observer is situated, she will be 

able to see tlie face of object in front of her eye ?S shown in 
figure-5 .13 

Figure 5.13 

For understanding of observer's view it is very important to 
understand how our eyes perceive the shape, size and colour 
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ofan object. Every object in our surrounding which is not point 
sized (these are called extended objects) can be considered as a 
combination of several points on its surface and from each 
point on the surface of object, light rays falling on it will be 
irregularly(diffused) reflected in all directions so from any side 
ofobject on which any light is falling, it is visible to observer's 
eyes in which irregularly( diffused) reflected light rays from the 
surface are incident as shown in figure-5. I 3. 

The light rays which are irregularly reflected from the surface of 
object carry information of color and its brightness and from all 
points of surface and boundaries of the object these rays fall 
into observer's eye simultaneously due to which observer is 
able to see the whole object, its specific size, shape and colour. 

5.2.4 LawsofReflection 

Laws of Reflection governs the way light is reflected from the 
surface of a boundary of two different media. There are two 
reflection laws which explains how light is reflected from a 
surface. 

When a light ray is incident on a surface then the angle it makes 
with the normal to the surface is called' angle of incidence' and 
after reflection, the angle which the reflected ray makes with the 
normal is called 'angle of reflection'. In the figure-5.14 these 
angles are represented by angle i and angler respectively. 

If 
' ' ' 

' ' 
' 

medium-I 

- ---- -.. medium-II 

Figure 5.14 

First Law of Reflection : In the reflection process the incident 
ray, the reflected ray and the normal at the point ofincidence lie 
in·same plane. This plane is called 'Plane of Incidence' as shown 
in figure-5.15. 

·---------------! _______________ _ 

' ' ' ' 1 C'\!-f-Plane of Incidence 
l ~lb I 
I 1¢0 I 
I ~i;.,~ ! 

~o I 
' ' ' 

Figure 5.15 
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Second Law of Reflection : The angle ofreflection is equal to 
the angle of incidence so according to this law we have 

i=r ... (5.1) 

5.2.5 Vector Analysis of Laws of Reflection 

Laws ofreflection can be analyzed with the help of vector algebra 
also by considering unit vectors in the direction of incident 
rays, reflected rays and norm~[ to the boundary. Keeping above 
two laws of reflection we relate these unit vectors with the 
angles ofincidence and angle ofreflection. 

In the figure-5.16, reflection of a light ray incident on a plane 

surface is shown. If we consider i, r and 11 as unit vectors 
along the direction of incident ray, reflected ray and normal to 

the surface as shown then first we can ~ite components of i 
and r in terms of the unit vectors along the normal and along 
the surface. Here we are considering i as a unit vector along 
the surface so these are given as 

i =(sinB)i -(cos8)11 

r=(sin8)i+(cos8)11 

{I sin 0) 
ts-:---· 
le"~ 
+ I 

(I cos 0) 

ii 

t 
: ;: 
' ' ' ' ' ' 0 ' 0 

i 

{I cos 0) 

• :0/' 
~---· 

(I sin0) 

Figure 5.16 

... (5.2) 

... (5.3) 

Now from equations-(5.2) and (5.3), subtracting these we get 

r = i +(2cos8)n 

From the dot product of i and 11 we have 

i. ll=-cos0 

From above equations we get 

r= i-z(i.11)11 

... (5.4) 

... (5.5) 

... (5.6) 

Above equation-(5.6) is called the equation oflaws ofre!lection 
which account for both the laws as vector form includes the 
plane of incidence as well as equal angle ofincidence and angle 
ofreflection as shown in figure-5. I 6. 
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# Illustrative Example 5.1 

A ray oflight is incident on the (y- z) plane mirror along a unit 

J.J.l• 
vector e1 = ,{3 i + ,{3 j + ,{3 k. Find the unit vector along the 

reflected ray. 

Solution 

The normal unit vector to the (y - z) plane mirror is along 

x direction so we have 

n = l 

x(i) 

Plane Mirror (yz plane) 

Figure 5.17 

Then the unirvector along reflected ray is given as e2 and the 

relation between e2 and el is given as 

e1 =ei = e1-2(e1 ·n)n 
1.1.1. j. 

e2 = (FJi+ ,{3j+ ,{3k)- 2(,[3li 

j.j.j, e, = --i +-j +-k 
,{3 ,{3 ,{3 

Or we can directly say that the component of the incident ray 

along the normal gets reverses i.e. along unit vector i which 

directly gives the final result. 

# lllustrative Example 5.2 

Two plane mirrors are combined to each other as such one is in 

(y- z) plane and other is in (x- z) plane. A ray oflight along 

vector ~ i + ~ J + ~ k is incident on the first mirror. Find 

the unit vector in the direction of emergence ray after 

successive reflections through these mirrors. 

Solution 
Just like the case of previous problem here we can see that 
after reflection from the mirror alongyz plane the component of 

the incident ray along x direction gets reverses so the unit 
vector of the ray after reflection from first mirror is given as 

1,1,1· e, =--i+-j+-k 
,{3 ,{3 ,{3 

-- - --- ------ -7 
Geometrical _ Optics I 

and finally after reflection through the second plane mirror 

placed. along xz plane the unit vector of the ray is given as 

• 1,1,1· 
e =--1--1+-k 

3 ,{3 ,{3 ,{3 

# Illustrative Example 5.3 

A ray of light is incident on a plane mirror along a vector 

i + }-k . The normal on incidence point is along i + J. Find a 

unit vector along the reflected ray. 

Solution 

As component of incident ray along the normal gets reversed. 

while the component along the surface remains unchanged. 

Thus the component of incide11t ray vector A= i + ]-k 

parallel to normal, i.e., i + J gets reversed while perpendicular 

to it, i.e. along the surface, _-k remains uncha_nged. Thus, the 

reflected ray can be written as 

R =-i-]-k 

The unit vector along the reflected ray is given as 

I • , • 
, = - ,{3 (i+ j+k) 

5.3 Understanding Object and Image in Geometrical 
Optics 

In analysis of various situations and cases of geometrical optics, 

it is very important to have a clear understanding of the terms 

'Object' and 'Image' in the given situation otherwise lot of 

confusion arise and even simple problems seem very complex. 

.First of all students must keep one thing in mind that these 
terms 'Object' and 'Image' in geometrical optics are considered 

with respect to a specific optical device which is generally a 

mirror or a lens or it can be any type of optical instrument or 

human eye also. Lets first define an object and an image. 

5.3.1 Objectin Geometrical Optics 

For any given optical device, an object is considered as the 
intersection point of all the incident rays falling on the optical 
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device. For existence of object for a device it is not necessary 
that these incident rays really intersect. Objects can be point 

sized or extended, as sliown in figure-5.12 and 5.13 if object is 
extended then every point on surface of object is considered as 

a point object and combination of all these point object is taken 
as the extended object. 

There are three ways in which object is classified in geometrical 

optics depending on the type oflight rays incident on the optical 
device. Lets understand these cases of various incident rays 

on a device for a point object. 

Case-I: Diverging Incident Rays on an Optical Device 

When light rays incident on an optical device are in diverging 

manner then their intersection point will be in the direction 
opposite to the direction of propagation oflight as shown in 

figure-5.18. This point is always regarded as a 'Real Object' for 

the optical device irrespective of whether light rays are really 
intersecting on this point (actually coming from this point) or 

not. The type of object (in this c~se a real object) is defined 

only by the .type of light rays in the vicinity of the optical 

device and not from the actual source from where light rays are 
coming. 

~--:::r 

":'.=~~:Q:j 
Optical Device 

Figure 5.18 

Note: Most of the irregularly reflected light rays from objects 

in our surrounding fall in our eye in diverging manner as ·shown 

in figure-5 .12 so for our eye ( or for an observer's eye) what we 

see in our surrounding can be taken as a 'Real Object'. 

Case-II : Converging Incident Rays on an Optical Device 

When light rays incident on an optical device are in converging 
manner then their intersection point will lie in the direction of 

propagation of light behind the optical device .as shown in 
figure-5.19. These light rays cannot intersect really in such a 
case and in this case this point O is regarded as a 'Virtual 

Object' for the optical device. In this case also the type of 
object (virtual object in this case) is defined only by the type of 

light rays in the vicinity of the optical device and not from the 
actual source from where light rays are coming. 

.. - ---- ·-193] 

Figure 5.19 

Case-ID : Parallel Incident Rays on an Optical Device 

When light rays incident on an optical device are parallel then 
in this case we consider object is located at infinity as parallel 
rays can only be considered intersecting at infinity. So when 
object is located at infinity, we do not talk about its nature 
whether reator virtual. Figure-5.20 below shows the case when 
parallel incident rays incident on an optical device. 

n ------------1 

Object is at infinity 

Figure 5.20 

5.3.2 Image in Geometrical Optics 

Optical 
Device 

For any given optical device, an image is considered as the 
intersection point ofall the reflected or refracted rays from the 
device depending whether the device is a reflecting or refracting 
one. Based on the type of reflected or refracted rays coming 
from the device, image can also be classified in three ways in 
geometrical optics in reference to the device producing the 
image. 

Case-I : Diverging Reflected or Refracted Rays from the 
Optica!Device 

When light rays coming from the optical device are in diverging 
manner then their intersection point will lie behind the device 
opposite to the direction of propagation oflight as shown in 
figure-5.21. This point is always regarded as a 'Virtual Image' 
for this optical device. Always remember that for diverging light 
rays it is not possible to really meet or intersect in the direction 
of light propagation so such reflected or refracted rays are 
considered to produce a virtual image. 
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Optical device-2 

Figure S,22 

Note : In above case of a virtual image it is clear if these 
diverging rays will fall on another optical device as shown in 
figure-5.22 then the point I which is a' Virluallmage' foroptical 
device-I will act like·a 'Real Object' for optical device-2 as 
explained above in figure-5.22. 

Case-I I : Converging Reflected or Refracted Rays from the 
OpticalDevice 

When light rays coming from an optical device are in converging 
manner.then their intersection point will lie in the direction of 

_ propagation oflight as-shown in figure-5.23. These light rays· 
can intersect really in such a case and in this case this point/ is 
regarded as a 'Real Image' for the optical devi.ce. In this case 
the type·ofimage (real image in this case) is defined only by the 
type of reflected or refracted light rays in the vicinity of the 
optical device, it is not necessary whether these rays will really 
intersect or not. 

'I .,_I 
r 

I 
I 

Real 
image 

Optical device 

Figure 5,23 
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If we look at the figure-5 .24, here foroptical device-I, I is a 'Real 
Image' as reflected or refracted rays from this device are 
converging but before actually intersecting at I_ light rays , 
incident on another optical device-2 so for this second device-I 
will act like a' Virtual Object', as shown in figure-5.24. 

I 

.I 
!- ---1·0-._ 
: . . :~,~;;;~~~~~~~}}<~ f~~l--;- Realimageforopticaldevice-1 

\ and 
,: - : Virtual object for optical device-2 

Optical 
device-I 

Optical 
device-2 

Figure 5.24 

Case-ill : Parallel Reflected or Refracted Rays from the 

Optical Device 

When light rays are reflected or refracted from an optical device 
are parallel then in this case we consider image_ is located at 
infinity as parallel rays can only be considered intersecting.at 
infinity and when image is located at infinity, we do not talk 
about its nature whether real or virtual. Figure-5.25 below shows 
the case when parallel incident rays incident on an optical 
device. 

Optical d7vice 

Figure 5.25 
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Image 
at infinity 
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5.4 Reflection and Image formation by a Plane Mirror 

A plane mirror is a piece of glass which is polished on one side 
ofit which inakes its other side reflecting. Glass is considered 
as a smooth plane sw;face so we consider regular reflection 
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from every point of the reflecting surface of the plane mirror. 
Figure-5.26 shows the way how we represents cross section of 
a plane mirror on paper by a straight line with hatching on the 
side of polished surface. 

1/, 

1/, 

Reflecting 
surface Polished surface 

1/, 

1/, 

Figure 5.26 

Figure-5.27(a) shows the 'Ray Diagram' offorination ofimage 
by a plane mirror for a point object O and the image I produced 
by intersection of reflected rays from the mirror by extending 
these behind the mirror, If these rays fall into an observer's eye 
then observer will feel and see these light rays are coming from 
the point I behind the mirror. As the reflected rays from the 
mirror are diverging so the image produced here will be a' Virtual 
Image' as discussed in case-I of article-1.3.2. And the light rays 
which are incident on observer's eye are diverging (same rays 
which are reflected by mirror) so the observer will see pointl as 
a 'Real Object' as discussed in Case-I of article-1.3.1. Here 
figure-5.27(b) shows a realistic view of image produced and 
observed by an observer of a point source of light. ' 

Ray diagram of image fonnation of a 
point object by a plane mirror 

(a) 

Realistic view of image 
seen by an observer in a plane mirror 

(b) 

Figure 5.27 

In geometrical optics we will mainly focus on ray diagrams of 
image formation by different devices but it is also important to 

195 

imagine realistic situation corresponding to each ray diagram 
because the feeling of actual understanding always helps in 
solving variety of questions in geometrical optics. 

Note: The region in front ofa mirror is called .'Real Space' as 
light rays actually exist in this region only and the region behind 
the mirror is called' Virtual Space' as Hght rays actually never 
exist in this region but in this region light rays can be back 
extended to a point from where we can consider light rays appear 
to be coming. 

5.5 Field of View for lmageformed by a Plane Mirror 

Field ofView is a region of space in.surrounding ofa mirror in 
which any image located at a position can be seen by an 
o)Jserver. Field of view can be defined in two ways - one for a 
sp,cific image and for a specific observer. Lets discuss both in 
detail. 

5.5.1 Field ofView ofan image 

It is the region of space from which the image can be seen. 
Figure-5.28 shows the field of view of the imagel ofan object 0 
placed in front ofa small plane mirror. The field of view ofimage 
is shown by the grey shaded region which is bounded by the 
lines joining the image and the edges of the mirror. 

o,~ 

o, 

Field view of Image 

' ' ' 1/, ' ' ' ' ' ' ' ' ' .... \ 
I ', ' ' ' ' I ,,, 

----~f-----L---~f-----~ 
0 : J 

' 
Figure 5.28 

In above figure we can feel that the observer 0 1 which lies in 
the field of view of image will be able to see the image because 
the reflected rays from mirror are falling into eye of this observer 
but there is no reflected ray falling into the eye of observer 0

2 
which will not be able to see the image I. 

5.5.2 Field of View of a Mirror for an observer 

It is the region behind the mirror which is bounded by the lines 
joining the observer's eye to the edges of mirror. It is shown in 
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figure-5.29 by the grey shaded region for observer 0 1 and dark 

grey shaded region for observer 02• Any image located in this 
region can be seen by the respective observer. 

Figure S.29 

Field of view 
/. for observer 0 2 

In above figure, as we can see that image/ lies in the field of 

view of mirror for observer 0 1 but not in the field of view of 

m_irror for observer 0 2 so it can be seen by observer 0 1 and not 
by 0

2
• In other words we can say that ifan observer is situated 

in the field of view ofim_age then the image must be located in 

the field of view of mirror for that observer. 

5.6 Characteristics of Image formed by a Plane 
·Mirror 

There are some specific characteristics of image formed by a 
plane mirror. Understanding of these characteristics explains 

completely how images are produced by a plane mirror and it 
will also help us in understanding applications of geometrical 

optics in reflection of light by different types of mirrors. Lets 

understand these one by one. 

5.6.1 Characteristic-I oflmage formation by a Plane Mirror 

"Distance of image from mirror is equal to the distance of 
object from mirror" 

Whenever an image is produced by a plane mirror, distance of 
image produced from the line of mirror is always equal to the 
distance ofobject from the line of mirror. Figure-5.30 shows the 
ray diagram ofimage formed for a point object 0. In this diagram 
we can see by geometry that t>.OAB and MAB are similar hence 
we get 0A =IA.Thus always the image produced which is the 
line of intersection ofreflected rays from the mirror is situated 
at the same distance from mirror at which object is situated from 

the mirror. 

~~metrical Optics I 

o~:==-~---.-f,;---- -~::::~~~/ 

-----------

Figure 5.30 

5;6.2 Characteristic-2 oflmage formation by a Plane Mirror 

"Nature of image produced by a plane mirror is opposite to 

that of the object." 

Whenever a light beam incidents on a plane mirror, it reflects 

the beam keeping its behaviour same. A diverging incident beam 

. on a plane mirror is reflected as a diverging beam and a 

converging incident beam on a plane mirror is reflected as a 

converging beam. So we can see from figure-5.31 (a) that from a 

point object (real object) placed in front of a plane mirror 

diverging light rays incident on the plane mirror and after 

reflection also the beam remain diverging which produces image 

behind the mirror at point I and as reflected beam is diverging 

we consider the image produced is virtual. Similarly as shown 

in figure-5.3l(b) when a converging light beam is incident on a 

plane mirror which is corresponding to their pointofintersection 

at point O' which is considered as a real object for thi~ mirror, 

after reflection these light rays remain converging and meet at 

point/' in front of the mirror which we can consider as a real 

image produced. 

(a) 
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(b) 

Figure 5.31 

Above analysis shows that a plane mirror always produces 
image of opposite nature then its object. If object is real, image 
produced will be virtual and if object is virtual, image produced 
will be real. Understanding ofreal and virtual object and image 
for any optical device (in this case for a plane mirror) we have 
already discussed in articles-1.3.1 and article-1.3.2. 

5.6.3 Characteristic-3 oflmage formation by a Plane Mirror 

"Image produced by a plane mirror is erect and laterally 
invei:ted" 

We have discussed for an extended object that every point on 
the body of object behaves like a point object and the extended 
object can be considered as combination ofall such point objects 
on the surface of the body. Figure-5.32 shows the image 
formation ofan extended object by a plane mirror. Here ifwe 
consider two points A, Band Con the body of the object then 
their corresponding images are produced at the same distance 
behind the mirror at points A', B' and C'respectivelyand similarly 
all points on the body of object images are produced and 
combination of all such point images will produce the image of 
the extended object as shown in this figure. 

1/, 
1/,, 

(a) 

19.71 -------· -~--"' 

,a 

·"· ' -~~(l~~t~ 
- ' \ 

Left hand 
Image looks like that 

ofa right hand 

(b) 

Figure 5.32 

As image of all points on object are produced at the same 
distance behind the mirror, the image produced will be erect and 
laterally inverted because the points which are close to mirror 
will have their images close to mirror behind it (like point A and 
its image at A) and those which are relatively fur from mirror will 
have their images far from mirror behind it (like point C and its 
image at CJ Ifwe see the points A which is vertically above 
point B on object and in image also its _image A' is vertically 
above imageB' so the vertical orientation ofimage will be same 
as that of object or we can say that image produced is erected 
for the given object. Figures-5.33 and 5.34 show more examples 
oflateral inversion ofimages produced by a plane mirror, most 
common is what we see usually that in a plane mirror image ofa 
left hand appears that like a right hand. 

ABC 

(a) 

\. \ 
Image looks like that 

of a right hand 

. (b) 

Figure 5.33 

1/, 

·(a) 

~BA· 
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(b) 

Figure S.34 

5.6.4 Characteristic-4 of Image formation by a Plane Mirror 

"Image produced by a plane mirror is always of same size as 

that of object" 

From the figure-5.32 and 5.33 we can see that in vertical direction 
orientation of image particle does.not change a11d every point 
image is produce at the same distance of its corresponding · 
point object on the surface of extended object hence we ,an 
say that the height and width _of image of the extended object 
will always be equal to that of the.object. 

5.6.5 Characteristic-5 of Image formation by a Plane Mirror 

"A small part of a mirror also produces fall sized image of 

object" 

lfimage of an extended object is formed by a very small sized 
mirror then also it produces its complete image, size ofimage is 
not dependent on the size of mirror producing the image. Size of 
mirror only-restricts the field of view of the image for the observer. 
Figure-5.35 shows the image of an extended object produced 
by a small plane mirror where we can see that light rays from 
every point on the surface ofobject in front of mirror produces 
its corresponding point image and combination of all these 
points is the full extended image of the object. If we see the field 
of view of three observers 0 1 and 0 2 shown in this figure then 
it is clear that observers O I is able to see the partial image but 
observer 0

2 
which is located close to the mirror is having wide 

field of view and will be able to see the full image. 

~ 
-..J ~-,~., ...... , 

Figure 5,35 

Ge~m_,:~cal Optics] 

5.6.6 Characteristic-6 oflmage formation by a Plane Mirror 

"A plane mirror behaves like a window to virtual world" 

The concept of field of view and the characteristic-4 explained_ 
in article-5.6.4, we have studied that even a small sized mirror 
also produces complete image of any object placed in front of 
it. Based on this understandiµg we can feel that the region in 
which images can be seen through a plane mirror is restricted 
by the field of view and it depends upon the location of a 
specific observer. Figure-5.36 shows the image produced ofa 
room in a plane mirror hanging on one wall of the room. This 
whole image can be regarded as virtual world (several virtual 
images of objects in front of the mirror) which exist behind 
every plane mirror and this virtual world can be seen by any 
observer who looks into the mirror. 

Figure 5.36 

From above figure it is clear that the vision of virtual world will 
be different for different observers depending upon their 
location which will decide the field of view. We can also consider 
this situation as mirror behaving as a window through which . 
this virtual world can be seen. 

5.6. 7 Characteristic-7 oflmage formation by a Plane Mirror 

"If an object is placed between two inclined mirrors then 

several images are produced, all of which lie on a circle 

with center of circle located at the point of intersection of 

the two mirrors. " 

When two plane mirrors are inclined at some angle such that 
their reflecting faces are facing each other and an object is 
placed between th_esetwomirrors then due tomultiplereflections 
of light rays between these mirrors, two or more images are 
produced as shown in figure-5.37, lfwe carefully see the figure 
in which / 1 and / 2 are the two images of object produced by 
direct reflection in mirrors M1 and M2 respectively. Now ifwe 
consider a light ray reflected from mirror M2 which appears to 
be coming from image/2 will inddent and reflect from mirror M1 
and again in mirror M1 an image of/2 will be produced at location 
/

3 
as shown in figure. With the same logic we can say that image 

of 1
1 
will be produced in mirror M2 at location /4• ln figure we can 

see that distance of /2 and /3 are equal from mirror M1 and 
distance of / 1 and /4 are equal from mirror M2• By geometrical_ 
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symmetry we can see that all these images will be located at the 

same distance from the point Cso all will lie on a circle of which 
center will coincide with the intersection point of the two mirrors. 

I!,, , , , 
' ' ' ' ' ' ' ' ' ' ' ' ',, 

', ......... _____ ... 
I, 

Figure 5.37 

Total number ofimages produced by a setup of inclined mirrors 

Total number ofimages can be counted by the concept explained 
in the figure-5.38, Here ifwe consider an object is placed at a 

point between the two mirrors M 1 and M2 inclined at an angle 8 
such that the angle between object line and mirror M

1 
is a and 

that between object line and mirror M2 is$. lfwe consider ! 1 and 
12 are the images produced by mirrors M1 and M2 for the reflection 

oflight from object then these are at angular separation a and$ 
from mirrors M1 and M2 as shown in figure. Now these images 

will act as object for other mirrors as discussed above and 
images 13 and 14 are thus obtained and their angular separation 

from these mirrorsM1 and M2 are (a+ 8) and($+ 8)resnectively. 
Again these images can again act as object for these mirrors 
and produce further images at locations ! 5 and !6 at angular 
separation from mirrors M2 and M1 at ( a + 28) and ( $ + 28) 
respectively. You can easily verify these angles by drawing 
these image on your own carefully at same separation from the 

mirrors for their respective object positions. These multiple 

reflections will continue to produce successive images until 

the angular separation of an image from a mirror increases 
beyond 180° as after this no more reflection from the other 
mirror will take place. So total images you can count by the 

table given below 

/.($+0) 

, 
, ' , ' 

' ' ' ', 
' ' 

----

: '\1 I 
: :c 
' ' ' ' ' ' ' ' ' ' \ ' 

', : 
',...... _ ... 

~~ + 20r· !,(a+ 0) 

Figure 5.38 

Table 5.1 

Image Fanned Image Fanned 

by mirror M1 by mirror M2 

a ~ 

~+0 $+0 

a+28 p20 

~+ 30 a+38 

upto the limit till upto the limit till 
this angle is less than 180° 

·1 
this angle is less than 180° 

In case the object is placed at angle bisector of the two mirrors 

dh 18b 
.. hh 3600. ' 

an t e ang e etween mirrors ts sue t at -- ts an even 
8 

number then the total number ofimages can be directly given 

as 

N= 3600 - I 
8 

... (5.7) 

In above equation-(5.7), 1 is subtracted from the ratio of360° 

360° 180° 
and 8 because if -

8
- is an even number than -

8
- is an 

integer and in that case last two images produced by the two 

mirrors will ov_erlap as a single image. 

5.6.8 Characteristic-8 oflmage formation by a Plane Mirror 

"If an object is rotated by an angle 0 then image will also 

rotate by the same angle 0 but in opposite direction." 

In figure-5.39'if I is the image of object produced by the shown 

plane mirror Mand we shift the object to a new position which 
is shifted by angular displacement 8 with respect to its initial 

position about a center C in clockwise direction then _by 

geometrical symmetry we can see that image will also get shifted 
to the position I' as shown which is at the same angular 
displacement 8 but in anticlockwise direction (opposite direction 

to movement of object). 

1/, 

(

0
:, r r /)I' 
,,~Jl>c -fl _________ 1/, ---------/!.-c•,:J~,, 

0 I 
Clockwise 

shift of object 

Figure 5.39 

Anticlockwise 
shift of image 
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Ifthere is an extended object of which image is produced in a 5.6.10 Characteristic-10 of Image formation by a Plane Mirror · 
plane mirror as shown in figure-5.40 then on rotating this object 
byan angular speed ro, image will also rotate by the same angular "If an object is in motion then the ve/oi:ityof its image 
speed ro but in opposite direction. produced by a plane mirror will have equal magnitude and 

0) 

1/, 

Object Image 

Figure 5.40 

5.6.9 Characteristic-9 oflmage formation by a Plane Mirror 

"If object is kept fixed and mirror is rotated by an angle 0 

then image produced by this mirror. will rotate by twice the 
angle of rotation of mirror in same direction mirror is 

rotated." 

Figure-5.4 I shows an object O of which image /is produced in 
the mirror M Here we consider an incident light ray IR- I falling 
on the mirror at an angle of incidence i which is reflected as 
reflected ray RR-I at same angle and appear to be coming from 
the image I. Now we rotate the mirror by an angle 8 to a new 
position M' as shown. Due to mirror rotation, the normal to the 
surface is also rotated by same angle to a new position mentioned 
as N'and the angle ofincidenceof IR-I for this new position of 
normal will now be (i-8) so the angle between this incident ray 
IR-I and new reflected ray RR-2 is 2(i-8) which appears to be 
coming from the new position of the image/' after mirror rotation 
as shown in figure. lfwe calculate the angle between the two 
reflected rays (initial and final) then it is (2i -28)-2i = 28. 

N' ............... 

O "._-- ........ JR-l 
', ..... -l/t-

'1t, ........ 

/ 

' ' , :s: 
' ' ,,' ' 

Figure 5.41 

opposite direction for the component of object velocity 

normal to mirror and equal magnitude and same direction 
for the component of object velocity parallel to the mirror." 

In figure-5.42 the object O is initially located at a distancex from 
the mirror Mand its image is produced behind the mirror at the 
same distancex from the mirror. If we consider object is moving 
toward mirror at a speed v then the distance x will decrease at 
the rate v and the distance between image and mirror will also 
decrease at the same rate v so velocity ofimage will be same as 
that of object but in opposite direction. Thus in case if object is 
moving in direction normal to mirror, always image will also 
move with same speed but in opposite direction. 

1/, 

1/, 
.2... 1/, ...£_ 

0 dx 
1/, 

dq 

1/, 

X X 

Figure 5.42 

Figure-5.43 shows an object moving in direction parallel to mirror 
surface with a speed v, as image is produced at the same distance 
behind the mirror, it will always be located at the same distance 
as that of object, it will also be moving in the same direction 
parallel to mirror surface as shown. 

M 

Figure 5.43 

Ifwe combine above two cases and consider a situation shown 
in figure-5.44 in which an object is moving in direction at an 
angle 8 to the normal at mirror then to analyze motion ofimage, 
we can resolve the object velocity in two mutually perpendicular 
components, one along the normal and other along the surface 
of mirror as shown. Now image velocity along the surface ·can 
be taken as same as that of object velocity component v (II) and 
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image veloci!)' along normal to mirror will be equal in magnitude 

as that of object velocity component v(_l_) but in opposite 

direction. 

v,,,=r~v, 
l4 ___ ~ 
0 Vol-= V COS 0 1/, 

1/, , 

V0 =(vcos0)i +(vsin0)} 

V1 =(vcos0)i+(vsin0)} 

Figure 5.44 

!-.x 
V,i:~~VO 

I 

5.6.11 Characteristic-11 oflmage formation by a Plane Mirror 

"If object is kept fixed and a plane min·or is in motion then 

its motion along its surface does not affect the motion of 

image but motion of mirror along its normal affects the 
image motion. Along the nonnal image moves with twice the 

speed in same direction as that of mirror. " , 

Figure-5.45 shows a situation in which at an instant an object 

and its image are at a distance x from the mirror and keeping 

object fixed, mirror starts moving along its surface. We can see_ 

that it does not affect the image position, image will still remain 

at rest as observer is not moving. It will be maintained at position 

which is at same distance behind the mirror at which object is 

situated in front ofit. 

1/, 

~x--.l,;--x-0 I 
Fixed % Remain at rest 

1/, , 

Figure 5.45 

Figure-5.46 shows a situation in which at an instant an object 

and its image are at a distance x from the mirror. Ifobject is kept 

fixed and mirror moves by a distance dx then distance between 
mirror and object decreases by dx so distance between image 
and mirror will also become (x - dx). As object is kept fixed 
mirror displaces by2ax in the direction of mirror motion in same 
duration hence the image speed is twice that of the mirror in 

direction normal to the surfuce of mirror. 

- - - -----·, 
-- _ -- 201J 

2':'.-
•------ ------------------• 
0 I 

x-dx x-dx I 

Figure 5.46 

5. 7 Understanding Shadow Formation 

Shadow formation ofany object in light is explained by the law 

of rectilinear propagation of light according to which in a 

homogeneous medium light travels along a straight line path. _ 

When an opaque object is placed in the path of a light beam 

then the boundaries of the object cast a shadow behind the 

object which can be obtained on a screen placed in the path of 
light beam afterobject as shown in figure-5.47 for three different 

light beams - parallel, diverging and converging. 

~ 
,; . ( 

it ' 
' l . ,I • 

Parallel beam of light 

(a) 

- (b) 
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Converging beam of light 

(c) 

Figure 5.47 

5.7.1 Umbra and Penumbra Regions 

These are regions of space which are useful in analysis of 

shadow formation if the source of light used is not a point 

source because in case of an extended source of light from 

every point on the source light rays are emitted in all directions 

so there are region in space behind the object where light rays 

are partially present and in some region no light rays exist. 

These regions in space behind an opaque object are classified 

in two ways - Umbra and Penumbra. 

Umbra is the region in which no light rays from any part of 

source exist after the occluding body, it is the darkest zone 

beyond the occluding body. Penumbra is the region in which 

light rays from some parts of the source exist and it is relatively 

brighter than umbra. Figure-5.48 shows the umbra and penumbra 

regions at the situation of solar eclipse which you might have 

studied in previous classes. 

Moon 

Figure 5.48 

Figure-5.49 shows a case wh~n light rays from a point source is 

forming shadow of a disc on a screen. In this case the complete 

dark zone where no iight rays fall is called 'Umbra'. 

Point source 
oflight 

Umbra 

Figure 5.49 

When an extended source oflight is used in formation ofimage 

then we can see that there are two regions in space behind the 

occluding body which are different in respect of shadow 

formation. Figure-5.50 shows a torch as an extended source of 
light forming the shadow ofa disc placed in front ofit. Ifwe 

consider two points A and Bon torch face which will act as two 

separate point sources oflight. Here from point A consider two 

light rays A I and A2 which are grazing the two edges (top and 

bottom) of the disc and then falling on the screen and all the 

light rays between these two rays A I and A2 will be blocked by 

the disc and all the rays outside of A I andA2 will fall on screen 

directly. Similarly from point B consider two rays B I and s; 
grazing from the two edges of the disc and falling on the screen. 

All such points on the outer edge of the light source such light 

rays will fall on screen and produce shadow on the screen 

which is shown in this figure-5.50. The central circular shadow 

spot will be darkest as no light ray from any point of the face of 

torch are falling onto it, this the region we are calling' Umbra'. 

The annular shadow outside ofumbra where light rays are falling 
on screen from some points of the torch face (not all points, see 

this carefully) is called 'Penumbra'. 

Figure 5.50 
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Figure-5 .51 shows a situation when size oflight source,is bigger 
than that of the occluding body. In this.case umbra is smaller 
region and penumbra may be even bigger than umbra. Even in . 
case of solar eclipse shown in figure-5.48 also the situation is 
. similar to this. 

Figure 5,51 

5. 7 .2 Antumbra Region 

It is a region from which the whole occluding body appears 
within the disc of the light source. In figure-5.52(a) ifwe try to 
feel the view from the observer's eye shown, then it will look 
like as shown in figure-5.52(b) where the whole sphere appears 
to be within the disc of the light source. This region shown in 
figure-5.52(a) is called 'Antumbra '. 

(a) 

'------- -- - - "--- -- --
(b) 

Figure 5.52 

203] 

# Illustrative Example 5.4 

Figure shows a mirror Mon which a light ray incident at an 
angle 40° from normal. If the ray is rotated by 10° clockwise 
find the change in angle of deviation oflight after reflection. 

101/ IR 
/ I 

IR, 

\' 
' ' . ' ' ', • ' • 

• 
' • 
' • \ 

Figure 5.53 . 

Soflltion 

Initial deviation angle 

I\.= 180-80= 100° 

Find deviation angle 

0 = 180-60= 120° 'f 

Changein deviation angle 

# /[[ustrative Example 5.5 

RR, 

,M 

A man is standing in a room oflength 20m and height 3m at a 
distance5m from one wall. On thefucingwall a mirror is hanging. 
Find the minimum size of mirror required in which man will be 
able to see complete height of wall behind him. 

Solution 

By similarly we use 

=> 

Figure 5.54 

h 3 ---
5 25 

3 . h=s m=0.6m 
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# Illustrative Example 5. 6 

Rays oflight strike a horizontal plane mirror at an angle of 45°. 
At what angle should a second plane mirror be placed in order 
that the reflected ray finally be reflected horizontally from the 
second mirror. 

Solution 

The situation is shown in figure-5.55 

N" 

Figure 5.55 

The ray AB strikes the first plane mirror EFat an angle of 45°. 
Now, the second mirror GH is arranged such that the ray BC 
afterreflection from this mirror becomes horizontal. 

From the figure we see that emergent ray CD is parallel to 
mirror EFand BC is a line intersecting these parallel lines, thus 
we use 

L.DCB + L.CBF= 180° 

L.DCN'+ r'.N'CB + L.CBF= 180° 

0+0+45°=180° 

0 =67.5° 

so the second mirror should be placed in such a way that it is 
inclined to the horizontal at an angle 22.5°. 

# Illustrative Example ,5. 7 

Figure shows a point O i.e. the object placed between two 
parallel mirrors. Its distance from M1 is 2 cm and that furrn M2 is 
8 cm. Find the distances of first three images from the two 
mirrors considering first reflection on mirror M1 • 

8cm ·1 
Figure 5.56 

__ - Ge"oni"eirical Optics I 
Solution 

Since given that reflection on mirror M1 first than in figure 
below first three images produced in succession are shown. 

M, M, 

Figure 5.57 

# Illustrative Example 5.8 

Prove that a light beam reflected from three mutually 
perpendicular plane mirrors in sequence reverses its direction. 

Solution 

Ifthe three mutually perpendicular plane mirror have their planes 
alongXY, rz and ZX planes respectively and ifa light ray along 

a unit vector m = al+ b} + ck incident on these mirrors in 

sequence then after each reflection are component of ray 
reverses which is along the normal to that specific mirror so 
after three successiVe reflections at the three mirrors, unit vector 

along reflected ray becomes ii = -ai -b}-ck which is 

indirection opposite to incident ray. 

# Illustrative Example 5.9 

Figure-5.58 shows a torch prod!1cing a straight light beam fulling 
on a plane mirror at an angle 60°. The reflected beam makes a 
spot P on the screen along Y-axis. If at t = 0, mirror starts 
rotating about the hinge A with an angular velocity ro = IO per 
second clockwise. Find the speed of the spot on screen after 
timet=I5s. 

Solution 

A ' 
' 

6QO I 6Qo 

' ' "N 

d=3m 

Figure 5.58 

p 

In 15 seconds mirror will rotate 15° in clockwise direction and 
due to this the reflected ray will rotate 30° in clockwise direction 
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p 

Figure 5.59 

y=3 tan 8 

dy = (3 sec2 8). d
9 

dt dt 

Here 
dy d8 · 
- =v - =2°sec~1 

dt ,,, dt 

dy 2xn 1t 
dt = 

180 
= 

90 
rad per second. 

At t = 15 sand 8 = 30° + 30° = 60° 

Substituting the values in equation-(5.8) we have, 

v = (3 sec2 60°) (~J 
p 90° 

7t 
vp=3x4x 

90
m1s 

21t 
vp= 15 mis 

# Jll11strative Example 5.10 

... (5.8) 

Figure-5.60 shows a plane mirror onto which a light ray is 

incident. Ifthe incident light ray is rotated by 10° and the 
mirror by 20°, as shown in figure below, find the angle by 

Web Reference at www.physicsgalaxy.com 

Age Group· High School Physics I Age 17-19 Years 

Section-OPTICS 
Topic - Geometrical Optics I - Reflection of Light 

Module Number - 8 to 23 

Practice Exercise 5. I 

20s 1 

(i) A person's eye is at a height of 1.5m. He stands in front 

ofa 0.3 m length plane mirror bottom of which is 0.8m above 
ground. Find the length of his image he will be able to see in 

this mirror. 

[0.6m] 

(ii) How far must an object be placed in front of a convex 

mirroroffocal length 20 cm to form an image (1/4)"' of the size 

of the object. 

[60 cm] 

(iii) In figure-5.61 shown a light ray I after getting reflected 

from mirror M1 strikes another mirror M2 and reflected as ray 2. 

If angle between M1 and M2 is 60° find angle 8. 

2 

e 

W)~W,W,'7,77,7,'7,f?,',;W,W,W,,;;?,,M, 

' ' w, 

Figure 5.61 

which the reflected ray is rotated. [60°] 

' ' ' 30°1 
' 

'1 
' 

Reflected 
ray 

'J20° 

Figure S.60 

So/11tion 

As we studied when Incident ray is rotated by some angle the 
reflected ray rotates by same angle in opposite direction and 
when mirror is rotated by some angle the reflected ray rotates 

by twice the angle in same direction hence tcital angle turned 

(iv) Find the number ofimages formed by three mirrors AB, 
BC and AC arranged in form of an equilateral triangle in situation 
as shown in figure-5.62. The object is at the centre of triangle. 

by the reflected ray in above case is Figure 5.62 

=40° )+ 10°) ~30°) ~30°(clockwise) [12] 

Study Physics Galaxy with www.puucho.com

www.puucho.com



!206 

(v) A point source of light B is placed at a distance L in 

front of the centre ofa mirror of width d hung vertically on a 

wall. A man walks in front of the mirror along a line parallel to. 

the mirror at a distance2L from it as shown in figure-5.63. The 

greatest distance over which he can see the image of the light 

source in the mirror is : 

I• 

[3d] 

B 
• 

L 

2L 

Figure 5.63 

(vi) In a 3 D coordinate system a plane mirror is placed parallel 

to XY plane and above the mirror a point object is moving at 

velocity v0 = Si -3]-l lk m/s. Ifmirror is also moving parallel 

to itselfat velocity vm = 2/ + }-3k, find the velocity ofimage 

produced in mirror, 

[5i-3]+5k mis] 

(vii) Two plane mirrors M1 and M2 are inclined at angle 0 as 

shown in figure-5.64. A ray oflight l, which is parallel to M1 

strikes M2 and after two reflections, the ray 2 becomes parallel 

to M
2

. Find the angle 0. · 

2 

Geon_:ieiricaJ 9pti~~ 

(ix) A plane mirror placed along xz plane is moving with 

velocity -31 +5}-4k. A point object in front of the plane 

mirror is moving with velocity -2/ -4] +4k. Find velocity of 

image. 

[-2f+I4}+4k] -

(x) Two plane mirrors are inclined to each other as shown 
in figure-5.66. A ray after the three successive reflection falls 
on the mirror M1 and finally retraces its path. C~lculate the 
angle between the two plane mirror. 

Figure 5.66 

(15°] 

5. 8 Spherical Mirrors 

' ' ' ' 130° 

A spherical mirror is a part ofhollow glass sphere polished on 
one ofits surface. !finner surface of sphere is polished then its 

outer surface becomes reflecting and it is called a convex mirror 
· as shown in figure-5.67. 

(b) 

M, (a) 

Figure 5,64 Figure 5.67 

[60°] If the outer surface of the hollow spherical part is polished then 
its inner surface becomes reflecting and it is called a concave 

(viii) An object moves with 5 mis towards right while the mirroras shown in figure-5.68. 

mirror shown moves with l m/s towards the left as shown in 

figure-5.65. Find the velocityofimage. 

[7m/s] 

object 
o-----+ 

5 mis 
I~ 

mirror 

Figure 5.65 

(b) 

(a) 

Figure 5.68 
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5.8.1 Standard terms related to Spherical Mirrors' 

For concave or convex mirrors there are some specific terms 
· and their definition associated which are useful in analyzing 

image formation by these mirrors so first we will discuss all 
these ierms one by one. 

(i) Pole or Optic Center of Mirror: It is the center of the 
physical spherical mirror as denoted by point Pin figure-5.69. 

(ii) Center of Curvature of Mirror : It is the_center of the 
spherical shell.of which mirror is a part. It is denoted by point C 
in figure-5.69 and 5.70 

(iii) Principal Axis of Mirror: It is the line joining the optic 
center of mirror and its center of curvature as shown in· 
figure-5.69. 

(iv) Radius of Curvature of Mirror : It is the radius of the 
spherical shell of which the mirror is a part which is the distance 
OC and it is also denoted by 'R' as shown in figure-5.69. 

(v) Focal point of Mirror: It is the mid point oflinejoining 
the optic cepter and center of curvature and denoted by 'F'. 
This is a point where it is considered that all paraxial light rays 
falling on the mirror which are parallel to principal axis will 
converge in case of concave mirror as shown in figure-5.70(a) 
and appear to diverge from this point in case of convex mirror 
as shown in figure-5. 70(b). It is also called_' Principal Focus' of 
the spherical mirror. 

(vi) Aperture of the Mirror: It is the diameter of the actual 
mirror cross section through which light rays incident will fall 
on the mirror surface. This is shown as 'd' in figure-5.67(b) and 
5.68(b) and as AB in figure-5.69(a) and 5.69(b) 

p 

Principal ' axis "' ,. 

R 

C F 

, 
/A 

R 

d 
F 

\B 
', 

(a) 

. A 

pd 

B 

(b) 

Figure 5.69 

C 

C 

--· .207! 

C 

Focus of concave mirror 
(a) 

Focus of convex mirror 

(b) 

Figure S.70 

5.8.2 Focal Length of a Spherical !V!irror 

It is the distance of Principal focus of mirror to the Optics Center 
of the Mirror. Generally concave mirrors are also referred as 
'Converging Mirrors' because these converge all parallel rays 
incident on it. This convergence occurs at focal point ifincident 
rays are parallel to the principal axis of mirror as shown in 
figure-5. 70(a). In this mannerall convex mirrors are also referred 
as 'Diverging Mirrors' because these diverge all parallel rays 
incident on it. Ifincident rays fall on a convex mirror parallel to 
the principal axis then all these rays diverge in such a manner 
that these appear to be diverging from the focal point of the 
mirror as shown in figure-5.70(b). 

The situation slightly differs vyhen incident rays are not parallel 
to principal axis. In thi~ case also concave mirror converges 
these rays and convex mirror diverges these rays but the point 
of convergence and divergence like in a plane normal to principal 
axis passing through the focus of mirror as shown in 
figure-5.?l(a) and 5.7l(b). 

p 

Study Physics Galaxy with www.puucho.com

www.puucho.com



1208 

F, 
' ' ' ' ' ' ' ' I 
' 

(b) 

Figure S.71 

5.8.3 Image Formation by a Spherical Mirror using Paraxial 
Rays 

It is observed that for a specific point object placed in front of 
a spherical mirror all the light rays incident on the mirror are 
reflected such that these all reflected rays converge or appear 
to diverge only from one point which is considered as 'lmage'of 
the 'Object'produced bytheinirror. Figure-5.72(a) and (b) shows 
images 11 and/2 formed by the mirrorsM1 and M,- Here we can 
see that image/1 is produced is a 'Real Image' because reflected 
ray are converging and image /2 produced is a 'Virtuallmage' 
because reflected rays are diverging. 

C 

(a) 

(b) 

Figure S.72 

Object 

Note : Above cases which we discussed for image formation 
by a spherical mirror is valid only when we consider incidence 
ofonlyparaxial rays from object to mirror. Ifincident rays are 
not paraxial then all the reflected rays will not converge orappear 
to diverge from one single point. In this chapter we will mainly 
consider the image formation by paraxial. rays only; If rays 
considered are notparaxiarthen for a point object image formed 

Geometrical_ Opt(~] 

will not be a sharp point, it will get blurred. At the end ofchapter 
we will discuss on the defect in image formation ifrays are not 
paraxial under the topic of spherical aberration. 

5.8.4 Standard Reflected Light Rays for Image Formation by 
Spherical Mirrors 

Forunderstanding ofimage formation bya spherical mirror, we 
need to consider some standard light rays incident on the mirror 
and their corresponding reflected rays. Ifany two of these rays 
incident on a spherical mirror and their corresponding reflected 
rays are used then image can be obtained oy finding the 
int~rsection point of the these two reflected rays as we have 
already discussed that all the reflected rays intersect at the 
same point (image) ifall incident rays areparaxial. Lets discuss 
four standard rays used in image formation by ray diagram for 
spherical mirrors. 

Ray-1 : Incident Ray parallel to PrincipalAxis 

Figure-5.73(a) and (b) shows a rays incident on concave and 
convex mirrors which is parallel to principal axis. Such a ray 
after reflection passes through the principal focus of the mirror 
as shown. In case of concave mirror it actually passes through 
the focus and in convex mirror it gets reflected such that it 
appear to pass through its focal point in virtual space behind 
the mirror. 

C F 

Real focus 

(a) 

p 

F C 

Virtual focus 

(b) 

Figure 5,73 

Ray-2: Incident Ray passing through Center of Curvature 

Figure-5.74(a) and (b) shows a rays incident on concave and 
convex mirrors which passing through center of curvature. Such 
a ray falls on mirror normal to its reflecting surface and gets 
reflected as it is and re-tmces the path of incident ray. 
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C F 

Real focus 

(a) 

/ 

Virtual focus 

(a) 

Figure 5.74 

p 

Ray-3 : Incident Ray passing through Focus 

Figure-5.75(a) and (b) shows a rays incident on concave and 
convex mirrors which passing through focus of the mirror. Such 
a ray after reflection gets parallel to the principal axis of mirror 
as shown. In case of concave mirror light actually passes through 
focus and then after reflection becomes parallel to the principal 
axis but in case of convex mirror it incident on the mirror in such 
a way that it appear to pass through virtual focus of the mirror 
and after reflection it becomes parallel to the principal axis as 
shown in figure. 

(a) 

Virtual focus 

(b) 

Figure 5.75 

F C 

·- -209I 

Ray-4 : Incident Ray Incident on Pole of the Mirror 

Figure-5.76(a) and (b) shows a ray inciderit on concave and 
convex mirrors on its pole. At this point the mirror normal is the 
principal axis only so the light ray is reflected as ifit is reflected 
from a plane mirror at the same angle from principal axis at 
which it incidents as shown in figure. 

C 

Real focus 

(a) 

Virtual focus 

(b) 

Figure 5.76 

p 

F C 

5.8.5 Relation in focal length and Radius of Curvature of a 
Spherical Mirror 

Figure-5. 77 shows alight ray which is parallel to principal axis 
of the mirror shown and it incident at a point A of the mirrorat an 
angle 0 to the normal (dotted line AC) at this point which passes 
through the center of curvature of the mirror. According to laws 
of reflection it will get reflected at the same angle 0 and pass 
through a pointB on principal axis as shown in figure. Now in i'l 
ABC we can use 

AC=R=2BCcos 0 

R 
BC=--

2cos0 

M 

Figure 5. 77 

Thus focal length of mirror can be given here as distance PB so 
we have 

PB=R-BC 

PB=R--R-
2cos0 

... (5.9) 
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Ifthe incident lightray is paraxial then 0 will be small so we can 

use cos 0- 1 so PB= J= R/2. Equation-(5.9) is gives the distance 

PB where parallel marginal rays after reflection will intersect on 
principal axis. Distance PB can be considered as focal length 

only when incident rays are paraxial. 

5.8.6 Image formation by Concave Mirrors 

Whenever an object is specified for a spherical mirror then 

using any two of the four incident rays and corresponding 

reflected rays mentioned in article-5.8.4 we can find the image 

by using ray diagram. There are some positions near to principal 
axis in different regions in front of the mirror where if an object 

is kept, using ray diagram we can get some information about 
the image produced. This information is very helpful in rough 
analysis of image formation. For both concave and convex 
mirrors we are going to discuss different cases for position of 

object in front of the mirror and its corresponding image 
produced. First we will take up the cases for concave mirror in 

which five possibilities are there for placement of a real object 
in front of the concave mirror. 

Case-I: Object is located at infinity 

We have already discussed the case when object is located at 
infinity, incident rays falling on the mirror will be parallel and for 
parallel incident rays there are two possibilities. One is when all 

incident rays are parallel to principal axis when image produced 

is real and located at focus of the mirror as shown in figure-5.78(a) 

and other possibility is when these are at some angle to principal 

axis when image produced is real and located in focal plane as 
shown in figure-5.78(b). In both of these cases we have 
considered the image produced is highly diminished in size, 
real and inverted (produced on the other side of principal axis 
as that of object). 

C 

(a) 

(b) 

Figure 5.78 

p 

Case-II: Object is located beyond Center of Curvature 

Figure-5.79 shows this situation in which object is a small candle 

and we find the image of tip of the candle by considering ray-I 
and ray-2 as explained in article-5.8.4. With this ray diagram we 

can conclude that the image produced for this location of object 
(placed beyond Con principal axis) is real, located between F 
and C, inverted (on other side of principal axis) and smaller in 
size than that ofobject. 

p 

Figure 5.79 · 

Case-ill: Objectis located at Center of Curvature 

Figure-5.80 shows this situation in which object ( candle) located 

at C and we find the image of the candle by considering ray-I 
andray-4 as explainedinarticle-5.8.4. With this ray diagram we 
can see and conclude that the image produced for this location 

of object (placed at Con principal axis) is real, located at C, 
inverted (on other side of principal axis) and of same size as that 
of object. 

Figure 5.80 

Case-IV: Object is located at between Focus and Center of 
Cun'3ture 

Figure-5.81 shows this situation in which object (candle) is 
located between F and C and we find the image of the candle by 
considering ray-I and ray-3 as explained in article-5.8.4. With 
this ray diagram we can see and conclude that the image 
produced for this location of object (placed between F and C 
on principal axis) is real, located beyond C, inverted (on other 
side of principal axis) and enlarged compared to that ofobject. 

M 

p 
C 

Figure 5.81 
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Case-V: Object is located at Focus 

Figure-5.82 shows this situation in which object (candle) is 

located at focal point of the mirror and.we find the image of the 

candle by considering ray-I andray-4 as explained in article-5.8.4. 

With this ray diagram we can see that the reflected rays are 

parallel and will produce image at infinity. So we can conclude 
with this diagram that image produced will be at infinity, inverted 
(on the other side of principal axis) and highly enlarged. 

p 

Figure-5.82 

Case-VI: Object is located between Focus and Pole 

Figure-5.83 shows this situation in which object (candle) is 
located between O and F and we find the image of the candle by 

considering ray-I, ray-2 and ray-4 as explained in article-5.8.4. 
With this ray diagram we can see that all the three reflected rays 
from mirror are diverging in a way that these appear to be coming 
from the pointlbehind the mirror from a virtual image. So for 

this location of object (placed at Fon principal axis) image is 
produced behind the mirror, virtual, erected ( on the same side 
of principal axis) and enlarged. 

Figure 5.83 

Above five cases are general cases which explains the relative 

position, nature and orientation ofimage produced bya concave 

mirror for a real object placed close to its principal axis using 
paraxial rays. While solving different questions above cases 

gives an idea about the estimation of image produced upto 
some extent before going for the exact process of image 
formation. 

5.8. 7 Image formation by Convex Mirrors 

Unlike to the different cases of image formation by a concave 

mirror for different positions ofobject in front ofit, in case of 
convex mirror there are onlytwopossibilities ofimage formation 
for a real object placed in front ofit. 

Case-I: Object is located at infinity 

When light rays from distant object fall on a convex mirror, 
these rays diverge after reflection in such a way that for incident 

rays parallel to principal axis image is obta_ined at focal point of 

mirror as shown in figure-5.84(a) and for incident rays non parallel 
to principal axis image is obtained in focal plane as shown in 
figure-5.84(b). The image produced will be.virtual, diminished 
and erected (produced on the same side of principal axis where 
object is located). 

(a) 

(b) 

Figure 5.84 

' ' ' ' 

C 

Focal plane 

Case-II: Object is placed anywhere in front of mirror 

Figure-5.85 shows a situation in which the object (candle) is 
placed in front of the convex mirror and to find image using ray 

diagram we consider ray-I, ray-2 and ray-4 as mentioned in 
article-5.8.4. We can see in this figure that the image is formed 

by back extension of the reflected rays corresponding to these 

·incident rays from the object and the image is produced behind 
the mirror between F and 0, virtual, diminished and erected ( on 
the same side of principal axis as that ofobject). 

C 

Figure 5.85 

Study Physics Galaxy with www.puucho.com

www.puucho.com



~12 __ , ___ _ 

5.8.8 How an observer sees image of an extended object in a 
spherical mirror 

Figure-5.86(a) shows an object (candle) placed in front of a 

concave mirror placed between its pole and focus. This we 

have already discussed in case-V of article-5.8.6. From the tip 

and bottom points of the objects AB the light rays are incident 

on the mirror gets reflected and falls into the eye of observer. 

Here observer simultaneously sees the image of top and bottom 

points ofobject as A' and B' and simultaneously for all points in 

between which constitutes the full image of candle A' B'. For 

objects placed close to principal axis we considerall rays incident 
on mirror are paraxial so we can find the image of the tip of the 

object in any case and "drop the normal from this point to the 
principal axis to get the full image in all such cases. Figure-5.86(b) 

shows the similar case for an_ observer seeing the image 

produced by a convex mirror. 

(a) 

.c 

(b) 

Figure 5,86 

If object is point sized and placed on the principal axis then its 

image will also be produced on the principal axis as shown in 
figure-5.87(a) and it can also be seen by the observer as shown. 

Figure-5.87(b) shows the field of view by the shaded region 
bounded by the reflected rays from the edges ofthe aperture of 
the mirror from which the image can be seen as reflected rays 
exist in this region only so to view this image observer eye mi:st 

lie in this region. 

. /. 
Field ofv1ew to 
see the image 

(a) 

(b) 

Figure 5.87 

5.8.9 How image produced by a spherical mirror can be 
obtained on a screen 

A screen is generally an opaque and rough white surface. Any 
point of which if light rays fall are diffused reflected in all 
direction from the point of screen. If a light beam falls on the 
screen than it makes a light spot on screen which can be seen 
from any direction in front ofit as every point in the spot light 
rays are diffused reflected by screen in all directions as shown 
in figure-5.88. In this figure the light spot formed due to the 
light beam can be seen by all the observers Op 0 2 and 0 3 
shown who are looking at the spot from different directions. 

---' 
o':1 

o, 

l~, 
Figure 5.88 

Figure-5.89 shows a case when image formed by a concave 
mirror for an object (point light source) is obtained on a screen. 
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We can see in figure-5.89(a) when screen is placed exactly at 
the location of image produced then all the light rays reflected 
from the mirror will be meeting at point/ on screen and a bright 
and sharp image can be obtained·on the screen. Ifwe displace 
the screen slightly toward the mirror, sharp image will not be 
obtained on screen and a blurred spot is produced due to light 
rays falling on the screen before meeting at point! as shown in 
figure-5.89(b ). If we displace the screen slightly behind the image 
then also we can see that a blurred spot will be formed on 
screen rather than sharp image as shown in figure-5.89(b). 

Sharp i~age on screen 

(a) 

Image gets blurred 

(b) 

Image ·gets bl_urred 

(c) 

Figure 5.89 

Figure-5.90 shows the formation ofimage ofan extended object 
(candle) on a screen. Here in figufe-5.90(a) the screen is placed 
exactly at the location of image in which the sharp image of 
candle :s obtained on screen which can be seen from any 
direction if we look at screen. But if screen is slightly displaced 
along principal axis in any direction, the image will get blurred 
as shown in figure-5.90(b) and 5.90(c). 

(a) 

(b) 

(c) 

Figure S.90 

p 

213, 
- _J 

With the above analysis it is clear that sharp image can be 
obtained on a screen only ,if screen is placed exactly at the 
location ofimage. Anther fact about images obtained on screen 
is that only real images can be obtained on screen ·because real 
images are produced by converging rays. Diverging rays falling 
on a screen can only produce brightness on screen as no sharp 
boundaries can be made by diverging rays on any surface. 

5.8.10 Sign Convention 

For a given spherical mirror, object and its corresponding image 

may lie anywhere either in front of the mirror ifimage is real or 
behind the mirror ifimageis virtual. For mathematical analysis 
of image formation by a spherical mirror, we associate a sign 
convention with·the given situation of mirror and in analysis of 
image formation all the distances of object, image, focal length 
or radius of curvature of mirror, we measure, will be considered 
with proper'+' o~ '-' signs according to the sign convention 
used, 

There are several sign conventions invented in past to be used 
in geometrical optics for different cases of reflection and 
refraction. We are discussing here two sign conventions both 
of which are very popular for analyzing ilTlage formation in 
different cases ofreflection and refraction. In this book we will 
be using the first convention however if students wish then for 
each case studied they can use second convention and verify 
that the results obtained are same. It is most important to 
understand and follow a sign·convention properly. 

First Convention : Incident Ray Reference Sign Convention 

This sign convention is also called 'New Cartesian Sign 
Convention'. Ifwe look at the situation shown in _figure-5.91 (a). 
It shows a concave mirror and in front of it a point object O is 
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placed of which the point real image I is produced. Similarly in 
figure-5.91 (b) shows a convex mirror forming point sized virtual 
image I of the point object O placed in front ofit. In general for 
any case of geometrical optics it is a general trend to represent 
the distance ofobject from pole of mirror by a letter 'u' and the 
distance of image from the pole of mirror bya letter 'v' and focal 

length of the mirror can be denoted by the letter 'f'. 
M, 

I 

V 

(a) 

M, 

' ' ' ' 
0 p I F 

1-t-u-...i,,.. 
l+--/--->l 

(b) 

Figure 5,91 

p 

C 

Important points of measurements abo,ut this sign convention 
are· 

• All distances are measured from the pole of spherical 
mirrors. 

• Distances measured in the direction ( or along) ofincident 
ray are taken positive and those measured opposite to the 
direction ofincident ray are taken negative. 

• For the size of object above principal axis its height is 
considered positive and below the principal axis it is considered 
negative. 

In figure-5.9l(a) all distances u, v and/are taken negative becaus, 
these are measured from pole of mirror in direction opposite to 
the incident ray and in figure-5.9l(b) distance u is taken 
negative and distances/ and v are taken positive . 

Second Convention : Cartesian Coordinate System Sign 
Convention 

For the same situation shown in figure-5.9l(a) and 5.9l(b) in 
this sign convention we consider a simple two dimensional 
coordinate system associated with the given spherical mirror 
for all measurements of distances. 

Geometricai"'OptiC~ J 
Important points of measurements about this sign convention 
are-

• All distances are measured from the pole of spherical 

mirrors. 

• The origin of the Cartesian coordinate system is considered 

at the centre of the optical device (pole of spherical mirror in 

this case). 

• Distances measured toward right of the optical device are 

taken positive and distances rr:easured toward left of the optical 

device are taken negative as in genefal we consider positive 

x-axis toward right of origin and negative x-axis toward left of 
origin. 

• For the size of object above principal axis its height is 

considered positive and below the principal axis it is considered 

negative. 

In figur~-5.91(a)"all distances u, vand/aretaken negative and in 

figure-5.91 (b) distance u is taken negative and distances/ and v 
are taken positive. 

Note : In cases. of spherical mirrors both of the above sign 

conventions gives same signs for the situations when object is 

placed on the left of mirror facing its reflecting surface and 
different signs when object is placed on the right of mirror 

facing its reflecting surface. 

5.9 Analysis of Image formation by Spherical Mirrors 

In image formation by spherical mirrors for a specific object, we 
mainly analyze four specific characteristics of image which 

includes 'Exact Location of Image', 'Nature of Image' (real or 

virtual), 'Orientation of Image' ( erected or inverted) and 

'Magnification of Image' ( enlarged or diminished with exact 
size of image). Lets discuss all these characteristics one by one. 

5.9.1 Mirror Formula for Location oflmage 

Mirror Formula is a mathematical relation between object 

distance, image distance and focal length of a spherical mirror 
from its pole. This formula is used in analysis ofimage formation 

and used in finding the' Exact Location of Image' produced by 

a the mirror for a given object. 

Figure-5.92 shows a concave mirror in front of which a point 
object is placed at a distanceu for which point image/ is obtained 

at the location shown in figure. In the figure only one light ray 

from object is taken which incident at pointX and after reflection 
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it passes through /. The line joining point X and center of 
curvature of mirror C is the normal to the mirror at point X at 
which angle ofincidence and angle ofreflection is same. 

____ ,N 

O a, p 

' ' ' ' ' 1-v ' ' ' R 
' /' 
' u 

Figure 5.92 

Forparaxial rays in the given figure we can consider angles e,. 
82 and 83 are very small so we can use 

h h h 
a = - · a = - and a = -
'u'2R 3v 

Now from 1',.CXO we have a 2 = a 1 + 0 and in 1',.CXJ we have 
a3 = a 2 + 8 and from these relations we have 

2a,=a1+a3 

Now substituting the values of a 1, a 2 and a
3 

in terms of h we 
get 

2 I I 
-=-+
R u V 

As R = f /2 we can write 

1 I I 
-=-+-
/ U V 

... (5.10) 

Aboveeqtlation-(5.10) is called 'Mirror Formula' which is valid 
for both concave and convex mirrors arid in this relation values 
ofu, v and/are substituted with proper signs according to any 
of the sign conventions stated in article-5.8.8. In this book we 
will use Cartesian Coordinate System Sign Convention whereas 
in many books New Cartesian Sign Convention is used but it 
hardly makes any difference from student point of view. For all 
the questions we are going to take up in this book, students 
can also try solving these questions by the first sign convention 
also for getting a clear picture of analysis. 

Equation-(5. IO) can be rearranged in three forms and used as 
per requirement for calculation ofu, v or fas given below. 

f=~ 
u+v 

... (5.11) 

uf 
v=--

u-f 
... (5.12) 

vf 
u=--

v-f ... (5.13) 

2ftf: 
- - ----·--' 

Note: It is advisable to always draw ray diagram while solving 

a question ofreflection by a spherical mirror to get the proper 

understanding of the given situation and image formation by 

reflected light rays. Also students must note that above relations 
of Mirror formula is only valid for paraxial rays. Also students 
must note thatabove relations of mirror formula is only valid for 
paraxial rays. 

5.9.2 Analyzing Natnre of Image Produced by a Spherical 
Mirror 

By mirror formula when we analyze the location of image then 
with the location we get a clear idea whether reflected rays are 
converging or diverging. If image is produced in front of the 
mirror then reflected rays will be converging arid image produced 
is real and ifimage is produced behind the mirror then reflected 
rays will be diverging and image produced is virtual. Figure-5.93 
shows the situation of real and virtual image formation by 

converging and diverging rays. 

Spherical mirror 
(Concave or Convex) 

t 
t 
:,--._ 

/ Polished face 
Reflecting face 

Spherical mirror 

~:-~-o~::ve or Convex) 
Diverging ~ ---:::°:':.?~ 

reflected rays ------fr---::::.: ..... ~irtual 

~---- image 

/ holished face 
t 

Reflecting face 

Figure 5.93 

5.9.3 Magnification Formula for Size and Orientation oflmage 

Figure-5.94 shows the image produced for an extended object 
(candle) by a concave mirror. In this case we are using ray-I, 

ray-2 and ray-4 as mentioned in article-5.8.4 for image formation. 
Now in this figure ifwe analyze in MPB and /',.A 'PB'for paraxial 
rays we can get the relation in height of object h

0
(AB) and 

height ofimage h;(A 'BJ perpendicular to principal axis. 

ho = -h; 
U V 

... (5.14) 
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Figure· 5,94 

Magnification ofimage is given as 

· Height of Image 
m= 

Height of Ojbect 
... (5.15) 

from equation-(5.14) we have 

m= !!I_=-::_ 
ho u 

... (5.16) 

Equation-(5. 16) is called 'Lateral Magnification' of the image 
which relates the object and image height with their locations. 
If magnification is more than I then image formed will be enlarged 
and ifit is less than I then image formed will be diminished. For 
m = I image height is same as that of object height. Negative 
sign in equation-(5.16) shows the orientation of image with 
respect to object. !fin a case mis positive then it indicates that 

image is formed on the same side of principal axis where object 
is located and if mis negative then it indicates that image formed 
is im the other side of principal axis where object is located. 
Thus for an erected object if m is positive image produced by 
the mirror will be erected and if m is negative then image produced 
will be inverted. 

Lateral magnification formula can also be rearranged in different 
ways using equations-(5.14), (5.15) and(S.16) for its uses as per 

requirement of the given parameters in a specific question. Below 
are the given forms oflateral magnification formula. 

v f . v-f 
m=--=---=---

u u-f f 
... (5.17) 

Note: As already discussed about the mirror formula that it is 
applicable only when paraxial rays are fo~ing the image so the 
magnification formula as explained above will also be valid only 
when paraxial rays are in consideration. 

5.9.4 Relation in Nature and Orientation of Image 

For all the optical devices in geometrical optics we can find the 
orientation ofimage produced using the method explained here. 
This method is only using the ba_sic geometry in finding the 
image orientation on principal axis. 

Always remember ifnature of an object and its corresponding 

image produced by any optical device aresame (real image of 

Geon_:ietr~ca~. Optics 

real object or virtual image of virtual object) then image will be 
produced on other side of principal axis (mis negative) and if 
nature of object and its corresponding image produced by any 

optical device is opposite (virtual image ofreal object or real 
image of virtual object) then image will be produced on the 

same side of principal axis (mis negative). 

5.9.5 Longitudinal Magnification oflmage 

Lateral magnification formula for spherical mirror gives the image 
height above the principal axis of mirror and in this section we 

will discuss on how to calculate the image width along the 
principal axis of mirror. The relation in object and image width 
along the principal axis of mirror is called 'Longitudinal 

Magnification' as given below. 

Longitudinal magnification ofimage is given as 

Width of Image along Principal Axis 
m= 

L Width of Object along Principal Axis 

Figure-5.95 shows image fofll)ation of an object located at a 

distance x from the concave mirror of focal length f which 

produces an image of this object at a distance y which is real 

inverted and enlarged because object was placed between F 

and C. Here we can see that object edge A was close to C so 

corresponding image edge A 'is also closer to C. Ifwe consider 

object is of very small width dx and image produced is having a 

width dy then from mirror formula we have 

I I I 
-=-+-
f X Y 

Differentiating this expression we get 

I I 
O=- - dx--dy 

x2 y2 

From this relation we can get the 'Longitudinal Magnification' 

as 

. dy y' 
m =-=---=-m2 
Ltfx·x2 

... (5.18) 

Image 8 

B' .-1• C Object F 

Figure 5.95 

For small width object ifimage is produced bya spherical mirror 
( concave or convex) then image width can be calculated by use 

of the equation-(5.18). But ifobject size is large then this relation 
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cannot be used and in that case we need to calculate the image 

of both edges of the object along principal axis and take the 
difference as explained in figure-5.96. Here we first need to 

consider the distance of edge B of the object asx1 and find the 

corresponding image of this edge at B' located at a distance y 1 
using mirror formula then we consider the distance ofedgeA of 

the object asx2 =x1 +w. and find the corresponding image A 'at 
location y 2 using mirror formula. Now the width ofimage A 'B' 
can be obtained as 

I It CA BF 
1 Image .,...! 1 Object 

!2 : .. ' 
I ... - .. ---- D : .......... -

C' 

Figure 5.96 

In the same manner we can find the height of the image at the 
edges A 'D'(/1) and B'C'(t2) by separately using the lateral 
magnification at both the edges. 

5.9.6 Superficial Magnification by a Spherical Mirror 

As we have studied the lateral and longitudinal magnification, 
we can easily find out the magnjfication in area for the image 

produced by a spherical mirror. There are two cases in which 
area ofimage is calculated which are given here one by one. In 

both of these cases we are considering object size very small 

compared to the distance of object from the mirror. 

Case-I: Object is placed normal to principal axis 

Figure-5.97(a) shows a square objectABCD which is placed at 

a point between F and C of a concave mirror at a distance u 
from the mirror. The image is produced as A 'B'C'D' at a distance v 
from the mirror as shown and the image will also be of square 

shape as both edges of the object are perpendi_cular to principal 
axis of mirror so in both we use lateral magnification and size of 
both will be same. Similar situation for a convex mirror is shown 
in figure-5.97(b) 

~D 
C( I I 

I I ; 

C 

(a) 

D 
Object 

V 

u 

p 

./ 

C 

D 

B .B 
Ar- ... 1 f 

p ' •C d ...... 
Object 

Image 

u 
J+---,---1 

(b) 

Figure 5.97 

C 

In figure-5.97(a) image edge I; can be obtained by lateral 

magnification as I;= m /0 (where m = -v/u) in both sides of the 

square edges same I; will be there so final image produced is a 

magnified square real image and similar to this in figure-5.97(b) 

for convex mirror image will be a diminished square virtual image. 

The area of image produced is given as A.= 12 = m2/0
2 = m2A0 . · I I 

(A0 = IJ is the area of object surface) 

Case-II: Object is placed in the plane of principal axis 

Figure-5.98(a) shows a small square object ABCD of edge 

10 (/0 <<f) which is placed at a point between F and C of a 

concave mirror at a distance u from the mirror. The image is 
produced A 'B'C'D' at a distance v from the mirror as shown and 

in this case the image produced will be in shape of a rectangle 

because for the edges BC and AD of the object which are 

perpendicular to the principal axis, we use lateral magnification 

and for the edges AB and CD which are along the principal axis, 

we use longitudinal magnification. 

So in this case the image height and width are given as 

h;=m/0 

wi=m2Jo 

where lateral magnification is given as m = -V/u 

p 
B' A' CA B F 

Image Object 

u 
V 

(a) 
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D C C'~D' 
h; :--: 

C 

' cA B F p B' A' 
Object Image 

u 

(b) 

Figure 5.98 

As 1
0 

and w; are small we consider almost same height for image 

edges A 'D' and B'C' and similar case for a convex mirror is 

shown in figure-5.98(b) -

5.9.7 Variation Curves oflmage Distance vs Object Distance 

We have discussed the mirror formula which relates the image 
distance from pole of mirror for a given object distance. The 

mirror formula is given as 

=> 

I I I 
-=-+-
! U V 

u 
v=--

!!__1 
.I 

As focal length of a given mirror is constant and it can be 
positive or negative depending upon the sign convention and 

type of mirror. The above function can be plotted as shown in 

figure-5.99(a) or (b) for a concave and convex mirror facing 

toward left along negative x direction which we generally 

consider. 

(
u -+ -ve) Virtual image 
v --,, +ve Real object 

' 

-----,c--,-:,itE------•iU 

-----------------~1c~;=11 _______ -----(:: ::: ) ~~~r:fjeect 
' ' / ' 

/ (-2/,--;2/) for Concave Mirror 
/ : 
u-)-ve : 
v-t-ve 1 

Real image : 
_Real object ; 

(a) 

.. -- --- - -··-·1 
G9_?m~!_r~cal Optics 1 

: u---+ +ve Virtual object 
: v -t +_ve Virtual image 

' ' ' ' 
V 

l I '(21. 2/) 
' ' ' ' 

---------------
-----~/ ___________ _ 

Real image v---+ +ve 
Virtual object u ---+ -ve 

' 
/ 

/l (f,f) 

' 
---------~'---;-------u 

for Convex Mirror 

u---+ +ve 
v...+-ve 

\:'irtual object 
Real image 

(b) 

Figure S.99 

# Illustrative Example 5.ll 

A point object is placed at a distance 30 cm in front ofa concave 
mirror of focal length 20 cm. Find the nature and location of 

image obtained. 

Solution 

In this case for mirror formula we use 

u=-30cm 

/=-20cm 

Using mirror formula 

=> 

,if +30x+20 
v=--= 

u- f -30-(-20) 

30x20 
v= --- =-60cm 

-10 · 

The image formation is shown in ray diagram and we can see 

that image produced is real and locatecl at a distanc~ of60 cm 

from the poleofmirrorin front ofit. 

I 

t,.- 30cm ~ 
1+-----60cm ----->l 

Figure 5.100 

+a 
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# Illustrative Example 5.12 

A thin rod oflength d/3 is placed along the principal axis of a 
concave mirror of focal length= d such that its image, which is 
real and elongated,just touches the rod. Find the length of the 
image? 

Solution 

Given that image is touching the object that means this point 

must be at the center of curvature of the mirror as shown in 

figure-5.10 I. The image of A is formed at the same position 
(since is at Center of curvature). For image of B we will use 
mirror formula. 

d/3 A' B' 

F B 

Figure 5.101 

A~ 

Centre of 
curvature 

Applying mirror formula for image ofB, according to cartesian 
coordinate sign convention, we use u= +Sd/3 and/=+ d 

1 I I 
-+- =-
v II I 

I I I -+--
v Sd - d 

3 

Sd 
v=-

2 
Hence length of image obtained is 

Sd d 
A'B'= --2d = -

2 2 

# Illustrative Example 5.13 

In figure shown find the distance from pole P of the concave 

mirror shown in figure-5.102, at which when a plane mirror is 
placed, image produced by both mirror for the object O will 
coincide. 

/~25 cm 

0 

-x +x 

' 
,. 

M, 

Figure 5,102 

... -- -2191 
- --· -- - ---"·-J 

Solution 

For image produced by concave mirror, by coordinate sign 
convention for inirror formula, we use 

u=+35cm,f=+25cm 

Now by mirror formula we have 

uf 35x25 . 
v= --= --- =+87.5cm 

u-f 10 

Thus image produced by concave mirror /is located ata distance 

87.5cm from Pwhich is at 87.5-35 = 52.5cm from the object 0. _ 
l,:-s,------87.5 cm-------

0 I 

M, 
--->J.---52.5 cm----->l 

Figure 5.103 

Separation between O & I is 

=87.5-35=52.5cm 

Position of M2 from object is at O distance 

52.5 
= -

2
- =26.25cm 

Distance of M2 from pole of mirror is 

P = 35 + 26.25 = 61.25 cm. 

# Illustrative Example 5.14 

An observer whose least distance of distinct vision is 'd', 
views his own face in a convex mirror of radius of curvature 'r'. 

Prove that the magnification produced can not exceed 

r 

Solution 

For clear vision, the distance between object and image OJ 
must be more than d. !fin the figure Shown ·distance OP be x 
then by mirror formula, we have 

I I I 
-+-=-
v u I 
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Here by coordinate sign ccnvention, for maximum magnification 
we use 0/ = d, so we use 

r 
v=+(d-x);u=-x;f= +2 (forx>0) 

2 
d-x x r 

x-d+x 2 

(d-x)(x) r 

=> -2x2+2dt= 2rx-dr 

Forming a quadratic in x we have 2 values 

d-r±Jr2 +d2 

x= 
2 

discarding the negative value we have 

d-r+Jr2 +d2 

x=------
2 

Magnification produced by the mirror is 

d-x 
m=--

x 

d+r-~ 

d-r+Jr2 +d2 

Rationalising the above equation, we get 

(d +r)-(Jr2 +d2 
)

2 

m-----'--;=~=-------'.==~ 
- (d-r+Jr2 +d2 )(d+r+Jr2 +d2

) 

2rd 

Thus the maximum magnification produced by the mirror can 
be given as 

# Illustrative Example 5.15 

An object is placed in front ofa convex mirror at a distance of 
50 cm a plane mirror is introduced in front of the convex mirror 
covering the lower halfofit. If the distance between the object 
and the plane mirror is 30 cm and it is found that there is no 
parallax between the images formed by the two mirrors for the 
same object. What is the radius of curvature of the convex 
mirror? 

Solution 

Let O be the object placed in front of a convex mirror M1 at a 
distance of 50 cm as shown in figure-5.105. The distance of the 

Geometrical. Optics j 

plane mirror M2 from the object is 30cm. We know that in a 
plane mirror the image is formed behind the mirror at the same 
distance as the object in front ofit. It is also given that there is 
no parallax between the images formed by the two .mirrors, 
thus the image produced by the convex mirror is formed at a 
distance of IO cm behind the convex mirror which will coincide 
with the image produced by plane mirror at a distance 30cm 
behind at position Q as shown in figure below. 

M, 
l+----50cm-----o< 

Q 
p 0 

' l+-10cm-.;.--20cm 30cm---+1 

Figure S.105 

For reflection at convex mirror using coordinate sign convention 
for mirror formula we have 

u =50 cm, v=- 10 cm 

Using mirror formula, we have 

I I I 
-=-+-
/ U V 

I 4 
=---=--

! 50 10 50 

50 
/=-4 

So radius ofcurvature of the mirror is \ 

· 50x2 \ 
R=2f=--

4
- =\25cm 

the radius of curvature of convex mirror is 25 cm. 

# Ilhtstrative Example 5. I 6 

Using a certain concave mirror, the magnification is found to 
be 4 times as great when the object was 25 cm from the mirror 
as it was with the object at 40 cm from the mirror, the image 
being real in each case. Find the focal length of the mirror. 

Solution 

We use magnification 

V I m=-=--
u u-f 

In first case when u = 25 cm, magnification is 

... (5.19) 

\ 
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In second case when u =40 cm, magnification is 

f 
mz= 40·- I 

As it is given that m1 = 4m2 we use 

25~ I - 4
( 40~ f) 

Solving we get f = 20cm. 

# Illustrative Example 5.17 

... (5.20) 

A concave and a convex mirror each 30 cm in radius are placed 
opposite to each other 60 cm apart on the same axis. An object 
5 cm in height is placed midway between them. Find the position 
and size of the image formed by two successive reflections, 
consider first refleciion at convex and then at the concave 
mirror. 

Solution 

The ray diagram of image formation is shown in the below 
figure-5.106. 

Now using mirror formula we have 

l I I 
-=-+-
15 70 Vz 

210 
Solving we get v=--cm 

2 11 

_--~fl 

Thus final image /2 is formed in front of concave mirror at a 
distance of(2 l 0/11) cm and it is real. 

Magnification m1 for first reflection is 

V1 IO 
=-=-=-

UI 30 3 • 
Magnification m2 for second reflection is 

= 21_ = (210/11) 
Uz 70 

. 'ft . l 3 I Fmalmagm 1cat10n=m1 xm2 = 3x11 = 11 

3 

11 

Thus size of the final image= 5 x 
1
\ = ti cm. 

5.9.8 Effect of Moving Object and Spherical Mirror on Image 

When object or mirror is in motion the distance between object 

I, 
0 1, and mirror changes which affects the position and size ofimage. 

r= 30cm r = 30cm 

Figure 5.106 

For first reflection at convex mirror, using coordinate sign 
convention we have for mirror formula 

u =-30cm I,=+ 15 cm 
I · ' I 

Now using mirror formula we have 

I I I 
-=--+-
15 -30 VI 

or v1=+10cm 

Thus image produced will be virtual. This is formed at/1 behind 
. the convex mirror at a distance oflO cm. The image/1 acts as a 
real object for concave mirror because its diverging light rays 
fall on the concave mirror_ 

Now for second reflection at concave mirror, using coordinate 
sign convention for mirror formula, we h8.ve 

u2=P,J1 =60+ 10=+70cm, f,=+ 15 cm 

To find the image velocity and for analysis of image's motion 
we can differentiate the mirror formula and find the rate at which 
distances between object or image and mirror is changing. If we 
consider x and y as object and image distance from pole of 
mirror offocal length/then by mirror formula we have 

I I I 
-=-+-
/ X y 

Differentiating the above relation with respect to time, we get 

I 
O=-

x2 

dx dy 
dt_y2.dt 

Where · dx is the relative velocity of object with respect to the 
dt 

mirror and dy is the velocity ofimage with respect to mirror. 
. dt , 

=> 

=> 

I 
O=--

x2 

... (5.21) 
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Where m is the lateral magnification produced by the mirror. 
The expression of image speed as given in equation-(5.21) is 
valid only for the ve_Iocity component of the image and object 

along the principal axis. If the object and mirror is in motion 

along the direction normal to principal axis we can directly 

differentiate the height ofobject and image above principal axis 

which are related as 

h
1
=mh0 

Differentiating this with respect to time we get 

dh, dh
0 -=m-

dt dt 

=> 
• 

dh. dh0 
Herewecanuse-ft =v,Nand di =v0Nwhicharethevelocity 

components ofimage and object respectively in direction normal 

to the principal axis. 

# Illustrative Example 5.18 

A thief is driving away on a road in a car with velocity of 
20 mis. A police jeep is chasing him, which is sighted by thief 

in his rear view mirror, which is a convex mirroroffocal length 

I Om. He observes that the image of the jeep is moving towards 
him with a velocity of! emfs. Ifthe magnification of the mirror 

for the jeep atthattime is 1/10. Find: 

(a) The actual speed of the jeep. 

(b) The rate at which magnification is changing. 

Assume that police jeep is on axis of the mirror. 

Sol11tion, 

(a) The velocity of image with respect to mirror is related to 

velocity of object with respect to mirror is given as 

=> 

( v;,m) .L = - m2 CV 01ml 

-1 
-J X 10-2=-2 CV01m) 

10 

(V01m)=+lm!s= +Ii 

Velocity of object with respect to ground is given as 

=> V01G = I +20={+21 m/s)'i 

(b) The magnification produced by the mirror is 

f I 
m=--=-

f-11 10 

Geom_~tri~al-~ g~ti~ 

If police jeep is at a distance d behind the thiefs car then we 
can use u =-ds9 we have 

=> 

10 

10-(-d) 10 

d=90m, 

Thus distance ofimage from mirror is 

-1 
v=-mu= -x-90 = 9m 

IO 

Now rate at which magnification is changing is given as 

dv du u--v-
dl di dm 

di -

=> 
dm =[(-90)(-lx!0-

2
)-9(1)] s-I 

dt 902 

=> 
dm [ -81 ] · dt = !Ox8100 =+Ix 10-3 s-1 

# /l/11strative Example 5.19 

A Convex mirrorofradius ofcurvatureR is fixed on a stand at 

rest with total mass m which is facing a block of equal mass m 

as shown in figure-5.107 and is kept on a frictionless horizontal 
surface. The separation between the block and mirror is 2R and 

block is moving at a speed v toward the mirror. Consider elastic 
collision between block and stand, find the speed of image 

after time 3Rlv. 

Sol11tion 

( 
~m 

i+-----2R----+< 

Figure 5.107 

After elastic collision block will come to rest and mirror with 
stand starts moving at the same speed v and the collision occur 

, attime 2Rlv and after a further time Riv when total time elapsed 

is 3R/vthe separation between block and mirror will be Rand 
at this instant the position of image will be given by mirror 
formula with 

u=-R,f=+R/2 

Now using mirror formula we get 

uf -Rx(R/2) R 
v=--= 

u- f -R-R/2 3 
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At this instant magnification is 

v R/3 
m=--- =- -- = -

u -R 3 

Speed ofimage with respect to mirror is given as 

- V IQ 
Speed of image with respect to ground is v +9 = 9 v 

5.9.9 Effect of shifting Principal Axis of a Mirror 

Figure-5.84 shows a point object and its corresponding point 
image produced by a concave mirror. If in this situation the 
mirror is displaced upward by a small distance i'.x in upward 
direction then with mirror_ its principal axis will also shift as 
shown in figure-5.108 and in final state object will be located at 
a distance i'.x below the principal axis of mirror. Due to this 
image will be displaced up and finally obtained above the 
principal axis at a distance&+ Lly from its initial position. Here 
~y can be directly given as 

~y=mi'.x 

y 

I C O F X 

(a) 

t y 

(b) 

Figure 5.108 

- --- --2231 

Same effect can be there on image ifa spherical mirror is cut and 

displaced. In figure-5.109(a) a concave mirror is forming image! 

ofan object 0. !fit is cut at center and the two parts M1 and M
2 

are displaced in direction normal to principal axis by a distance 
x as shown in figure-5.109(b) then each part of the mirror will ' 

behave like a separate mirror and produces its own separate 
image of the given object. Due to this cutting and displacement 

of mirror parts, object distance from each of principal axis of 

these parts has become x/2 and by these two mirror parts two 
images are produced at a distance y above and below the two 
principal axis in the same plane of previous image as shown in 
figure-5.109(b) wherey is given as 

(a) 

_____ C __ O ___ _ 

(b) 

Figure 5.109 

.... 
x
i. 

Note: !fin figure-5.109(a), a small section at its centerofwidth 
xis cut and removed as shown in figure-5.110 then image will 
remain at the same position where it was because now the two 
parts of mirror will behave as a single mirror with same principal 
axis. 

I 

Figure 5.110 
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5.9.10 Image formation of distant Objects by Spherical 
Mirrors 

For distant object, we know that a spherical mirror produces its 
. image in focal plane. The size of image can be calculated by 
analyzing its angular width with respect to the pole of mirror. 
Figure-5.1 ll(a) shows the formation of image of Sun by a 
concave mirror. S is the solar disc and here 0 is the angle 
subtended by solar disc at any point on earth surface which 
will be same at the pole of mirror as shown. Here we consider 
two light rays from the edges of the solar disc which incident at 
pole of mirror at angle 0 and these get reflected at the same 
angle and produce the real image of Sun on focal plane. Here we 
can see that the image produced is inverted and its diameter 
can be given as d = JS as 0 is a very small angle and image is 
obtained at a distance/from the pole. Figure-5.11 l(b) shows 
the formation of image of the Sun bya convex mirror. The only 
difference here is that virtual erected image is produced at foca 1 
plane as shown. 

A 

s 

C 
8

,1F 

Real iniage IA, 
: 
' ' ' !4-/-->1 

(a) 

(b) 

Figure 5.111 

' ' ' ' ' ' A" 0 ... ...--j Virtual 
..=-.::---s,1 image 

IF C 
' ' ' ' ' ' ' ' 14-/----i 

5.9.11 Concept of Reversibility of Light 

Figtire-5. l 12(a) shows an object 0 1 in frontofa concave mirror 
of which image is produced at point 11• In this case we have 
discussed that all paraxial light rays from 0 1 gets reflected from 
the mirror and after reflected rays intersect at point 11 and produce 
image of the object. If we place another object 0 2 atthe position 
1

1 
as shown in figure-5. l 12(b) .then according to laws of 

reflection all light rays from this object will incident on the 
mirror following the same path offigure-5. l 12(a) in opposite 
direction and gets reflected from mirror and follow the path of 

Geomet:J~al Opti~~ ~ 

incident rays offigure-5. l 12(a) aod meet at point 0 1 and produce 
the image 12 at this location as shown. 

(a) 

i.---~--v ----=---1 

(b) 

Figure 5.112 

p 

Here we can state ifan object is placed at the location ofimage 
produced by a spherical mirror then for this position of object, 
image is produced at the location ofinitial object. This concept 
is called 'Reversibility of Light' for image formation by mirrors. 

# Illustrative Example 5.20 

A concave mirror of focal length 20 cm is cut into two parts 
from the middle and these two parts are moved perpendicularly 
bya distance 1 cm from the previous principal axis AB. Find the 
distance between the images formed by the two parts ? 

Figure S.113 

Solution 

Consider the figure-5.114 in which we takeP1Q1 is the principal 
axis for the mirror M

1 
&P2 Q2 is the principle axis for the mirror 

M
2 

and 1
1
, 1

2 
are the images produced by mirrors M 1 and M2. 

Using coordinate convention for mirror formula here we use 

u=-!0cm andf=-20cm 

Now by using mirror formula, we have 

I I I 
--+- =--
-10 V -20 

=> v=+20cm 
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Thus image will be produced by both mirrors at a distance 
20cm behind the mirrors as vis '+ ve'. Now the magnification 
produced ism= -201(-10) = + 2 thus image will be produced 
on the same side of principal axis at a height2(lcm) = 2cm from 

the principal axis. 

Figure-5.114 below shows the two images / 1 and /2 produced 
by the two mirrors. 

I' 1 10cm P,-----E---- '-----1,~----Q, 
A---- -------------- -----

0 20cm 2cm 

P2----- -z~---·I, ----Q, 

Figure 5. 114 

The heights of the two images are given as 

h1 = 2 cm below the principal axis P1 Q1 I 
and h1 = 2 cm above the principal axis P2 Q2 2 

Thus the separation between the images is given as 

11 / 2 =2 cm 

# Illustrative Example 5.21 

An object is located at a distance 30cm on principal axis from 

the pole ofa concave mirror offocal length 20cm. Suddenly the 
mirror is displaced by a distance 1.5cm in the direction normal 
to its principal axis. Calculate the displacement of image 
produced by the mirror due to this. 

Solution 

By using coordinate convention if we consider the object to 
be located to the left of the mirror, we have 

u=-30cm and /=-20 cm 

By mirror formula we use 

vf -30x-20 
u= v-f = -10 60cm 

V -60 
Magnification ism=- - =- -- =-2 

u -30 

If mirror is displaced up by a distance 1.5cm then object 
distance from principal axis of the mirror becomes 1.5cm and 
the new position ofimage will be at a height-2 (1.5) = - 3cm 
from the principal axis which was earlier produced on principal 
axis. 

Thus displacement of image is 3cm. 

___ _225] 
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Topic - Geometrical Optics I - Reflection of Light 

Module Number - 24 to 40 

Practice Exercise 5.2 

(i) Find the distance from a convex mirror, of focal length 
60cm where an object ofheight 12 cm should be placed so that 

its image is produced at 35 cm from mirror. Also find the height 

ofimage. 

[- 84 cm, 5 cm] 

(ii) A 2cm high object is placed on the principal axis of a 

concave mirror at a distance 12cm from the pole of mirror. Find 

the location of the image and focal length of mirror if the image 

height is 5cm and it is inverted. 

[30 cm, 8.6 cm] 

(iii) A point object on the principal axis of a concave mirror 

of focal length 20cm, is moving at a speed of5cm/s at an angle 

45° to the principal axis as shown in figure-5.115. Initially object 

is located at a distance of25cm from the pole of mirror. Find the 

velocity components of image along and normal to principal 

axis at this instant. 

Semis 

45° 

Figure 5.115 

(iv) A man uses a concave mirror for shaving and sees his 
2 times enlarged image in mirror when his face is at a distance 
40 cm from mirror. Find focal length of mirror. 

[80 cm] 

(v) A 2cm high object is placed on the principal axis of a 

concave mirror at a distance ofl2 cm from the pole. If the image 
is inverted, real and 5cm high, find the focal length of mirror. If 
the object starts moving at a speed of l .2cm/s toward the mirror 
find the speed of image and its direction of motion. 

[7.5 cm/s] 
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("1") Figure-5.116 shows two spherical mirrors M 1 and M2 on 
same optical axis at a separation of 50 cm. A point object O is 
placed midway between mirrors on optical axis. Find location 
& nature of its image after two successive reflections first at 
M1 then at M2• 

I 

fi=30cm 

JR 

0 ------------------
-x 

i , 
M, 

.....----50cm --------50cm ------+I 

Figure S.116 

[75 cm] 

5.10 Refraction of Ligl,t 

Whenever a light ray is incident on the boundary of two different 
media, a part of it is transmitted into the second medium and 
whenever a light enters in a transparent medium, it suffers a 
sudden change in velocity oflight whicli we call refraction of 
light. In the process ofrefraction the direction of propagation 
oflight ray changes ifit incidents on the surface at some angle 
of incidence to the normal to boundary as shown in 
figure-5. I I 7(a). This case corresponds to the situation when a 
light ray travelling in a rarer medium incident on the boundary 
ofa denser medium after entering into the denser medium light 
ray bends toward normal, which you might have covered in 
your previous classes also. Figure-5. I I 7(b) shows the situation 
when a light ray travelling· in a denser medium incident on the 
boundary of a rarer medium and after entering into the rarer 
medium light ray bends away from the normal as shown. 

(a) 

Rarer 
medium 

~ _ ~-=~- Geometrical Optics I 

·-

Angle of deviation O = 82 - 81 

(b) 

Figure S.117 

Dens~ 
meditim 

Rarer 
medium 

5.10.1 Absolute Refractive Index ofa Medium 

When a light ray enters a medium then how its speed changes 
is measured by 'Refractive Index' of the medium. It is defined 
as the ratio of speed oflight in the medium to the speed oflight 
in free space and this is also called abs<:>lute refractive index of 
themedium. 

Absolute Refractive Index of a Medium 

Speed of Light in free Space 

Speed of Light in the Medium 

C µ=
v 

, .. (5.22) 

Where c is the speed oflight in free space and vis the speed of 
light in the given medium. Toll$ the medium in which light travels 
faster has lower refractive index and is called 'Rarer Medium' 
compared to another medium in which light travels slower and 
has higher refractive index which is called 'Denser Medium'. 

5.10.2 Relati_ve Refractive Index of a Medium 

Many time refractive index ofa medium is specified as relative 
refractive index with respect to another medium. This can he 
defined by the relation similar to equation-(5.22). Relative 
refractive index ofa medium- I with respect to another medium-2 
is given as 

Relative R. I of medium-I with respect to medium-2 

Speed of Light in Medium - 2 

Speed of Light in Medium - I 

v, ,µ,=-;-
! 

... (5.23) 

Here 2µ1 is the way how we denote refractive index of medium-I 
with respect to medium-2. So ifwe define refractive index of 
medium-2 with respect to medium-I, we write 
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Here for the two media if their absolute refractive indices are 

C C 
taken as µ1 and µ2 we can write µ1 = - and µ2 = - . 

Vt V2 

5.10.3 Laws of Refraction 

When a light ray propagates through an interfuce of two different 
media then its behaviour is govern·ed by certain laws called 
laws ofrefraction which are also known. as 'Snell's Laws'. There 
are two laws ofrefraction which are described here. 

First Law of Refraction : In the refraction of a light ray at a 
medium interface the incidentray, re.fracted ray and normal to 
the interfuce lie in same plane called 'Plane of Incidence' on the 
medium interface. Figure-5.Il8(a) shows the incident ray, 
refracted ray and normal and in this figure the plane of paper is 
considered as plane of incidence. Figure-5.118(b) shows a 
perspective view of the refraction of the same light ray in which 
plane of incidence is shown by the grey shaded plane which 
makes the.understanding better . 

r 

. /4.('_ 
~ Nonnal -~ . 

',e 
'!',. ' a.: 

Medium-I(µ,) 

Medium-2 (µ,l 

(a) 

-\-r'---1 
""e, : .....+-Plane oflncidence 

r ....... 

"- ' ' ' e,' 
I ....... 

[ ................ : 
' --1 J ....... 
I I -. .... 
I I .......... 
I ... ..,._ 

(b) 

Figure-S.118 

Second Law of Refraction : For the situation shown in 
figure-5.118( a)for ihe refraction oflight ray going from medium- I 

·227j 

to medium-2 the product ofrefractive index of the medium and 
the sine of the angle made by the light ray with normal in that 
medium remain constant. In this case we hav~ 

µ1sin0 1 = µ, sin92=Constant ... (524) 

Even for several media separated byparalle.l interfaces as shown 
in figure-5.l 19, the same relation holds valid. 

(l) sin00 = µ1sin9 1 = µ2sin92 = µ3sin03 = µ4sin0
4 

= ... 
= constant 

µ, 

µ, 

Figure-S.119 

As sho~ in above figure we can see that for par~llel interfaces 
when light comes out in air again it comes out at the same angle1 

00 and emerges out parallel to the incident ray. 

5.10.4 Vector form of Snell's Law of Refraction 

"The second law ofrefraction relates the refractive index and the 
angle light ray makes with the normal in that medium. The angle 
can be expressed by using unit vectors in the direction of 
incident ray, refracted ray and normal to the boundary. If in 

figure-5.12O we consider unit vectors f, r and n along the 

direction of incident ray, refracted ray and normal as shown 
then the equation-(5.25) can be written as 

... (5.25) 

N, 

t~ 
e, 

Figure S.120 
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Above equation-( 5 .25) is used for analyzing law ofrefraction in 
vector analysis whenever in different questions light rays are 
specified in vector form or vectors are given along the direction 
of incident and reflected rays. 

5.10.5 Image Formation due to Refraction at a Plane Surface 

When all light rays from an object falling on the plane interface 
of two different media as shown in figure-5.121 these all rays 
are refracted in such a way that after refracting these rays will 
appear to be coming from a point/which is the imageofobject 
as seen by the observer shown in figure. 

Medium-I 
µ, 

Medium-2\.----

µ, -V::,erver 

(µ, > µ,) 

Figure 5.121 

If we consider a specific paraxial ray from object incident as 
shown in· figure-5.122 which incident on the interface at an 
angle 0 and gets refracted at angle qi then by Snell's law we can 
write . 

Medium:._t Medium-2 

0 

µ, 

I 

i+-V 
i+,----u----->1 

Figure 5.122 

µ, 

: .. (5.26) 

For paraxial rays on the interface we can consider angles 0 and 
qi are very small so we can use sin 0 - 0 and sin qi - qi so from 
above equation-(5.26) we have 

... (5.27) 

If the distance on the interface AP is taken as r then for small 
angles 0 and qi we have _ 

... (5.28) 

_ _ Geometrical 0~ 

Dividing equation-(5.28) by equation-(5.27) we get 

U V 
-=- ... (5.29) 
µ, µz 

Equation-( 5.29) is called as refraction formula for image formation 
by refraction oflight at plane surfaces. Whenever an object is 
placed at a distance u from a plane interface of two transparent 
media then the image of object as seen from the other media will 
appear at a distance v as shown in figure-5.121 which can be 
obtained by using this formula given in equation-(5.29) and 
this image distance is also called 'Apparent Depth' of the object. 

5.10.6 An Object placed in a Denser Medium is seen from Air 

Figure-5.123 shows an object placed in water (den·ser medium) 
having refractive indexµ and it is seen by an observer from air. 
'If object is placed at a depth h below the air-water interface then 
the image of the object is seen by the observer at a depth h' 
(apparent depth) given by refraction formula as 

h 
h'=-

µ 

U V 

/~Observer 
' ' ' ' ' ' 

Figure 5.123 

air (I) 
water(µ) 

h 

Here u=h, v=h', µ1 = µ and I':,= 1 so we have 

h h' 

µ 

=> 
h 

h'=- ... (5.30) 
µ 

Equation-(5.3O) is the relation used for 'Apparent Depth' ofan 
object placed in a denser medium seen from air. In figure-5.123 
we can see that object appear to be closer to the interface 
compared to the actual depth of the object which generally 
happens when we see an object placed inside water level at 
som_e depth. The shift of object due to refraction can also be 
calculated and given as 

Shift ·t.S=h-;=h (1-t) · ... (5.31) 
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Above equation-(5.30) and equation-(5.3 I) are valid only for 
paraxial rays. In case of plane surface we consider it only for 
observation of object along the normal or with the light rays at 
near normal incidence. 

5.10. 7 An.Object placed in Air and seen from a Denser Medium 

Figure-5.124 shows an object placed in air having refractive 
and it is seen byan observer from water (denser medium) witn 
refractive index µ. If object is placed at a depth h above the air
water interface then the image of the object is seen by the 
observer at a depth h' (apparent depth) given by refraction 
formula as 

U V 

l 
h'= hµ 

air (I) 

water(µ) 

Figure 5.124 

Here u = h, v= h', µ1 = I and µ2 =µso we have 

h h' 
-=-
I µ 

~ h'=µh -- . (5.32) 

Equation-(5.32) is the relation used for 'Apparent Depth' ofan 
object placed in air as seen from a denser medium. In figure-5.95 
we can see that object appear to be displaced farther away from 
the interface compared to the actual depth of the object this 
generally happens when an underwater diver sees an object 
placed outside in air level at some height above the water level, 
the object appear to be further away from water level compared 
to its actual height. The shift of object due to refraction can 
also be calculated and given as 

Shift AS=µh-h=h(µ-1) ... (5.33) 

In this case also above equation-(5.32) and equation-(5.33) are 
also valid only for paraxial rays as these are obtained by the 
refraction formula which we derived using light rays with small 
angle of incidence or near normal incidence. 

# Illustrative Example 5.22 

A converging beam oflightrays incident on a glass-air interface 
as shown in figure-5. 125. Find where these rays will meet after 
refraction. 

air 
glass 
(µ = 3/2) 

,..____,_'----Virtual object 

Figure 5.125 

Solution 

l 
+ve 

For plane surface we can use refraction formula a~ 

µ,=I 

5 
µ2=2 

u=+20 

3/2 

20 V 

v=+30cm 

# Illustrative Example 5.23 

A concave mirror is placed inside water with its shining surface 
upwards and principal axis vertical as shown in figure-5. I 26. 
Rays are incident parallel to the principal axis of the concave 
mirror. Find the position of the final image. 

Solution 

Water 
4/3 

R=40cm 

Figure ~.126 

Air 

30cm 

The incident rays will pass undeviated through the water 
surface and strike the mirror parallel to its principal axis. 
Therefore forthe mirror, object is at co its image A (in figure-5.127) 
will be formed at focus which is 20 cm from the mirror. Now for 
the interface between water and air, d= IO cm 
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=> 

R=40cm 

Figure 5.127 

d 10 

d'= (::) = ( 4 : 3 ) =7.5cm 

# Illustrative Example 5.24 

A bird in air is diving vertically over a tank with speed 6 cm/s. 

The base of the tank is silvered. The fish in the tank is rising 
upward along the same line with speed 4 cm/s. 

(Take: µ_,, = 4/3). Find: 

(a) The speed of the image of the fish as seen directly by the 

bird. 

(b) The speed of the image of the bird relative to the fish 

loo.king upwards. 

Solution 

. 3 
(a) Velocityoffishinair= 4x 4 =3t 

Velocity offish w.r.t. bird= 3 + 6 = 9 t 

~ ------1------------,....-----------T-----------r------------1------------,------- - ----T-----------r----.--

---~i=~-'--- -- - - ,.,_....,... - -
.=-.=-.:_ ' ~==== 

. -
/ 

Figure 5.128 

4 
(b) Velocityofbirdinwater= 6x3 =8.J. 

w.r.t. fish= 8+4= 12.J. 

# l/111strative Example 5.25 

Figure-5.129 shows a concave mirror of focal lengthFwith its 

principal axis vertical. In mirrora transparent liquid ofrefractive 
indexµ is filled uptoheight d. Find where on axis of mirror a pin 

should be placed so that its image will be formed on itself. 

l 
hµ 

Solution 

C 
" " '' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 

Figure 5.129 -

For image of prism to be produced on itself we use 

hµ+d=R 

R=2F 

2F-d 
h=--

µ 

# l/111strative Example 5.26 

TheX-Yplane is the boundary between two transparent media. 

Medium-I with z ~ 0 has a refractive index ,/2. and medium-2 

with z :£ 0 has.a refractive index ../3. A ray oflight in medium-I 

given by the vector A = 6 ../3 + 8./3 }- 1 Ok is incident on the 

plane of separation. Find the unit vector in the direction of the 
refracted ray in medium-2. 

Sollltion 

See figure-5.130 

Given that 

z 

A~-+1°M 

B 

,r 

' ' ' ' N~--- C 

Figure 5.130 

AB= 6./31 + 8../3}-IOk 
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- - -From figure AB = AM + MB 

Thus we have AM = 6..J3 i + s...[3] and MB =-10 k 
The angle between the two vectors can be obtained by using 

the following formula 

Ali-MB 
cosi= - _ 

IABIIMBI 

Hence (AB)· (- k)= I AB 11- k I cos i 

10 

cos i= .J36x3+64x3+l00 2 

l 
cos i= 2 and sin i= ..J3/2 

By using Snell's law, we have 

µ1 sin i = µ2 sin r 

.fi. sin i= ..J3 sin r 

.fi.x(..J3/2) = ..J3 sinr 

1 l 

... (5.34) 

sin r = ..fi. and cos r = ..fi. ~ r=45° 

consider vector Bly. 

BN =BNcosr(- k)+BNsinre 

where ii is unit vector along CD 

• - 6..J3/ +8..J3] 6 , 8 , 
e=AM= =-1+-; 

10..fj 10 10 

unit vector along reflected rays is 

I 1 
= r;:: (-!Ok)+~ (6i+81) 

10v2 10v2 

I • • • 
= r;::[6i+8J-10k] 

!Ov2 

..fi. • ' • 
=-[3i +4;-5k] 

10 

5.10.8 Shift of image due to Refraction of Light by a Glass Slab 

When a light ray from an object O is incident on a glass slab at 
some angle i it gets refracted inside the slab at angler and from 

its other face it emerges out in air at the same angle i as shown 
in figure-5.l31(a). In the whole process light ray suffers two 

refractions at the two parallel surfaces of the glass slab. Ifwe 

231 7 
. - .•. ,_,'.J 

consider object is placed at a distance h from the front face of 
the slab, first image 11 due to first refraction will be produced at 

a distance µh from the surface as shown which is given by 
equation-(5.32). If glass slab thickness is I then for the second 

refraction image 11 will act like an object located at a distance 
(I+ µh) and final imagd2 is produced at a distance (1 + µh)/µ at 

a distance from this face of glass slab which is given by 

equation-(5.33). So for the observer looking at the object from 
the other side of glass slab the shift of object observed will be 
given as 

Shift (
l+µh) AS =h+t- --

slab µ 

AS = 1(1-.!.) slab µ ... (5.35) 

Equation-(5.35) is the expression used for calculation of shift of 

object due to refraction by a parallel sided glass slab. 

l<--t--1 
glass (µ"57 

I 

I~, --0-µ:; __ h_- __ J 
('+t) 

(a) 

i 
Final image Li --~ 

(b) 

Figure 5.131 

Figure-5 .131 (b) shows the ray diagram of formation of image 

which is seen by an observer from the other side of glass slab. 
The expression of shift ofobject as given in equation-(5.35) is 

also valid only for near normal viewing as the result is obtained 
for paraxial rays o~ly. 
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5.10.9 Shift due to Refraction of Light by a Hollow thin walled 
Glass Box placed inside a Denser Medium 

Figure-5.132 shows a hollow box made up of thin walls of glass 
is placed in water and a light ray from an object O falls on the 
first interface of the box in which the light enters into air from 
water as very thin walls of glass can be neglected because 
these thin walls of glass will not produce any shift or lateral 
displacement in path oflight ray. 

Water(µ) 

I, 0 I, 

h 

h 

µ 

air(!) 

Figure 5.132 

As we can see in the above figure, a light ray from object 0 
located at a distance h from the box gets refracted from first face 
ofbox and produces an image/1 at a distance hiµ which will act 
as an object for second refraction at second face of box and 
finally the image /2 is produced at a distance m(t +hiµ) which is 
seen by the observer looking at object located on the other side 
as shown. We can see that the final image of object appears to 
be shifted away from the box and this shift can be given as 

AShollowbox=µ(r+tJ-(h+t) 

=> AS =t(µ-1) hollow box ... (5.36) 

Note: If the light ray from an object placed in a medium with 
refractive index µ1 passes through a slab of thickness t made up 
of another medium ofrefractive index µ2 and from other side of 
slab in the same medium of object an observer is situated and 
sees toward object then its final image appears to be located 
with a 'Shift' which is given by the general formula used for 
shift due to a parallel sided slab 

AS=t (1-;; J ... (5.37) 

In equation-(5.37) if AS is positive then shift is taken toward the 
slab and ifit comes negative then it is taken away from the slab. 

· With a careful analysis of this formula you can get equation
(5.35) and equation-(5.36) by properly substituting the values 
ofµ 1 andµ, in it. 

Geo_~~_trical Op_ticS_ i 
5.10.10 Lateral Displacementof Light Ray by a Glass Slab 

Figure-5.133 shows the refraction ofa lightraythrough a parallel 
sided glass slab which incidents on the slab at an angle of 

_ incidence i and enters into th~ slab at angle of refraction r 
. finally emerges out in direction parallel to the initial ray. If 
refractive index of the glass used is µ then at the point A in 
figure we can apply Snell's law as 

sin i=µsinr ... (5.38) 

r 
I 

l 
'i 

Figure 5.133 

In the above figure in right angled triangle MCD we can use 

. c· ) CD sm z-r =-
AC 

Lateral Displacement oflight ray 

AL= CD=ACsin (i-r) 

inMBCwehavecosr= Jc 
=> 

t 
AC=--

cosr 

... (5.39) 

... (5.40) 

From equation-(5.39) and equation-(5.40) we get lateral 
displacement oflight ray is given as 

t.sin(i-r) 
A=-~~ ... (5.41) 

cosr 
If incidence angle i is very small (for near normal incidence), 
then we can use 

sin(i-r)"" i-r 

cos r= I 

ll= t(i-r) 

For very small i, from equation-(5.38) we can use 

i = µr (as for small 0, sin 0 ce 0) 

i 
r=-

µ 

Thus in equation-(5.41) for small angles we can write sin (i-r) 
ce (i-r)andcosr ce I, we get 

!:,.=ti (1-t) 
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5.10.11 LateralDisplacementof a Light Ray due to Refraction 
by Multiple Glass Slabs 

When several parallel sided glass slabs are placed adjoining to 
each other then due to refraction while passing through these 
slabs the light ray is displaced laterally which can be calculated 
by summing up the individual displacement of the light which 
occurs when the ray passes through the slabs independently 
as shown in figure-5.134. 

Figure 5.134 

As shown in figure-5J34 when a light ray is incident from air on 
the surface of the first slab and if only this slab is present in air, 
the light will come out in air along the dotted lineL1 as shown in 
figure and the displacement of the light would have been A1 

and if adjoining next slab is placed at a negligible separation 
with first slab then it enters into it. and comes out along the 
dotted lineL2 and the lateral displacement of the light ray would 
have been A1 + A2• In the same manner if third or more slabs are 
placed all the lateral displacements produced by each slab 
independently for the angle ofincidence i are added together. If 
r 1, r2, r3 are the angles which light ray is making with the normal 

in each of these slabs then the total lateral displacement oflight 
ray is given by . 

Ar=A 1+A2+A3 + ... 

l.sin(i-lj) l.sin(i-r2 ) t.sin(i-r3 ) 
~ Ar=-~~~+-~~~+-~~~+ ...... (5.42) 

cos 'i cos r2 cos 1j 

Fornear normal incidence oflightthis equation-(5.42) will reduce 
to the equation given below 

- ---- 23}] 

5.10.12 Concept of Reflection by a Thick Mirror 

A plane mirror is a thin glass slab polished at one ofits surfaces 
due to which .the other side becomes reflecting. If the glass 
used in making mirror is thick then it also shifts the image before 
reflection from the rear polished surface as well as after reflection 
and before coming out in air. Light passes through the glass of 
mirror twice as shown in figure-5.135(a). Figure-5. l 35(b) shows 
a thick plane mirror of glass thickness I placed in front ofa point 
object 0. A light ray from O first gets refracted from the front 
glass face S1 then gets reflected from mirror M(polished face) 
and after reflection again gets refracted from the front face S1 
before coming out in air and finally produces the image/3• Here 
/ 1 and /2 are the intermediate images produced by the light ray. 

h 

tiµ M' 
J+-'-C-->I M 

/. 

(a) 

1/, 

(h+ tiµ) 

Image 

------_-_-_!i------------- i 
/. ------:.:=-----------

(b) 

Figure 5.135 

Final position of image produced can be directly calculated by 
considering the shift in rear surface as observed by the observer. 
Due to thickness of glass the polished face appear to be at an 
apparent depth tiµ as shown in figure due to which the distance 
between object and this new position M' of the mirror will be 
(h + tiµ) and now the image will be produced exactly at the same 
distance behind the mirror. So the separation between object 
and image can be given as 

L =2(h+!__) 
0/ µ ... (5.44) 

Students are advised to verify the separation given in 
equation-(5.44) using calculations in stepped manner by finding 
the locations of images / 1 and / 2 then /3 step by step. 
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#Illustrative Example 5.27 

Consider the situation shown in figure-5.136. A plane mirror is 

fixed at a height h above the bottom of a beaker containing 
waterofrefractive index m up to a heighth1• Find the position 
of the image of the bottom formed by the mirror. 

0'-'-0-'>"''"''*"'"''>i'»'i· 

Figure 5.136 

Solution 

Due to water in beaker the bottom of beaker appears to be 

Figure 5.137 

Hence the coin appears to raised by 5.8 cm. Now the apparent 

depth of the coin is 20-5.8 = 14.2 cm. 

{b) As is evident from figure CD and'EF are the refracting 

surfaces. At surface CD, the ray passes from glass to water 

and at surface EF, the ray passes from water to air. 

shifted upward and its apparent depth is given ash/µ. Case-(i) 

Thus the distance of refracted image of bottom from the plane 
mirror is h-h1 + h/µ. Plane mirror produces the image at the 
same distance behind it so final image of bottom after reflection 

from the plane mirror is produced at a distance' h - h1+ h/µ 

above the mirror. 

# Illustrative Example 5.28 

Critical angle at this surface is given by 

CI =sin-1 (8/9) or CI =62°45' 

Case-(ii) Similarly, 

C2 = sin-1 (3/4) or C2 = 48° 36 '. 

A rectangular glass block of thickness IO cm and refractive As we see that critical angle is smaller in case (ii), total internal 

index 1.5 placed over a small coin. A beaker is filled with water reflection occurs at the upper surface·EF earlier as the eye is 
ofrefractive index 4/3 to a height of IO cm and is placed over moved away from the normal. 
the glass block. 

(a) Find the apparent position of the object when it is viewed # Il/11strative Example 5.29 
at near normal incidence. ---------------------

(b) if the eye is slowly moved away from the normal at a certain 

position, the object is found to disappear, due to total internal 
reflection. At what surface does this happen and why? 

Solution 

Let ABCD be a glass block (µ = 1.5) placed over a coin as 

shown in figure-5.137. Let a beaker containing water upto a 
height IO cm placed over glass slab. 

(a) As the ray from coin passes from glass slab to water it 
moves away from the normal as it enters a rarer medium from a 
denser medium. Similarly at surface EF, the ray again moves 
away from the normal. When viewed from N, the coin appears 
t.:; :e t1t '.c ~.p;,2.~·..,11t shift in multiples.labs is given by 

A glass slab ofthickne~s 3 cm and refractive index 1.5 is placed 

in front ofa concave mirror offocallength 20 cm. Where should 

a point object be placed ifit is to image on to itself? 

Solution 

The glass slab and the concave mirror are shown in figure-5.138. 

Let the distance of the object from the mirror be x. The slab 

causes a shift in position of object which is given as 

s= {1-t]=lcm 

The direction of shift is towards the concave mirror so the 

apparent distance oflhe object from the mirror is (x- I) cm. 
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To produce the image on itself the reflected rays must retrace 
the path of incident rays so the object should appear at the 
centre of curvature of the mirror. 

Thus we use 

1cm 
I+-+! 

0 O' 

Slab 

,..__---R----" 

Figure 5.138 

x-1 =21=40cm 

x = 41 cm from the mirror 

# Illustrative Example 5.30 

Thus equivalent focal length of the combination mirror is given 
as 

As image formed by the mirror liquid system coincides with 
the source, the location ·of object is at 2J; 

60 
u=2J; = µ 

According to the given condition, 
60 

+ 30 is the distance of 
µ 

the image formed by the mirror itself, thus using mirror formula 
we have 

1 1 1 -+- =-
v ll I 

I Ixµ I 
-+--=--
v -60 30 

v=~=-(~) µ-2 2-µ 

60 

A concave mirror has the form of a hemisphere with a radius of => 
R = 60 cm. A thin layer ofan unknown transparent liquid is 
poured into the mirror. The mirror-liquid system forms one real 
image and another real image is formed by mirror alone of the 
source in a certain position. Image produced by combination 
coincides with the source and that produced by mirror alone is 
located at a distance of I= 30 cm from the source away from 
mirror. Find the refractive indexµ of the liquid. 

Image distance from the mirror is -- , thus form the already 
2-µ 

obtained condition we use 

So/utio11 

For concave mirror with unknown liquid, equivalent focal 
length of the combined mirror is given as 

1 2 1 
-=-+-· -
/eq IL IM 

Where _l =(µ-1)(..!.. __ l_) 
IL 00 -60 

;L = (µ6~
1
) 

~--p.~~-' ------------------------------- , ------------
fM 1/_,;/~ 

Figure 5.139 

and focal length of mirror is 

60 
r = - =30cm 

lm 2 

60 60 
-+30 =-
µ 2-µ 

µ2+2µ-4=0 

µ= -1±./5 

µ = - I + .Js (asµ cannot be negative) 

# Illustrative Example 5.31 

In previous illustrations ifimage formed by the mirror coincides 
with the source and that produced by the combination is 
produced at a distance 30cm from the source away from mirror 
then find the refractive index of the liquid. 

Solutio11 

Mirror produces its image on source when the source is located 
at the center ofcurvature thus source position must be at 60cm 
from the pole of mirror. 

Now we use mirror formula for calculation ofimage distance 
for mirror liquid combination 

1 1 1 
-+-=-
v u fe 

I I µ 
-+-- =--
v -60 30 
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v= !~~µ = -(2:~1) 

According to the given condition we use 

~+30.=60 
2µ-1 

µ=1.5 

# Illustrative Example 5.32 

A person looking through a telescope T just sees the point A 
on the rim at the bottom ofa cylindrical vessel when the vessel 
is empty. When the vessel is completely filled with a liquid 
(µ = 1.5), he observes a mark at the centre B, of the bottom 
without moving the telescope or the vessel. What is the height 
of the vessel if the diameter of its cross section is 10cm. 

Solution 

In the figure-5.140 shown if we consider the position of 
telescope is at Twhen the point A is visible on. the rim. Now 
when the vessel is filled with a liquid, point B is observed at 
the same arrangement and position of telescope due to 
refraction of the ray at point Don water surface. 

Here in figure we use 

.. BC BC 

sm '= BD = )[(BC)' +(CD)'] 

5 
sini = )<5'+h') 

Again LNDT= LADC= Lr 

. AC AC 
smr=-= 

AD )[(AC)2 +(CD)2
] 

IO 

sinr= J(lo' +h') 

Now using Snell's law, we have 

µLsini=µ
0

sinr 

iN 
I T 
' ' ' 

Geometrical Opt1CS7 
""--~--.,·---~J 

5 )(Io'+h2
) 

-a===X 

)<5'+h') .10 1.5 

IOO+h2 16 

25 +h2 9 

h =8.45 cm 

# Illustrative Example 5.33 

A small object is placed 20 cm in front of a block of glass IO cm 
thick and its farther side silvered. The image is formed 23.2 cm 
behind the silvered face. Find the refractive index of glass. 

Sollltion 

In figure-5.141 ABCD be the block of glass whose side BC is 
silvered as shown. 

A B' B 

i?---------1--1 -~- ~;---~/ 
D C' C 
f+--·X·-->/+--+j 

(10-x) 

l<----20cm ---->!<--- IOcm---+ll<---·23.2cm·---+I 

Figure 5.141 

Suppose it appears that the image is formed due to the reflection 
at image of silvered face B'C' and if the apparent depth of glass 
block is x cm then we use 

20+x=23.2+ (10-x) 

x=5.6cm. 

As we know the refractive index is the ratio of real depth and 
apparent depth, we have 

real depth I 0 
µ= apparent depth = 6.6 = I.SL 

# fllustrative Example 5.34 

A light ray from air is incident on a glass plate of thickness I 
and refractive index µ at an angle of incidence equal to the 
angle of total internal reflec.tion of glass. Compute the 
displacement of the ray due to this plate in terms of thickness 
and refractive index of glassµ. 

Solution 

Figure-5.142·shows the ray diagram of the light ray passing 
through the slab. Here the angle of incidence is given as 

sin i = - (As i is equal to critical angle) . 
µ 
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By Snell's Jaw, 

A 

' ' ' 

N 

' ' ' ' 
D 

I µ X ',, 

sL.:'----"------'-F---c~,~~R 

Figure 5.142 

sini 
-.-=µ 
smr 

. sini 

' 

=> smr =·-- = -
.µ µ2 

In figure we can see that displacement of the light ray is given 

as 
CE=x=BCsin (i-r) 

In figure we also have 

=> 

BF 
cos r= BC 

I 
BC=-

cosr 

I 
x= -- sin (C-r) 

cosr 

I 
= --[sin Ccos r- cos C sin r] 

cosr 

[ 
sinr cosC] 

=tsin C 1--.--x-
sm C cosr 

# Illustrative Example 5.35 

A concave mirrorofradius 40 cm lies on a horizontal table and 
water in filled in it upto a height of 5.0cm as shown in 

figure-5.143. A small dust particle floats on the water surface at 

a point P vertically above the point of contact of the mirror 
with the table. Locate the image of the dust particle as seen 

from a point directly above it. The refractive index of water 
is 1.33. 

Figure 5.143 

Solution 

The image formation of the dust particle is shown in 

figure-5.144 

~ ~!-ve 
,, ,{ J+ve 
\ \ f I 
'"' \P2} 

' ' '' ,, 
V 

P, 

Figure 5.144 

Here we first consider the image formed by concave mirror. 

For which we use R = -40 cm and u = -5 cm for using in the 

mirror formula, which gives 

=> 

=> 

I I 2 
-+- =
u V R 

2 6 
- =---- =-
V -40 -5 40 

40 
v=-cm=667cm 6 . 

As v is positive, the image P
1 

is formed below the mirror 

(virtual). The reflected rays are refracted at water surface. The 
depth ofpointP1 from the water surface is 6.67 + 5.00 = 11.67. 

Due to presence of water, the image P
1 

will be shifted up and 

the final position ofimage is given by its apparent depth given 

as 

h 11.67 
Image position= µ = 1.3

3 
=8.77 cm 

Thus final image is formed 8. 77cm below the water surface. 
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Practice Exercise 5.3 

(i) A converging light beam is incident on two glass slabs 
of different materials placed in contact with each others (as 
shown in figure-5.145.) Where will the rays finally converge? 

A B 

--------
-------- ---- 0 ____ ::::::= .. 

-------- -----------< 
Air 

6cm 4cm 
,.__---14cm-------+< 

Figure 5.145 

[8 cm to the right of second slab] 

(ii) Find the apparent depth of an object O placed at the 

bottom ofa beaker as shown in which two layers of transparent 
liquids are filled: o 

h1 =-25 cm 

h2 =15cm 

[22.67 cm] 

~\ 
' ' ' ' ' ' - - - - - -, ·- --· - - -

-:...-::...-::...-:...-:...-f-_-:..-:..-:..-:... 
- - - - -· -I -- _,_ -- -
- - - -- t-·- - - - -
---~ --1-·'"'"',-,.--
·--=--=-----:..{-:..,.:_. "'--''' -

Figure 5.146 

µ,- 2.5 

(iii) A point object is placed 33 cm from a convex mirror of 
curvature radius 40 cm. A glass plate of thickness 6 cm and 
index 2.0 is placed between the object and the mirror, closer to 
the mirror. Find the distance of final image from the object? 

[42 cm] 

(w) A light ray falling at 60° angle with the surface of a glass 

slab of thickness Im and is refracted at angle 75° with the 
surface. Calculate the time taken by the light to cross the slab. 

[ .?.x10-• SJ 
3 

(v) A surveyor on one bank of a canal observes the image 
of the 4 inch mark and 17 ft mark on a vertical staff, which is 
partially immersed in the water and held against the bank directly 

· Georl1etri~;1· Optr~ ] 
---- ·-·-------

opposite to him. He sees that the reflected and refracted rays 

come from the same point which is the centre of the canal. If 
the 17ft mark and the surveyor's eye are both 6ft above the 
water level, estimate the width of the canal, assuming that the 

refractive index of the water is 4/3. Zero mark is at the bottom of 
the canal. 

[16 feet] 

(vi") A ray oflight is incident on a parallel slab of thickness t 
and refractive index 1-1· If the angle of incidence is 0 then for 

small 0 show that the lateral displacement oflight ray will be 

,i= 10(µ-l) 
µ· 

(vii) How much water should be filled in a container ofheight 

21 cm so that it will appear halffilled when viewed along nonnal 

to water surface. Take refractive· index of water µw = 4/3. 

[12 cm] 

(viii) A glass plate has a thickness t and refractive indexµ. A 

light ray is allowed to incident on the plate from air. Find at 
what angle ofincidencewill the rays refracted and reflected by 

the plate be perpendicular to each other ? For this angle of 
incidence, calculate the lateral displacement of the ray. 

[ 1(µ
2

-1) ] 

µ~1+µ2 

(ix) A man standing on the edge of a swimming pool looks 
at a stone lying on the bottom. The depth of the swimming 
pool is equal to h. At what distance from the surface of water is 

the image of the stone fonned if the line of vision makes an 
angle 0 with the normal to the surface? 

µ2hcos3 0 
[ (µ2 -sin2 0)312 I 

(x) In a river 2m deep, a water level measuring post 

embedded into the river stands vertically with Im of it above 
the water surface. If the angle of inclination of sun above the 
horizon is 30°, calculate the length of the post on the bottom 
surface of the river. (µ for water= 4/3) 

13.44 in] 

(xi) A concave mirror of radius of curvature one metre is 
placed at the bottom of a tank of water. The mirror forms an 
image of the sun when it is directly overhead. Calculate, the 
distance of the images from the mirror for different depths, 
80cm and 40 cm of the water in the tank. 

[47.5 cm, 57.5 cm] 
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(xii) A small object is kept at the centre of bottom of a 
cylindrical beaker of diameter 6 cm and height 4cm filled 
completely with water(µ= 4/3). Consider the light ray from an 
object leaving the beaker through a corner. If this ray and the 
ray along the axis ofbeaker is used to locate the image, find the 
apparent depth in this case. 

[2.25 cm] 

5.11 Refraction of Light by Spherical Surfaces 

Figure-5.147(a) shows a spherical interface separating two 
different media I and 2 with refractive indices µ1 and µ2. Here C 
is the center of curvature of the spherical surface, R is the 
radius of curvature of the surface, Pis the central point on the 
surface called optic center of the surface and line XX' is 
considered as the 'Optical Axis' for the given setup. In general 
the optical axis for the refraction surface can also be called as 
principal axis, the term which we generally use for spherical 
mirrors and lenses. 

Medium-I 
(Rarer) 

µ, 

Medium-2 

x,-lo;.e:=-------1------~,/---::,,,,. x' 

Object p 

,._ ____ ,, ___ -1.. R 

Medium-I 
(Rarer) 

0 

(a) 

(b) 

Figure S.147 

C I 

_ _J 
V 

Medium-2 
(Denser) 

I 

Ifwe consider a light ray from an object placed in medium-I 
incident on the spherical interface at an angle of incidence i 
gets refracted at an angle rand the refracted ray in other medium 
meets the optical axis at point/. We can also consider a ray of 
light from the object along the optical axis which passes 

--- - -«--::.:-:::, 

. . .... -2:3.~J 
undeviated at the interface. Always for image formation we can 
consider one ray along the optical axis and one other ray in 
surrounding to produce image. In figure-5. I 47(b) we can see all 
paraxial rays from object after refraction meet at the point / 
which is the image produced due to refraction of light at the 
spherical surface. 

In above situation explained in figure-5.147, image produced is 
real image as refracted rays are converging. Depending upon 
the refractive indices of the two media refracted rays may be 
diverging as shown in figure-5.148(a)and (b) in which the final 
image produced is virtual. 

I Medium-I 
1 (Denser) 

µ, 

Medium-2 
(Rarer) 

µ, 

x,_;O,;.,::::_ _ _,.r:._.._ __ 1------~4-----2X' 
Object I p C 

,.__ ___ ,, ___ -1.., 

1+--v---+1 

(a) 

0 

(b) 

Figure S.148 

Note: In figure-5.148 when object is placed in denser medium 
and light rays are refracted to a rarer medium the image produced 
can never be real, it will always be virtual because refracted 
rays in such a case will always be diverging but when object is 
placed in rarer medium as shown in figure-5.147 and light rays 
are refracted to denser medium image produced can be real or 
virtual depending upon the refracted rays are converging or 
diverging. In figure-5.147 refracted rays shown are converging. 
Students are advised to think and draw ray diagrams for the 
situation for virtual image formation in this case on their own 
carefully. 

Similar situation can also be analysed by students for a concave 
surface facing the object as shown in figure-5.149. 
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I ~2_4_0 _________ _ 

1 

l+----u---"-*l</---~--v----~ 

Medium-I 
(Rarer) 

(a) 

,._---u----..i 
1+---v~--v 

(b) 

Figure 5.149 

Medium-2 
(Denser) 

. 

-

._J 

Note : In figure-5 .l 49(b) when object is placed in rarer medium 
and light rays are refracted to a denser medium image produced 
can never be real, it will always be virtual because refracted 
rays in such a case will always be diverging whereas in 
figure-5.149(a) when object is placed in denser medium and 
light rays are refracted to rarer medium image produced can be 
real or virtual depending upon the refracted rays are converging 
or diverging. In this figure-5.149(a) refracted rays shown are 
converging. Students are advised. to think and draw ray diagrams 
for virtual image in this case on their own carefully. 

5.11.1 Analysis of Image formation by Spherical Snrfaces 

Figure-5.150 shows an object placed on the left ofa spherical 
surface from which a light ray is considered which incidents on 
the surface at point A and after refraction meet at point/ on the 
optical axis as shown. 

Medium-I 
(Rarer) 

µ, 

----··- -

i---~--u---~ ·R 

_J 
l<-----v----->I 

Figure S.150 

Geometrical Optics / 

Using Snell's law at point A we have 

µ1 sin i= µ, sin r 

For paraxial rays we can use small angles so we have 

... (5.45) 

In the geometry of figure shown we can relate different angles 
from properties of triangles as 

and 

n=r+$ 

i=0+n 

Combining above three equations we get 

µ1(0+n)=µ,{n-$) 

µ1 8 + µ2$= (µ,-µ!) (l 

... (5.46) 

... (5.47) 

. .. (5.48) 

From figure-5.148 for small angles we can use the length of 
normal AM on optical axis as 

AM=h=u0=Rn=v$ ... (5.49) 

If we use co-ordinate sign convention for this situation. as 
explained in article-5.8.8,. we can consider P as origin of 
co-oridinate system all distances toward left as negative and all 
distances toward right as positive so here u will be taken 
negative, v and R are taken positive. So with sign convention 
the angles 0, n and $are given byequation-(5.49) as 

h h h 
0=-;n=- and$=-

-u R V 

Substituting these values in equation-(5.48) we get 

µ2 ~ = µ2-µJ_ 
V u R 

... (5.50) 

Above equation-(5.50) is called 'Refraction Formula for 
Spherical Surfaces' and it is used for finding the exact location 
ofimage produced due to refraction oflight through a spherical 
surface. · 

# Jl111strative Example 5.36 

Figure-5.151 shows a glass sphere ()[radius 10 cm. Along its 
diameter AB from one side a parallel beam of paraxial rays 
incident on it. What should be the refractive index of glass so 
that after refraction all rays will converge at opposite end B. 

/Rs .. 
A 

R = 10cm 

Figur"' S.151 

B 
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Solution 

For refraction formula, we use 

u=oo 

v=2R=+20cm 

R=s+ 10cm 

µI= I 

µ,=µ 

Using refraction formula, we have 

µ2 _ _I:!_ = µ2 -µI 
V u R 

~ = µ-] 

20 10 

µ=2µ-,-2 

µ=2 

#Illustrative Example 5.37 · 

3 
Figure-5.152 shows a glass hemisphere M ofµ= 2 and radius 

IO cm. A point object O is placed at a distance 20 cm behind the 
flat face which is viewed by an observer from the curved side. 
Find location of final image after two refractions as seen by 
observer. 

d _ __.,.,::::__J___j_ __ -....:::: ___ :,,.!,_oi_:_:·--:.::.:c---=..:.1, 

~ P '----30cm----+ 

Solution 

f,.- 80cm -i h "" 20cm ---1 

R=: 10cm 

Figure 5.152 

After first refraction at flat surface image is produced at a 
distance given as 

3 
µh= -x20 =30cm 

2 
For second refraction at spherical surface, for refraction formula 
we use 

3 
u = + 40 cm; R = + IO cm; µ 1 = 2; µ, = I 

Substituting values in refraction formula, we get 

l:'1_ _ _1:!_ = µ2 -µI 
V u R 

,_I 
___ 3_=_2 
V 2x40 ]0 

3 I I 
-=---=--
v 9020 80 

v=-80cm 

· 241] 

Thus final image is seen by observer at a distance 80cm from 
the pole of curved surface and it is a real image. 

# Illustrative Example 5.38 

A glass rod has spherical ends as shown in figure-5.1'53. The 
refractive index of glass is µ. The object O is at a distance 2R 
from the surface of larger radius of curvature. The distance 
between apexes of ends is 3R. Find the distance ofimage formed 
of the point object from right hand vertex. What is the condition 
to be satisfied if the final image obtained is to be real? 

R 

Figure 5.153 

Solution 

For first refraction at surface A, we use u = - 2R in refraction 
formula as 

l:'1_ _ _I:!_ = µ2 - µ I 
v' u R, 

.!:!:.+-' = (µ-]) 
v' ·2R R 

Solving for v', we get 

2µR . 
v'= 

(2µ-3) 

For refraction at surface B, we use u = - ( 3R 

refraction formula as 

µ2 µI µ2 -µI 
--;--;; =~ 

I µ 1-µ 
-+ =--
v [ 3R- 2µR ] (R/2) 

2µ-3 

µ=-[3R-
2

µR ] 
· 2µ-3 

Solving equation-(5.53) for v, we get 

v = _(.,_9_-~4'-'µ)c....R_ 
(10µ - 9)(µ - 2) 

... (5.51) 

... (5.52) 

2µR ) . m 
(2µ-3) 

... (5.53). 
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The image will be real ifabove value ofv is positive for which 
finally refracted rays will be converging, so condition for real · and 

image is 

-
....:(_9-_4_,_µ"--)R_ 

>0 
(I0µ-9)(µ-2) 

On simplifying we get tliat it happens when refractive index of 

glass is between 2 and 9/4. 

# Illustrative Example 5.39. 

Substituting these values in equation-(5.54), we get 

. 0 b 
=> sm- =-

2 R 

A ray oflight passes through a transparent sphere ofrefractive 
index µ and radius R. If bis the distance between the incident => 
ray and a parallel diameter of the sphere, show that the angle of 

sin~= ~ 2 ~(µ 2R2 -b2) - ~(R
2
-b

2
) ~ 2 

sin~2 = --;.[(µ2R2-b2)112_(R2-b2)112]. 
deviation 0 is given by the expression 

. 0 . 
sm - =(b/µR 2)[(µ2R2-b2)112 -(R2-b2)112] 

2 . 

Solution 

The ray diagram ofthe light ray passing through the sphere is 

shown in figure-5.154 

b 

',, 
i', (i-,) 

1 ',.., r· 
I j.., 

0 

Figure 5.154 

From above figure; the angle of deviation is given as 

0 = (i- r) + (i- r) = 2i-2r= 2(i-r) 

0 
=> - = (i-r) 

2 
Taking sine on both sides ofabove equation, we get 

0 
sin 2 = sin (i-r) 

0 
=> sin 2 = sin i cos r- cos i ~in r 

Also from the figure. we have 

b 
sin i= -

R 

=> cosi=ff,J 

By Snell's law we have 

. sini b 
smr=--=-

µ µR 

... (5.54) 

=> µR . 

# Illustrative Example 5.40 

A parallel beam oflight travelling in water (refractive index 
= 4/3) is refracted by a spherical air bubble of radius 2 mm, 

situated in water. Assuming the light rays to be parallel 

(a) Find the position of the image due to·refraction at the first 
surface and the position of the final image. 

(b) Draw a ray diagram showing the positions of both the 

images. 

Solution 

(a) For refraction at first surface, we use 

µ2= I; µ 1=(4/3); 11=00 and R1 =2mm 

So the position of image due to refraction at first surface is 
given by°refraction formula as 

µ, µ, µ2 -µ, ---=---
V II R 

=> 
-- (4/3) _.: 1-(4/3) 
v, 

Solving we get 

00 2 

. v1 =-6mm. 

Hence the image is formed at a distance of 6mm to the left of 
first surface. The ray diagram is shown in figure-5.155. 

Figure 5.155 
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(b) For refraction at second surface we use 

u1= -(6+4)=-!0mm, 

=> 

µ1= l;µ,=(4/3) and R2 =-2mm 

(4/3) __ , _. = (4/3)-1 

v (~JO) (-2) 

Solving we get v=-5 mm 

So the final image is produced at a distance of5 mm to the left 
of the second surface. 

5.11.2 Lateral Magnification oflmage by Refraction 

Figure-5.156 shows an object ofheight h above the optical axis 
of which image produced is of height h'. As we have already 

studied that for a real object if image produced is real, it will be 

inverted or on the other side of principal axis. In the figure we 

magnification gives the orientation of image whether image 
formed is on the same side of optical axis as that of object or 
erected (positive) or it is on the other side of object or inverted 
(negative) 

5.11.3 Longitudinal Magnification oflmage 

Figure-5.157 shows an object of width dx which is placed on 
optical axis of the refracting surface Sat a distancex from the 

optic center P. After refraction its image I is produced at a 
distancey from the optic center which is of width dy as shown 
in figure. 

',, __________ _ 

have produced image by two paraxial light rays, one which is Object ·c A' B' 

passing through center of curvature of the interface which will tcdi-t+-----'--x le-----'-· ,Y _____ _,_d_,y 
get refracted undeviated and other which is incident on the 
optic center ofthe surface at an angle of incidence i which gets 
refracted at an angler. 

0 

-, 
Image 

Object p 
C h' 

I 

_J 
1------- V ------+! 

Figure 5.156 

The angles i and rare very small angles as light rays are paraxial 
so these are related by Snell's law as 

Figure 5.157 

In above figure the distances of object and image from the optic 

centerofthe surface are related by the refraction formula given 
as 

µ, _ l:!. = µ, -µ! 
V u R 

Here we use u = -x, R = +R and v = +y which gives 

µ2 +l:!. = µ,-µ1 
y x R 

... (5.57) 

Differentiating the above equatfon we get 

... (5.58) 

· ·· (S.5S) From above equation-(5.58), we get longitudinal magnification 

h -h' as 
By geometry in this figure we can use i = - and r = - so we 

-U V 

get 

µth = µ,h' 
U V 

Here we used image heigh, h' and object distance u n_egative 
according to the sign convention. 

Thus lateral magnification ofimage can be given as 

h' µIv 
m=-=-

h µ2u 
... (5.56) 

As already discussed that above relation gfven by 
equation-(5.56) is only valid for paraxial rays. The sign oflateral 

dy µ y' 
m=-=--1-

L dx µ
2
x2 ... (5.59) 

As already discussed that above relation given by 

equation-(5.59) is only valid for paraxial rays. Here negative 
sign shows lateral inversion of the image. 

5.11.4 Effect of motion of Object or Refracting Surface on 
Image 

Similar to the case we've discussed in case of spherical mirrors, 
here also for small velocities of the object or refracting surfaces, 

the velocity magnification along and perpendicular to the optical 
axis can be given by the expressions oflateral and longitudinal 

Study Physics Galaxy with www.puucho.com

www.puucho.com



~I 2:4:4===:,:,'"::::===----: _ -_-_:_ ~ 
I 

V 10 20 

magnifica,tions. Figure-5.158 shows an objectmovingwith,some 

velocity ,at.a direction shown in such a way that its velocity ~ 
component along the optical axis with respect to the refracting 

surface is vo-along'and in direction normal to the optical axis is ~ v =+20 cm 

20 

v a-normal. then the image velocity components can be directly . Longitudinal magnification for refraction is given• as 
givenas , , . 1 - • 

v0-normal 

O v0-along 
Object 

lmage'.:t 
v1 along J : 

· yrnormal 
i 

---~J 
J<---u------>t<----v------+< 

Lateral magnification m = ~ 
µ,u 

2 

Longitudinal magnification mi=- µiv 
2 µ,u 

Figure S.158 

#Illustrative Example 5.41 

Figure-5.159 shows a small objectM oflength I mm which lies .. 
along a diametrical line.ofa glass sphere of radius IO cm and 

Imagesize . 

µ1v2 3/2x(20)2 
m=--= 

µ2u2 lx(l5)2 

l.5x400 
m= 

225 

8 8 
-xi =-mm. 
'3 3 

8 

3 

#.l/111strative ~ample 5.42 

A long cylindrical tube containing water is closed by an 

equiconvex lens of focal length 10 cm in air. A point source is 
placed along the axis of the tube outside it ar a distance of 
21 cm from tlie- lens. Locate the final' image of the source. 

Refractive index of the material of the lens= 1.5 and that of. 

water= 1.33 

Air Gl(,1~=-=-=-=~-=c;!~::-=-=-=-:c--=-= 
Source -------- · ---·-----

' ---------------. --------------------------------- - ' 

l+------21 cm--+! 
Figure 5.160 

µ = ~ which is viewed by an observer as shown. Find the si~e 
2 , Solution 

of object as 'Seen by the observer. 

R=lOcm 

Figure S.159 

Solution 

Foi- refraction at glass-air interface,,we use - : 

u=+15cm; R =+IOcm; µ1=3/2 andµ,=!, 

Substituting values in refraction formula, we get 

µz _&_ = µz ~µ, 
V u R 

I 3/2 1-3/2 

V 15 10 

We consider first refraction at air-gl~ss interface, using 

refraction for~ula we get 

µz _:Yi = JJz -µ1 

y1 u R 

Substituting u,;,-21cm; m1 = !; m2= 1.5 a1_1d R=+ R, we get 

1.5 I 0.5 
-+-=-v, 21- R 

... (5.60) 

The image formed by the first surface will act as the object for 

the second surface and the radius of curvature of the second 
surface will be taken as - R for second.refraction as the lens is 
equiconvex. For glass-water interface, we_ use refraction formula 
with m1= 1.5 andm2= 1.33 we get 

1.33 1.5 1.33-1.5 0.17 ----= =---
V' v, -R R 

Adding equations-(5.60) and (5.61), we get 

1.33 I 0.67 
--+-=--

v 21 R 

... (5.61) 

... (5.62) 
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The focal length of the lens in air is 10 cm. So by using lens 
maker's formula we have 

I ( I I ) --;: = (µ-1) ---
J RI R2 

=:, I (I ') 0.5 I 10 =(l.5 - l) R+R = 2R = 4R 

or R=2.5cm ... (5.63) 

Substituting the value of R in equation-(5.62) and solving it, 
we get 

v=70cm 

Thus final image is formed 70 cm inside the tube and it is real. 

# Ill11strative Example 5.43 

A cylindrical glass rod of radius 0.1 m and refractive index jj 
lies on horizontal plane mirror. A horizontal rayoflight moving 
perpendicular to the axis of the rod is incident on it. At what 
height from the mirror should the ray be incident so that it 
leaves the rod at a height of O. lm above the plane mirror? At 
what distance a second similar rod, parallel to the first, be 
placed on the mirror, such that the emergent ray from the second 
rod is in line with the incident ray on the first rod? 

Solution 

The situation and ray diagram is shown in figure-5.161. 

' r-R---+--x---+-x-,-+J 
' 1+-----2d------>l 

Figure 5.161 

From figure we have i ~ 2r 

and we have h=AOsini 

=Rsini 

E 

-- . 2451 
- .. __ . ..,.~-~.a 

=:, h = µR sin r= µR )c1-cos2 r) 

=:, [ 
2 ]1/2 

h=µR 1-~ =~)(4-µ
2

) 

=:, 
Ji x O. I r,;,:;:; 

h = 
2 

v(4-3) =0.086 metre 

Total height oflight ray above the plane mirror is 

H= R+h=0.1 +0.086=0.186metre 

From figure we have 

also we use 

=:, 

' =:, 

=:, 

=:, 

x=Rcoti 

d=R+x=R(! +coli) 

d=R(I +cot2r)=R l+-.--( 
cos2r) 
sm2r 

d=R(I+ 2ws2 r-1) 
2smrcosr 

d= R[I+ (2µ' /4)-1] 
µ)(!-µ' /4) 

d=R[l+~]=o.1[1+-
1

] Ji12 jj 

Distance of the second rod from the first rod is 

2d = [1+ ~] =0.3155m. 

# Ill11strative Example 5. 44 
• 

A quarter cylinder ofradiusR and refractive index 1.5 is placed 
on a table. A point object Pis kept at a distance m R from it. 
Find the value of rn for which a ray from P";ill emerge parallel to 
the table as shown in figure-5.162. 

=&=/#~/#, 
l<----mR----+I+-· R-->I 

Figure 5.162 

Sol11tion 

= R sin 2r= 2R sin rcosr 
By Snell's law we have 

... (5.64) To solve this problem, we use the principle of reversibility of 
light. 

sm l sin2r 
µ= -.- = -- =2cosr 

smr r 

From equation-(5.64) we have 

h = 2R sin rcos r 

To analyze the situation we consider that the light is incident 
from the right parallel to the horizontal surface of table as shown 
and we find where it converges on the table after emerging 
from the plane surface. This must be point P if path oflight ray 
is reversed as specified in the question. 
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~ffs20;;~, 
l<----mR----+I+- R ->I 

Figure 5.163 

Using refraction formula for curved surface, we have 

~-b_ = µ,-µ1 
V u R 

According to the given problem we use 

u=oo; µ2= l.5; µ1 = l andR =+ R 

Substituting the values in refraction formula, we get 

l.5 L5-l 

V 00 R 
v=3R 

When the light ray incident on the plane surface, it gets refracted 
and produces an image at a distance 2R/µ= 2R/l.5 = 4R/3. 

From the given condition ofwe can use 

4R 
mR.=-

3 

4 
m=-

3 

r---- -
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Practice Exercise 5.4 

(i) A spherical surface S separates two media I and 2 as 
shown in figure-5.164. Find where an object O is placed in 
medium-I so that the light rays from object after refraction 
becomes parallel to optic axis of this system. 

s 

f4----u = 240 cm--,.j 

Figure S.164 

[ 240 cm] 

(ii) A glass sphere of radius 5cm has a small bubble at a 
distance 2cm from its centre. The bubble is viewed along a 

- - ---- ---- ] Geometrical Optics, 

diameter of the sphere from the side on which it lies. How far 
from the surface will it appear. Refractive index of glass is 1.5. 

[2.5 cm behind the surface] 

(iii) A ray oflight refracted through a sphere, whose material 
has a refractive index µ in such a way that it passes through 
the extremities of two radii which make an angle 0 with each 
other. Prove that if a is the deviation of the ray caused by its 
passage through sphere 

I 
cos2(0- a)=µ cos 0/2 

(iv) A ray is incident on a glass sphere as shown in 
figure-5.165. The opposite SJ!rface of the sphere is partially 
silvered. Ifthe net deviation of the ray transmitted at the partially 
silvered surface is 113n1 of the net deviation suffered by the ray 
reflected at the partially silvered ~urface (after emerging out of 
the sphere), find the refractive index of the sphere. 

[ ,/3 l 

:::::-.. 

"' 
Figure 5.165 

(v) . A parallel incident beam falls on- a solid glass sphere at 
near normal incidence. Show that the image in terms of the 
index of refractionµ and the sphere of radius R is given by 

R(2-µ) 

2(µ-1) 

(vi") A hollow sphere of glass of refractive index µ, has a 
small mark on it interior surface which is observed from point 
outside the sphere on the side opposite the centre. The inner 
cavity is concentric with the external surface and the thickness 
of glass is everywhere equal to the radius of the inner surface. 
Prove-that the mark will appear nearer than it really is by a 
distance(µ- I) R/(3µ- I), whereR is the radius of the inner 
surface. 

I 

' ' :+---2R----,-l 
' ' 

' ' ' ' ' ' ' ' ' ' ' ' ' -------•4R---------~ 
Figure 5.166 
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(vii) A transparent sphere ofradius R has a cavity ofradius 

R 

2 as shown in figure-5.167. Find the refractive index of the 

sphere if a parallel beam oflight falling on left surface focuses 

at pointP. 

p 

0 

Figure 5.167 

(viii) A light ray incident at a point on the surface ofa glass 

sphere ofµ= ./3 at an angle of incidence 60°. It ineflected 

and refracted at the farther surface of sphere. Find the angle 

between reflected and refracted ray at this surface. 

(90°l 

(ix) A glass sphere (µ = 1.5) with a radius of 15_.0 cm has a 
tiny air bubble 5 cm above its centre. The sphere is viewed 
looking dowo along the extended radius containing the bubble. 

What is the apparent depth of the ):mbble below the surface of 
the sphere? 

[8.57 cm from top] 

(x) Figure-5. 168 shows a glass hemisphere placed on a white 

horizontal sheet. A vertical paraxial light beam of diameter d 
incident on the curved surface of hemisphere as showo. Find 

the diameter of the light spot formed on sheet after refraction. 

2d 
[-l 

3 

d 

r 

Figure 5.168 

white sheet 

(xi) Figure shows a fish bowl ofradius l O cm in which along 
a diametrical line a fish Fis moving at speed 2 mm/sec. Find the 

speed of fish as observed by an observer from outside along 

same line when fish is at a distance 5 cm from the centre of 
bowl to right ofit as showo in figure-5.169. 

___ J47J 

~- :: :: :: :: ":(): ::@:= -----
- - - - --- - -

Figure 5.169 

[3.84 mm/sl 

(xii) Figure-5.170 shows an irregular block of material of 

refractive index .fi.. A rayoflight strikes the face AB as shown 

in figure. After refraction it is incident on a spherical surface 

CD of radius of curvature 0.4m and enter a medium ofrefractive 

index 1.514 to meet PQ at E. Find the distance OE upto two 
places of decimal. 

[6.06 ml 

---

µ=I 

60° 

B·,------------,c=---C 

0 - - - ___ E _____ Q 

µ=1.514 

AL-...J..... _________ :::,,,..D 

Figure 5.170 

5. I 2 Total Internal Reflection 

Figure-5.171 (a) shows a light ray refracting through an interface 

of two media. The incident light ray is travelling in denser medium 
and after refraction it bends away from normal as we know and 
this figure also shows the reflected ray which is always present 

in all cases of incidence and it is reflected at the same angle of 
incidence. If we increase the angle of incidence as showo in 

figure-5.17l(b), the angle ofrefraction also increases. As the 

angle ofrefraction is more than the angle of incidence it will 
approach to 90° at some specific value ofi as showo. This angle 
ofincidence at which the refracted ray grazes along the interface 
of the two media is called 'Critical Angle' for this pair of two 
media. Figure-5.171( c) shows a light ray incident on the medium_ 
boundary at an angle slightly greater than critical angle at which 

no refracted ray exist and only reflected ray exist. This is called 
'Total Internal Reflection' and it occurs when a light ray 

travelling in a denser medium incident on a boundary of a rarer 
medium at an angle greater than the critical angle. 
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(a)' 

(b) 

. : 
' ' ' ' ' 

i5-8J 
' ' '' 

•R•~ 
. v..efta.cteu 

Rarer Medium (µ1) 

~ Denser Medillm (J.½) -·,;,, I e,,.,, 
R'!I- . 

Rarer Medium (µ1) 

Denser Medium (Hz). 

l 

(c) 

Figure 5.171 

The critical angle can be given by Snell's law at the boundary as 

J½ sin ec =µ,sin 90° 

µ, 
sin0c=-

. µ2 => 

=> ec = sin-{~:) 

For a light ray passing through a denser medium having 
refractive index µ incident on the boundary of air (µ,;, = I) in the 
surrounding of the medium then critical angle for this medium 
can be given as 

Ge~'!'_etfical Optics I 
5.12.1 Refraction of Light Rays from a Source in a Denser 
Medium to Air 

Figure-5. l 72(a) shows a point isotropic source oflight placed 
inside water at a depth h below the air-water boundary. The 
light rays which incident close to normal as shown will get 
refracted to air and diverge. !five see a specific light raywhich 
is incident on the air-water interface at critical angle will graze 
along the interface and all the rays from source which incident 
at angle greater than this angle will get totally reflected into 
water. In this way we can say that light rays from source will 
emerge out in air only from a circular region as shown by 
perspective view in figure-5. l 72(b). Here we can see that all the 
light rays from the source on the surface of a conical region of 
half angle 0 c will graze radially along the air-water interface and 
all light rays from source falling on interface within this conical 
region will escape to air and all the light rays falling on interface 
outside this conical region will get totally internally reflected · 
and will not come out in air. 

r=htan8c 

(a) 

r=htana 

(b) 

Figure S.172 

In figure-5.l 72(a) inDSOA we can write 

=> 

r 
lane=-

c h 

r=htane, 

air 

... (5.65) 

Equation-(5.65) gives the radius of the circle on the interface 
just above the point source oflight from which light rays escape 
to air. By using the concept of solid angle of this cone we can 
also find the fraction of total light power of the source which 
gets refracted to air in this case. The solid angle of the cone 
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shown in figure-5.172(b) with halfangle 0c is given as 

Q=2n(l-cos0) 

Q = 2n(l- ~1-sin2 ec ) 

Q=2n [1-J1-
1 

J(As sin cos 0 =_I_) µ2 C µ 

At the source all light rays are emitted isotropically in total 
solid angle 4n steradian in which total power oflight source is 
distributed uniformly. Ifwe consider the source power is Pwatt 
then the light power which is escaping out from water to air is 
the power within the shaded conical region as shown in 
figure-5. l 72(b) which is given as 

p 
pto air= 47t X Q 

~ P . = .!_ x 2n [1- CJ = p [1- CIJ torur 41t vi-µ2 2 vi-µ2 
The fraction oflight power of source which escapes from water 
is given as 

5.12.2 Cases of Grazing Incidence of Light on a Media 
Interface 

We know that path of a light ray in cases of reflection and 
refraction is retractable and we have studied that a light ray 
travelling in denser medium when incident on a boundary of 
rarer medium at critical angle will graze along the boundary as 
shown in figure-5. l 73(a). So by the concept ofreversibility of 
light we can state that a light ray_ travelling in a rarer medium 
when incident on the boundary of a denser medium at angle of 
incidence approximately 90° which is called grazing incidence 
oflight as shown in figure-5.l 73(b), the light will enter in the 
denser medium at critical angle 0 ,· 

: Rarer Medium 
' '. 
I Grazi_ng Refracted Ray 

. I ~~4, 8~: 
, ~ ! Denser Medium ; 
. ~~~ 

'" 
(a) 

Grazing Incidence 

·! 8~ 

' I 

. (b) 

Figure 5,173 

Rarer Medium 

Denser Mediurrl 

I 

- -----.24sJ - - __ , _____ , 
When a light ray incident on the boundary of two media from 
the side of denser medium in a grazing manner at incidence 
angle 90° as shown in figure-5.174 then the light ray passes as 
it is incident on the boundary as the incidence angle is more 

than critical angle so it gets internally reflected. 

' ' ' i Rarer Medium 

~i~I 
, I 

Denser Medium 

Figure 5.174 

5.12.3 Refraction by a Transparent Medium of varying 
Refractive Index 

When a light ray incident on the surface of a medium having 
continuously varying refractive index with distance then the 
path oflight ray is not a straight line. Figure-5.l 75 shows a 
medium in which we consider that its refractive index increases 
with x-coordinate of the position. To understand the path of 
light shown in this figure we consider an elemental slab of 
medium at a position x and having thickness dx which is shown 
in figure by a shaded region. When a light ray incident on this 
slab at an angle 0 then it will slightly bent toward normal as 
refractive index of the medium slightly increases on the right 
side of slab. In the same sense as continuously refractive index 
of the medium is increasing to the right, the light will 
continuously bend toward normal to each elemental slab which 
is resulting in a curved path as shown in the figure. 

y 

1----,.-,---::::~~=::=::__, __ Glass slab having 

Figure 5.175 

µ~fix) 
where/is an 

increasing function 

In above figure, inside the medium for all parallel normals, we 
can relate the angles <j,1 and ~2 by Snell's law at points A and B 
where refractive indices are µ1 and ~ as given below. 

µ1 sin(90° -<!>1) = µ2 sin(90° -<!>2) 

... (5.66) 

At points A and B we can also apply Snell's law to relate incidence 

and emergence angle a. and~ as 

sin a. = µ1 sin<j,1 

sin ~ = ~ sin<j,2 

... (5.67) 

... (5.68) 
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Above equations-(5.66), (5.67) and (5.68) are used to relate the 
refractive indices and the angle made by the light ray with the 
medium boundaries. At a general point inside the slab also the 
refractive index m and the angle 0 can be related with terminal 
angles as 

... (5.69) 

Figure-5.176 shows a medium in which refractive index varies 
with y-coordinate of the medium. Ifrefractive index increases 
with y-coordinate then light ray will trace a path as shown in 
figure-5. l 76(a) because with height light ray will continuously 
bend toward the normal to all elemental slabs considered parallel 
to x-axis. If refractive index decreases withy-coordinat~ then · 

. light ray will trace a path as shown in figure-5 .l 76(b) because in 
this case. light ray will continuously bend away from the norma_l 
to all elemental slabs. 

y 

:q,I 
' 
'A a, 
! 

y 

-
lq,1 

' a, 
! 

(a) 

µ 

(b) 

Figure 5,176 

µ=j{y) 
(Increasing function) 

X 

µ= J{y) 
(Decreasing function) 

X 

In both of the above cases light will emerge out in air at the 
same· angle a at which light ray incident on the slab. This is 
because aH the elemental slabs are considered horizontally and 
all the normals in between the slabs at intermediate refraction 
as well as a.t medium boundaries are parallel. 

5.12.4 Total Internal Reflection in· a Medium of varying 
Refractive Index 

Figure-5 .177 shows a medium in which its refractive index varies 
with height(y-coordinate) so light after entering into the medium 

" _ ----~eOmetrical Optics I 
follows a path like the one shown in figure-5.176(b). In this 
process light ray will continuously bend away from normal and 
at some height y m the value ofrefractive· index approaches to 
such a value that the angle ofincidence oflight ray on elemental 
slab becomes 90°. After this point light ray will start bending 
inward and follows a path which is mirror image of the initial 
curved path during refraction upto this point after incidence 
and from point B light ray will come out in air at the same angle a 
at which it was incident. 

y 

µ = j{y) 
(Decreasing function) 

~--'---------'--~ 

Figure S.177 

In above figure maximum height to which light ray can ascend 
can be obtained by using Snell's law at the point of incidence 
and at the topmost point as given below. 

sina = µym sin(9O°) 

sina·=f(ym) 

Solving the above equation we can get the value ofym. 

5.12.5 Equation ofTrajectoryofa Light Ray in a Medium.of 
varying Refractive Index 

Figure-5.178 shows a medium in which its refractive index varies · 
withy-coordinate according to the functionµ= /(y) which is a 
decreasing function. The light ray after entering in the medium 
follows a path like figure-5. l 76(b) and in its path we consider a 
general pointP(x,y) where light ray is making an angle 0 with 
the elemental slab of width dx as shown. 

y 

la+d8 
~ , µ-dµ 

µ 

--+----,1'----------L--+.X 

' a, 
! 

Figure S.178 
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· In above figure, at point P the angle e can be related with 
incident angle a by Snell's law as given below. 

sina = µ,sine ... (5.70) 

At point P(x, y) the slope oflight ray can be written as 

dy ~l-sin2 e 
-d =cote= ... (5.71) 

X sine 
Substituting the value of sine from equation-(5.70) into 
equation-(5.71), we get 

dy = 
dx 

,-[%1T 
[~~;] 

[As µ
1 

= f(y)] ... (5.72) 

In above equation-(5.72) we can separate the variables and 
integrate the equation on both sides for x andywhich will give 
us a relation in x andy as equation of trajectory of the light ray 
in the medium. The expression in equation-(5.72) seems complex 
for integration but generally the functionf(y) is given in such a 
way that the overall integration term is not very lengthy in 
calculations. 

# Illustrative Example 5.45 

Find at what angle a fish inside a lake will see a rising sun. 
(Take µ

00 
=4/3) 

Solution 

Figure-5.179 shows the situation of a fish looking at a rising 
sun. The light rays from the rising sun incident on the water 
surface of the lake in grazing incidence manner which enters in 
side water at critical angle which is seen by the fish as shown. 
The sun in this situation will appear at critical angle from the 
normal to the water surface. 

//,,, 
1 ,, air 

,. 90° 
water 

j 
Figure 5.179 

Critical angle for air-water interface is given as 

. -I (I) ec = Sill µ 

. -1(3) ec= sm 4 

251 ' --- _______ ,.J 

# Illustrative Example 5.46 

A light ray incident from glass (µ = % ) to air interface. Find 

the angle of incidence at which deviation angle oflight will 
becomes 90°. 

Solution 

For deviation angle to be 90° light must reflect internally as for 
glass critical angle is less than 45° so for all refracted rays 
deviation angle will be smaller. This is shown in figure-5.180. 

air B=n-2i 
glass 

Figure 5.180 

/ 
/ 

' / ' ' '' 6 

i' 

Deviation angle o will be 90° in figure shown when 

1t 
1t--=-

. 2 1t ,=--=-
2 4 

i=45° 

# Illustrative Example 5.47 

air 
glass 

Light is incident at an angle a on one planar end ofa transparent 
cylindrical rod ofrefractive index n. Determine the least value 
of n so that the light entering the rod does not emerge from the 
curved surface of the rod irrespective of the value ofa. 

Solution 

The situation is shown in figure-5.181. From the figure we can 
see that the light entering the rod will not emerge from the 
curved surface if the angle (90 - r) is greater than the critical 
anglei.e.,(90-r)>0c or r<(90-0cl· 

According to Snell's law we have 

sin a 
--=n 
sinr 

~~A) 
R 

Figure 5.181 
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For the given condition 

sin a=n sin r<n sin (90-0c) 

sina 
=> <n 

sin(90-0c) 

sin a. 
=> --<n ... (5.73) 

cos0c 

I 
As n=--

sin8c 

- 1 
sin 0 = -

C n 

cos0c=N ... (5.74) 

Substituting the value of cos Sc from equation-(5.74) in 

equation-(5.73), we get 

sin a. 
N<nor 

nsina 
-===<n Jcn2 -l) 

The maximum value of sin a= l 

=> 
1 -
~ < 1 or (n2 - l)> 1 orn2 >2 

. => n> -Ji 
So the least value of n is -Ji 

Alternative Direct Method : In the figure-5.181 shown the 
light ray will be internally reflected when the angle (90° - r) is 
more than or equal to Sc and maximum value of the angle (90° -r) 
will occur when ris maximum and maximum possible value ofr 

is also 0c thus for internal reflection at inner surface we use 

90°-Sc>Sc 

=> 

Thus refractive index of the material is given as 

1 
n>--

sinBc 

=> n> -Ji 

# Illustrative Example 5.48 

A rod made of glass (µ = l .5) and of square cross-section is 
bent into the shape shown in figure-5.182. A parallel beam of 
light falls perpendicularly on the plane flat surfuceA. Referring 

Georrl6triCalOptics] 

light entering the glass through surface A emerge from the 
glass through B. 

d 

A B 

t 1 
Figure 5.182 

Solution 

In order that all the light rays entering at end A emerge out from 
end B, the minimum angle of incideot i for the light ray(say PQ 
as shown in figure-5.183), should be equal to or greater than 
critical angle 0, for air glass interface. !fit happens for ray PQ 
then for all the light rays total internal reflection occurs at inner 
surface ofrod and all these rays will emerge out only from end 

B. 

Thus here we use 

=> 

Q --------------,, ' 

t
fi', I 1 

' •R ' ''\., I I 

' ' P ---ir--~o 

d 

A 

t 1 
Figure 5.183 

i~0,=sin-1(t) 

l 
sin i~ -

µ 

B 

! ! 

From figure, we have 

PO R 
sin i= OQ = (R+d) 

to the diagram, dis the width of a side and R the radius ofinner => 
semi-circle. Find the maximum value of ratio (d/R) so that all 

R I 
--->-
(R+d) - l.5 
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=> l.5R ~(R+d) 

=> 0.5R ~d or d/R,o;0.5 

=> (:) =0.5. 
max 

# l/111strative Example 5.49 

Due to a vertical temperature gradient in the atmosphere, the 
index ofrefraction varies. Suppose index of refraction varies as 

n = n0 )1 + ay , where n0 is the index ofrefraction at the surface 

and a= 2.0 x 10-6 m-1.Aperson ofheighth= 2.0m stands on 
a level surface. Beyond what distance will he not see the 
runway? 

y 

Figure' 5.184 

Sol11tion 

We draw a tangent on the trajectoryoflightat any point (x,y) 
which makes an angle 8 with optical normal as shown in 
figure-5.185. 

y 

Figure 5.185 

From the Snell's law, we use 

Substituting the values of a and y,, we get 

x""" =2000m 

# Ill11strative Example 5.50 

2s31 

A prism has refracting angle 30° and µ = 2. One of the mat 
surfaces of the prism is polished to make it reflecting. Find the 
incidence angle ofa light rayon other mat surface of prism so 
that after reflection the ray will retrace the path of incident ray. 

S0l11tion 

· For retracing the path oflight it should incident normally on 
face AC as shown in figure-5.186. 

Figure 5.186 

By Snell's law, we use 

sini=µsinr 

1 
sini=2x -=! 

2 

i=90° 

This happens for grazing incidence oflight. 

# l/111strative Example 5.51 

n
0
sin90= n0 )1+ay sin8 

sin8= ~ 
l+ay 

=> 

Find the variation of Refractive index assuming it. to be a 
function ofy such that a ray entering origin at grazing incident 

... (5.75) follows a parabolic pathy=x2 as shown in figure-5.187. 

Slope of the tangent, we have 

dy 
dx =tan (90-8) 

From equation-(5.75) and (5.76) we use 

dy 
dx = ,[a; 

f dy =Idx 
0 -JaY 0 

x=2H 

... (5.76) 

y 

----:,,./"""------+X 
90° 

Figure 5.187 

Sol11tion 

We draw a tangent at any point (x,y) which makes an angle 8 
with optical normal parallel toy axis. 
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From the Snell's law, we have 

I.sin 90 = µ sin 0 

1 
sin 0= -

µ 

Slope of tangent is 

dv dx =tan(9O-0) 

dy =cote 
dx 

The trajectory of the light ray is 

y=x2 

dy =2.x 
dx 

Fromequation-(5.78), we have 

This gives 

5.13 Prism 

cot 0=2.x 

y 

Figure S.188 

I 
µ= -.- = cosec 0 

sm0 

= ~l+cot2 0 = ~1+4x2 

... (5.77) 

... (5.78) 

Prism is a transparent region bounded by three or more 
rectangular side faces and two identical polygon surfaces. 
Figure-5.189(a) shows the basic prism having three rectangular 
surfaces and two triangles bounding a transparent region. As 
this consist of three surfaces it is called trihedral prism. Similarly 
Figure-5. 189(b) shows a pentahedral prism as it has five 
rectangular side surfaces and two pentagons and figure-5 .189( c) 
shows a hexahedral prism as it has six rectangular surfaces. 

__ .... ------
Trihedral prism 

(a) 

__ .... -----

--------

Pentahedral pris~ 

(b) 

Cross section of Tetrahedral prism 

(c) 

Figure S.189 

In this ch~pter mainly we. will discuss about light refraction 
from a trihedral prism as shown in figure-5.19O(a) in which we 
can see that a light ray falling on one surface of the prism gets 
refracted and then again it suffers refraction at the other side 
surface of prism and light ray emerge out in air. Similar to this for 
any-hedral prism when light is refracted from any two of its 
surfaces, these surfaces can be extended and considered as a 
trihedral prism as shown in figure-5.l 9O(b). 

A 

B~----~c 

Light refraction by a trihedral prism 
(cross-sectional view) 

(a) 

A 
A ,u.. 

' ' . ' ' ' ' ' ' ' ' 

Light refraction by hexahedral prism 
(cross-sectional. view) 

(b) 

Figure 5.190 
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5.13.1 Refraction of Light through a Trihedral Prism 

As discussed in previous section, understanding of light 
refraction through a trihedral prism will be useful for analysis of 
refraction ofany light ray passing through any two surfaces of 
a prism. Figure-5.191 shows a light ray incident on the face AB 
of the prism, gets refracted and emerges out after second 
refraction at face AC. Here AB and AC are called 'mat' surfaces 
of the prism through which a light ray passes and the bottom 
face BC is called 'base' of prism. The angle A which is the angle 
between the mat (refracting) surfaces of the prism is called 'Prism 
Angle' or 'RefractingAngleofPrism'. 

A 

B Base C 

Figure 5.191 

In the above figure, i is the incidence angle, r1 and r2 are the 
angle ofrefractions oflightray which it makes with the normal 
to the two refracting surfaces, e is the angle of emergence and 
o is the angle of deviation of the light ray by which incident ray 
is totally deviated while passing through the prism. 
Ifwe use Snell's law at the points D and F, we get 

... (5.79) 

-_-_ ---~ffi 
equations-(5.80) and (5.81) and eliminate i and e from 
equation-(5.82) and find deviation angle in terms ofr1. 

o = sin-1 (µ sin r
1
) + sin-1 [µ sin (A -r

1
)]-A ... (5.83) 

In equation-(5.83) odepends upon r
1 
and with first two terms it 

is clear that at r1 = 0 or r1 = A the value ofo approaches to same 
value which signifies a minimum value of o at some specific 
angle r1 which can be obtained by the concept of maxima and 
minima, so we find the derivative of o with respect to r

1 
and 

equate to zero. 

do 
-=O 
dri 

µcOSlj 

=> 
~1-µ2 sin2 1j 

--.=~µ=c=o,;;s(=A=-="i.;i )= = 0 
~1-µ 2 sin2 (A-ri) 

Taking terms on both sides of equality and squaring the terms, 
we get 

(µ2 - I) sin2 r1 = (µ2 - I) sin2 (A-ri) 

As r1 < 90°, from equation-(5.84) we get 
r1 =(A-r1) 

A 
r =- =r 

I 2 2 

... (5.84) 

So we can state that angle of deviation for a light passing 
through a trihedral prism will be minimum when r

1 
= r

2
=A/2 

which is the case when light passes through the prism 
symmetrically as shown in figure-5.192. In this case angle of 
incidence and angle of emergence will also be equal and given 

and 

sin i= µsin r1 

sine= µsinr2 ... (5.80) as 

In quadrilateral ADEFwe can see that angles ADE and AFE are 
right angles so we have 

A+E=l80° 

=> A+(l80°-r1-r
2
)=180° 

... (5.81) 

From /'JJFG, we can calculate the angle of deviation as 

o=(i-r1)+(e-r,) 

o=i+e-(r1+r,) 

o=i+e-A ... (5.82) 

-In equation-(5.82) we can see that angle of deviation depends 
upon the incidence angle i as angle of emergence also depends 
upon i. To analyze the variation of deviation angle we use 

B 

A 
i=e=sin-1 (µsin-) 

2 

A 

i= e =s.in-1 (~sin1) 
r1 =r2 =A/2 

Figure 5.192 

... (5.85) 

C 
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The minimum value of deviation angle is given from 

equation-(5.82) as 

dmin=2i-A 

6mio +A . . ( . (A)) 
2 

. =,=sm-1 µsm 2 

(6mio + A) (A) sin 
2 

=µsin 2 ... (5.86) 

Above expression as given in equation-(5.86) gives the value 
of minimum deviation angle for a light by any prism having 
refracting angle A and refractive index ofits materialµ. A prism 

of which A andµ are given, it cannot deviate a light at an angle 

less then the deviation angle given by equation-(5.86). 

5.13.2 Deviation Produced by a Small Angled Prism 

Figure-5.193 shows a very small angled prism on which a light 
ray is incident with a very small angle to the normal on its 

surface, we call near normal incidence. In such a case the light 
will emerge almost parallel to the initial ray and we can consider 

that the light ray is passing symmetrically through the prism 

and deviation angle oflight will be very small and can be.given 

byequation-(5.86). · 

A 

B,c__ _ __JC 

Figure S.193 

Equation-(5.86) can be re-written for small angles 6 . and A as mm 

(6mio + A) (A) sin 
2 

=µsin 2 

=> ( 6m;;+A) =µ (Az) (As for small 0 we use sin0 - 0) 

For near normal incidence oflight on small angled prism we can 
consider always deviation remain at minimum deviation so we 
can write 

6=A (µ-1) ... (5.87) 

Above equation-(5.87) is valid only when light incident on 

surface of a small angled prism almost normally, iflight falls at 

higher angle ofincidence then this relation will not be valid and 

- Ge_o_111etrical 6iiiicsJ 
in that case we find deviation by using refraction at both surfaces 

by Snell's law. 

5.13.3 Maximum Deviation of Light Ray by a Prism 

As already discussed that equation-(5.86) gives the minimum 
deviation angle for a light ray which passes through a prism of 

refractive indexµ and prism angle A. This happens when light 
ray incident on the prism surface at a specific angle ofincidence 
when light ray passes through it symmetrically. If angle of 
incidence is increased or decreased, the value of angle of 

deviation increases. Ifwe increase the angle ofincidence to its 

maximum possible value of 90° then for this case of grazing 

incidence light ray will suffer maximum deviation through the 
prism. Figure-5. 194(a) shows the case when light ray is incident 

on a prism for minimum deviation and figure-5.194(b) shows the 

case of grazing incidence on the prism when deviation angle is 

maximum. 

B 

$' 
I; 

,,!' 

A 

. . -•( . A) ,=e=sm µsm 2 

(a) 

A 

/ 
e, 

C 

{j 
·,$' 

.s,'<1/._L------------~ 
~B C 

0~ 

(b) 

Figure 5.194 

As we know that path of a light ray is re-traceable so if a light 

ray incident on a prism surface at such an angle ofincidence at 
which light ray after refraction from first surface incident on the 

s°':ond surface at critical angle then the emergent ray will graze 
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along the surface as shown in figure-5.195. This situation is 
similar to the reverse path oflight ray shown in figure-5. l 94(b) 
and the angle of incidence in figure-5. 195 will be equal to the 
angle of emergence shown in figure-5. l 94(b). 

A 

Figure 5.195 

With the above analysis we can state that for a given prism 
there are two incidence angles at which deviation produced by 
the prism will be maximum. One angle is certainly90° (case of 
grazing incidence) and other angle of incidence at which 
deviation will be maximum would be equal to the angle of 
emergence in case of grazing incidence. If we plot the variation 
of deviation angle with angle ofincidence then it will look like 
the curve shown in figure-5.196. 

ii 

c5mln 

----~~ 

----~---~ i 
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ;, 

when 
e=9QO 

;, 
when r 1 = r2 

ande=i0 

Figure 5.196 

i2=90 

when e= i1 

5.13.4 Condition of a Light Ray to pass through a Prism 

When a light ray incident on a prism surface at some angle i and 
it gets refracted at an angle,- as shown in figure-5. l 97(a). The 
refracted ray inside the prism incident on the second surface of 
the prism at an angle (A - r) as by equation-(5.81) we have 
already know r 1 + r2 = A. 

If this angle (A- r) is more than critical angle for the glass-air 
interface for this prism then this light will get totally internally 
reflected at this face of prism and will not come out of the prism 
as shown in figure-5. l 97(b). If incidence angle i increases, r 

also increases and (A - r) decreases. At maximum incidence 
angle i= 90° we know rwill be equal to critical angle 0

0
and the 

___ 257 i 
other angle becomes (A - 0c) which is the minimum possible 
value ofr2 for any prism as ,-1 can never exceed 0Jorthe case 
of grazing incidence. If this angle (A-0) somehow becomes 
more than 0}hen light cannot come out of prism for any value 
ofi as at all other values ,-1 will be less than critical angle and r

2 
will be certainly more than critical angle. 

So for any light rayto,come out of prism after two refractions at 
one or more values of incidence angles, we must have 

A-0 <0 
C C 

A<20 
C 

... (5.88) 

Equation-(5.88) is a necessary condition for a light ray to pass 
through a prism after two refractions for multiple values of 
incidence angle. We can also state that for A= 20cthere is only 
one value i= 90° at which light can pass through the prism. On 
the other way we can also state that for a given prism ifits prism 
angle is more than twice the critical angle for its material and 
surrounding then no light ray can pass through the prism after 
two refractions from its surfaces. 

A A 

B''---------'C sL---------'c 
(a) (b) 

Figure 5.197 

# Illustrative Example 5.52 

Find the angle of incidence of a light ray on an equilateral 

prism of refractive index µ = --J2 for which light will suffer 

minimum deviation also find this minimum deviation angle. 

Solution 

Minimum deviation produced by a prism can be calculated by_ 
· using the relation 

=> 

=> 

=> 

·(A+8) ·(A) sm ~ = µ sm 2 

. (60°+8m) r;:: · 1 
sm ' 2 = v2.sin 30° = --J2 

=45° 

8 =30° m 
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At minimum deviation, we know that angle ofincidence and 
angle of emergence are equal thus we use 

i=e 

Ii =2i-A 
m 

lim +A 30+60 
j = --- = --- =45° 

2 2 

# Illustrative Example 5.53 

The angle of incidence ofa ray oflight entering a 60° prism is 

~ sinrl(-
1
-+o.5) =0.866cosrl 

0.6691 

~ 1.995 sin r1 = 0.866 cos r1 

0.866 

':?_eometrical Optics ) 

tan r1 = l.9_95 . = 0.4341 

~ '1=23°28' 

Now we can use equation-(5.89) as 

sm ,1 sin 42° 
µ = sin 'i = sin 23 °28' 

42°. If the ray is justtotally reflected at the second face of the 

prism, determine the refractive index of the prism material for ~ 

the light. 

0.6691 
µ = 0.3982 = 1.68 

Soiution 

The ray diagram is shown in the figure-5.198 for the given 

situation. 

60° 

Figure 5.198 

As the ray is totally reflected at the second face, light must 
incident on this face at critical angle by Snell's law we have 

sin42° 
-.-=µ 
. Stnlj 

• 0.6691 
smr=--

1 µ 

and sin 9 = _I_ 
C µ 

From equations-(5.90) and (5.91) "•' have 

sin 'i 
-.- =0.6691 
sm-r2 

We also know that r1 + r2 =A 

r2 =60°-r1 
sin r2 = sin (60-r1) 

... (5.89) 

... (5.90) 

.. . (5.91) 

... (5.92) 

sin r
2 

= sin 60 cos r1 - cos 60° sin r1 

sin'i . . 

0
_
6691 

=0.866cosr1-0.5smr1 

# Illustrative Example 5.54 

Figure-5 .199 shows a small angled prism of prism angle 4 ~ and 

3 
µ = 2. A light ray almost normally incident on the prism is 

refracted and falls on a vertical mirror as shown. Find the total 
deviation of the ray after reflection from the mirror. 

Incident ray 

Figure 5.199 

Solution 

Figure-5.200 below shows the ray diagram of the light ray 
refracting from the prism and then reflecting from the plane 

mirror . 

Figure 5.200 
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Deviation produced by the small angled prism is given as 

o=A(µ-1)= 4(¾~1) =2° 

Total deviation oflight ray after reflection from mirror can be 
calculated from figure as 

=:> 

8 = 180°-2° 'J 

o1= I 78° clockwise 

# Illustrative Example 5.55 

A right angle prism (45° -90° - 45°) ofrefractive index n has a 
plate of refractive index n1(n 1 

< n) cemented to its diagonal 

face. The assembly is in air. A ray is incident on AB ( figure-5 .20 I) 

A 

s,L---'"----'~c 
Figure 5.201 

(i) Calculate the angle ofincidence at AB for which the ray 
strikes the diagonal face at the critical angle. 

(ii) Assuming n = 1.352, calculate the angle ofincidence at AB 
for which the refracted ray passes through the diagonal face 
undeviated. 

Solution, 

(i) In the given situation we consider the critical angle for 
faceACbe 0c. Then by Snell's law we have 

sin 0c= (n/n) ... (5.93) 

Let the required angle ofincidence be i and angle ofrefraction 
at face AB is ras shown in figure-5.202. 

From figure, 

or 

r+ 0c=45° 

r=(45°-0c) 

For refraction atP (using Snell's law), we have 

sin i=nsinr 
A 

n, 

BIL... _____ _,n,...,.C 

Figure 5.202 

... (5.94) 

... (5.95) 

-· -·-- ' 2597 

Substituting the value'ofr from equation-(5.94) in equation

(5.95), we get 

sin i = n sin (45° -0c) 

=:> sin i = n sin [45° - sin-1 (n/n)] 

=:> i = sin-1 [n sin (45° - sin-1 (n/n))] 

(ii) For the ray to pass through the diagonal face undeviated, 

the ray must strike normally on the face, i.e.,' 

or 

or 

sin i 
--:-----4 0 = 1.352 
Sill 5 

sin i=sin45° x (1.352) 

. 1.352 
Sill i = ,/2 = 0.9562 

i = sin-1 (0.9562) = 72.9° 

# Illustrative Example 5.56 

In figure-5.203, light refracts from material I into a thin layer of 

material 2, crosses that layer, and then is incident at the critical 

angle on the interface between materials 2 and 3. 

r 
Figure 5.203 

(a) What is the angle 0 ? 

(b) Jf0 is decreased, is there refraction oflight into material 3? 

Solution 

(a) By Snell's law we have for the two interfaces 

µI sin ii=µ, sin;,= µ,sine, 

For interface of medium I and 2, we use 

( 
1.30) (1.6) sin 0 =(1.80) I.SO 

=:> . (13) 0 = sin-1 

16 

(b) Jf0 is decreased, then angle of incidence on the second 

interface will decrease from the critical angle. So light refraction 

will occur into medium-3. 
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# Illustrative Example 5.57 

Find the co-ordinates of image of the point object 'O' formed 
after reflection from concave mirror as shown in figure-5 .204 
assuming prism to be thin and small in size and of prism a!Jgle 2°. 
Refractive index of the prism material is 3/2. 

Solution 

y 

1+5cm--+------20cm ~ 

Figure S.204 

When light rays passes through prism, all incident rays will be 
deviated by the deviation angle given as 

- o=(µ-l)A= (i-1)2° = 1°= _..'.:... rad 
2 180 

As prism is thin, object and image will be in the same plane as 
shown in figure-5.205 below. 

1+--a--->1 

Figure 5.205 

Thus in this case the shift of image due to prism in y-direction 
is given as 

Shift d = a o = 5 (_..'.:...) 
180 

" d=-cm 
36 

Now this image will act as an object for concave mirror. So for 
mirror formula we use 

u=-25 cm and/=-30cm 

uf 
v=--=150cm 

u-f 

V 
Also, m=- - =+6 

u 

Thus distance of image from principal axis is given as 

" " =-x6 =- cm 
36 6 

Geometrical _Opt~~ .. 

So co-ordinates of image formed after reflection from concave 

mirror are ( 17 5cm, ~cm} 

# Illustrative Example 5.58 

Monochromatic light is incident on a plane interface AB 
between two media ofrefractive indices n1 and n2 (n2 > n1) at 
an angle of incidence 0 as shown in figure-5.206. The angle 0 is 
infinitesimally greater than the critical angle for the two media 
so that total internal reflection takes place. Now if a transparent 
slab DEFG of un.iform thickness and refractive index n2 is 
introduced on the interface (as shown in figure), show that for 
any value ofn3 all light will ultimately be reflected back again 
into medium II. Consider two cases (i) n

3 
< n 1 and (ii) n2 > n1• 

Medium Ill (n 1) 

vr--------------------------------,E 
' ' ' ' I Medium Ill (n3) g1 : 

' ' A---G-'-----~-----~'~F __ B 

So/11tio11 

0, 
' ' ' 

Medium 11 (n2) 

g, 

Figure 5.206 

(i) In this case as n3 < n1, we can see that for n2 > n1 we have 
n3 << n2. Ifwe consider 0c be the critical angle for medium n1 

and n2 then we have 

"1 sine =-
c 112 

It is given that 0 is infinitesimally greater than 0c- Here we 
consider refraction from n2 to n3 where n3 < n2 and if0c'bethe 
critical angle for this interface, then we have 

113 
sin8 '=

c n2 

With the given conditions we have 0c' < 0c and_so 0 > 0/ 
Thus the ray will be totally reflected back into the medium 112• 

(ii) In this case when n2 > n1• In this case we have 

n3 
sin0 '=-

c 112 

But as per the given conditions we have 0c'> 0cand 0 < 0c'so 
the ray incident at 0, will be refracted into medium n,- If0' be 
the angle of refraction, then by Snell's law, we use 

sin0' = n2 

sin 0 n3 

11 
sin8'=sin8x --1... 

113 
... (5.96) 
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As 0 is slightly greater than 0cwe ca': use 

n1 
sin0=

nz 

Thus from equation-(5.96), we have 

Thus the light ray refracted into 113 will be incident at the interface 
DE at an angle 0' which is slightly greater than the 

corresponding critical angle. Thus the ray will be totally 

reflected back into n3 and finally transmitted to n2• 

# Il/11strative Example 5.59 

A prism with prism angle60° and refractive index M is given. 

Find the minimum possible angle ofincidence, so that the light 

ray is refracted from the second surface. Also find omru<" 

Solution 

As we know that minimum and maximum incidence angles are 
corresponding to the maximum deviation oflight ray through 

the prism. Figure-5.207 shows the ray diagram for the case of 

minimum incidence angle. 

Figure 5.207 

According to Snell's law, we have 

I x sin imin = H sin (A - C) 

sin imin =. H (sin A cos C-cosA sin C) 

sin i . =. {i [sin 60~1 -~ - cos 60 IIJ = _!_ 
mm 1/3 7 {7 2 

i . =30° mm 

o""' = imin +90° -A =30° +90°-60°=60°. 
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Practice Exercise 5.5 

(i) A glass prism ofangle 72° and index ofrefraction 1.66 is 
immersed in a liquid ofrefractive index 1.33. Find the angle of 
minimum deviation for a parallel beam in light passing through 
the prism. 

122° 221 

(ii) In figure-5.208 shown find the angle ofincidence of the 
light ray on face AB of the prism for which light will reach face 
AC at incidence angle 60°. 

(90°] 

A= 90° ,/' 

,,,, 

µ=2 

/ 
// 

'-----------~c 
Figure S.208 

(iii) A ray of light is incident on a glass slab at grazing 

incidence. The refractive index of the material of the slab is 

given byµ= ~(l + y). Ifthe thickness ofthe slab is d, determine 

the equation of the trajectory of the ray inside the slab and the 
coordinates of the point where the ray exits from the slab. Take 
the origin to be at the point of entry of the ray. 

(iv) A point source of light is placed directly below the 
surface of a lake at a distance h from the surface. Find the area 
on water from which the light will come out from water. 

(v) A ray oflight incident normally on one face of the faces 
ofa right angled isosceles prism is found to be totally reflected. 
What is the minimum value of the refractive index of the material 
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of the prism? When the prism is immersed in water, trace the 

path of the emergent ;ays for the same incident ray, indicating 

. values of emergence angle. (µw = 4/3) 

[1.414, 48°351 

(VI") Figure-5.209 shows a triangular prism ofrefracting angle 
90°. A ray oflight incident at face AB at an angle 0 refracts at 

point Q with an angle ofrefraction 90°. (a) What is the refractive 

index of the prism in terms of0 ? (b) What is the maximum value 
that the refractive index can have? What happens to the light 

at Q if the incident angle at Q is (c) increased slightly and (d) 

decreased slightly? 

A 

B'------------....0..CC 

Figure 5.209 

[(a) ~l+sin-28; (b) ..fi.; (c) No grazing emergence; (d) Total Internal 

Reflection] 

(vii") On one face ofan equilateral prism a light ray strikes 

3 
normally. !fitsµ= 2, find the angle between incident ray and 

the ray that leaves the prism. 

[60°] 

(viii) A long rectangular slab of transparent medium of 

thickness dis placed on a table with length parallel to x-axis 

and width parallel to the y-axis. Arayoflight is traveling along 

y-axis at origin. The refractive indexµ of the medium varies as 

µ = J1 + exld : The refractive index of the air is I. 

(a) Determine !hex-coordinate of the point A, where the ray 

intersects the upper surface of the slab-air boundary. 

(b) Write down the refractive index ofthe medium at A. 

y 

A 

d Glass slab 

X 

Figure S.210 

[2d In (2), -Js ] 

--·~e~m_!:trica[ O~t~ 

(ix) A light ray composed of two monochromatic 

components passes through a trihedral prism with refracting 
angle A = 60°. Find the angle t.o between the components of 

the ray after it passes through the prism if their respective 

indices of refraction are equal to 1.515 and 1.520. The prism is 
oriented to provide the least deflection angle. · 

[0.5'" approx] 

(x) A parallel beam oflight falls normally on the first face of 

a prism of small angle. At the second face, it is partly transmitted 

and partly reflected. The reflected beam strikes at the first face 
again, and emerges from it in a direction making an angle 6°30' 

with the reversed direction of the incident beam. The refracted 
beam is found to have undergone a deviation of IO 15' from the 
original direction. Find the refractive index of the glass and the 

angle of the prism. 

[ 13 l 
8 

(xi) A ray oflight is incident at an angle of60° on one face of 

a prism which has an angle of30°. The ray emerging out of the 
prism makes an angle of30° with the \ncident ray. Show that 
the emergent ray is perpendicular to the face through which it 
emerges and calculate the refractive index of the material of 

prism. 

[ Jj" l 

(xii) The refracting angle of a glass prism is 30°. A ray is 

incident onto one of the faces perpendicular to it. Find the 
angle o between the incident ray and the ray that leaves the 
prism. The refractive index of glass isµ= 1.5. 

[18.6°] 

(xiii) A ray oflight travelling in air is incident at grazing angle 

(incident angle= 90°) on a large rectangular slab ofa transparent 
medium of thickness t= I.Om (see figure-5.21 I). The point of 

incident is the origin A(O, 0). 

y 

Air 

I ' '. ; 
t = I.Om /(x,y) 

l 

I 

l _,/ 
/ 

_..,..,'--"..,c··--,',------=----'---.X 
A(O, 0) Air 

Figure 5.211 

The medium has a variable index ofrefraction µ(y) given by 

µ(y)= (ky3'2+ l)'/2 
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where k= 1.0 m-312• The refractive index ofair is 1.0. 

(a) Obtain a relation between the slope of the trajectory of the 
ray at pointB(x,y) in the medium and the incident angle at that 
point. 

(b) Obtain an equation for the trajectoryy(x) of the ray in the 
medium. 

(c) Determine the coordinates (x1, y 1) of the point P, where 
the ray intersects the upper surface of the slab-air boundary. 

(d) Indicate the path of the ray subsequently. 

[(a) 8 = co1-1 ~µ
2 
-I ; (b) x Jk = 4y114

; (c) 4, I; (d) ~~/,~,·: \ ,] 

5.14 Thin Lenses 

Lenses are the transparent medium bounded by two spherical 
surfaces. There are two types of lenses in general based on 
thickness of the lens at its center, thin and thick. Both lenses 
differ in context of image formation and analysis of image 
characteristics. One by one we will discuss upon both but more 
important is to understand 'Thin Lenses' which are most 
commonly used lenses in practice. 

Figure-5.212 shows the way how lenses are made by using two 
spherical surfaces. Figure-5.212(a) shows a case when the two 
surfaces bounding a region in between intersect at the edges 

and figure-5.212(b) shows the case when the two surfaces 
bounding a region in between do not intersect at the edges. 
First one is called 'Convex Lens' and second one is called 
'Concave Lens'. 

s, .. ----- ... 

Convex lens 

(a) 

...... ,, 
' ' ' ' ' ' ' ' ' / ___ ,,., 

(----x·----) 
,... _.,.,"' ......... _____ .. .-"' 

Concave lens 

(b) 

Figure 5.212 

. - --26.57 
- - - ----- - ___ J 

Convex and Concave lenses shown in figure-5.212 are basically 
lens families and these are further categorized in three ways. 
Convex lenses are of three types as given below 

1. Biconvex Lenses : These are the lenses bounded by two 
intersecting spherical surfaces having their center of curvature 
on different sides of the lens as shown in figure-5.213. 

2. Plane Convex Lenses : These are the lenses bounded by 
one spherical surface intersecting with one plane surface as 
shown in figure-5.213. 

3. Concavo Convex Lenses : These are the lenses bounded 
by two intersecting spherical surfaces having their center of 
·curvature on same side of the lens as shown in figure-5.213. 

Biconvex lens 

' 

c··t 
,._ .,.- I -. ... ____ I 

' 

,, .. ----..... 

// ->»·· ' , 
' ' I ( 

' ' . ' ' ' ' ' ' \ ', .. _ 
' , ', ... ______ .. ,.,"'" 

Plano convex lens 
Concavo convex lens 

Figure 5.213 

In the. manner described above for convex lenses, concave 
lenses are of three types as given below 

1. Biconcave Lenses: These are the lenses bounded by two 
non-intersecting spherical surfaces having their center of 
curvature on different sides of the lens as shown in figure-5.214. 

2. Plane Convex Lenses : These are the lenses bounded by 
one spherical surface not intersecting with one plane surface 
as shown in figure-5.214. 

3. Concavo Convex Lenses : These are the lenses bounded 
by two non-intersecting spherical surfaces having their center 
of curvature on same side of the lens as shown in figure-5.214. 
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' ' ' ' ' ' ' ' ' ' ' ' C ' ' . , ' ' _,, ......... ,,... ,, .; ... ______ ... _____ ... 
Biconcave lens 

' ----... I 

( -_-1 
,__ 11 

.... _ _.,...... : 
' 

Plano concave lens Convexo Concave lens 

Figure 5,214 

5.14.1 Converging and Diverging Behaviour of Lenses 

1h general lenses having made up of material denser then their 
surrounding like most common is the uses of glass lenses in air, 
In such cas.es when a parallel beam of light incident on the 
lenses, all convex lenses converges the beam after refraction to 
a point and all concave lenses diverges the beam after refraction 
which appear to come from a point behind the lens as shown in 

figure-5.215(a) and (b), 

: ~~ : ~'~ 
Focal point (focus) Focal point (focus) 

oflens oflens 

: $?,~~' 
oflens 

(a) 

Focal poitit (focus) oflens Focal point (focus) oflens 

Focal point (focus) of lens 

(b) 

Figure 5,215 

-_ - ·Geometrical ·OptiPl] 

Due to the above behaviour all convex lenses placed in rarer 
surrounding medium are called 'Converging Lenses' and all 
concave lenses placed in rarer surrounding medium are called 
'Diverging Lenses', As shown in figure-5.215 we can see that 
the converging lenses have a 'Real Focus'.on the side oflens 
where refracting rays exist and diverging lenses have a' Virtual 
Focus' on the side of the lens where incident rays exist. 

0 . 

The behaviour of both type oflens families get interchanged 
when the surrounding is denser than lens material. This is 
explained in figure-5.216( a) and (b) 

C 
,. 

__ j 

Focal point (foCus) of convex lenses in denser medium 

(a) 

7 
F' 

L 

(b) 

··g. 
0 ·.-'1 

F' 

_ _J 

Focal.point (focus) of concave lenses in denser medium 

Figure 5.216 

Note: Behaviour oflenses - converging or diverging is defined 
only for par~llel incident r~ys on it, there should not be any 
mi.sconception developed that a converging lens always 
converges all type of light rays. Its defined for parallel rays 
which a converging lens converges and a diverging lens 
diverges when the surrounding medium on the two sides of 
lens is saJ}1e. 

5.14.2 Primary and Secondary Focus of a Lens 

When light rays are refracted from a lens then _there are two 
focal points defined for a lens, primary and secondary for both 
concave and .convex lenses, Figure,5.217(a) ,shows primary 
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focus of a convex lens. This is the point on one side of lens 
where ifan object is placed then after refraction all light rays 
will become parallel to the principal axis of the lens. 
Figure-5.217(b) shows the primary focus ofa concave lens. 
This is the point toward which if a converging beam oflight is 
incident on lens then after refraction these light rays become 
parallel to principal axis of the lens. 

l+--/,---+I 

(a) 

(b) 

Figure 5.217 

Figure-5.218(a) shows parallel light rays incident on a convex 
lens which after refraction through the lens meet at the focus 
on the other side oflens, this is called secondary focus of the 
convex lens. Similarly when parallel rays incident on a concave 
lens as shown in figure-5.2 l 8(b ), after refraction light rays 
diverge in such a way that these appear to come from the focal 
point located behind the lens, this is called secondary focus of 
the concave lens. 

!+--/,--+I 

(a) 

F, "'.:::~--

virtual Image 

(b) 

Figure 5.218 

Note : For thin lenses the focal length of the lens for both 
primary and secondary focus is same. This we can also prove 
after understanding the calculation offocal length of the lens in 
coming sections. 

··255; 

5.14.3 Standard Reflected Light Rays for Image Formation 
by Thin Lenses 

There are three standard incident paraxial rays and their 
corresponding refracted rays after double refraction through a 
thin lens, using which we can roughly analyze the location of. 
image on the principal axis of the lens. Any two of the three 
standard rays we can use for finding the relative position of 
image produced and understanding of these rays also helps in 
analyzing the ray diagram for image formation by a lens in 
different situations. We will discuss these rays one by one. 

Ray-1 : Incident on the lens parallelto the principal axis 

Figure-5.219(a) and (b) shows a paraxial light ray incident on 
the convex and concave lens which is parallel to principal axis 
which after refraction from the two surfaces of the lens passes 
through the primary secondary focus of the lens. In case of 
convex lens it actually passes through the focal point whereas 
in case of concave lens it appears to pass through the focal 

point as shown. 

F, 

(a) 

(b) 

Figure 5.219 

Ray-2: Incident on the lens directly :it the optic center of the 
lens 

Figure-5.220(a) and (b) shows a paraxial light ray incident on 
the convex and concave lens at the optic center of the lens. As 
lens is thin at the center it behaves like a glass slab as shown in 
inset view so the light ray passes undeviated with small lateral 
displacement which can be ignored and considered the ray 
passing straight if incident on the optic center of the lens. 

F, 

(a) 
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F, 

(b) 

Figure S.220 

_ Ray-3: Incident on the lens along the direction of primary 
focus 

Figure-5.221 ( a) shows a paraxial ray passing through the primary 
focus of the convex lens and then incident on the lens, this ray 
after refraction becomes parallel to the principal axis of the lens. 
Similarly for a concave lens, a light ray which is incident on the 
lens along the line passing through its primary focus as shown 
in figure-5.22l(b) becomes parallel after refraction. 

., 

(a) 

(b) 

Figure 5.221 

_Now using these cases of paraxial incident and refracted rays 
we can discuss various cases of image formation by convex 
and concave mirrors for different positions of object. 

5.14.4 Image Formation by Convex Lenses 

Whenever an object location is given for a convex lens then 
using any two of the three incident rays and corresponding 
refracted rays discussed in article-5.12.3 we can find the image 
location using ray diagram. There are some positions riear to 
principal axis in different regions where if an object is placed, 
using ray diagram we can get some information about the image 
formation. This information is very helpful in rough analysis 
while solving different types of questions based on image 
formation. For both convex and concave lenses we are going to 
discuss different cases for position of object in front of the 
lenses and its corresponding image produced. First we will take 
up the cases for convex lenses in which there are five possible 
cases we will discuss for a real object in front of the convex. 
lens. 

Case-I: Object is located at infinity 

As already discussed while analyzing reflection cases that there 
are two possibilities of an object at infinity. One is when all 
incident rays are parallel to principal axis when image produced 
is real and located at focus of the mirror as shown in 
figure-5.222(a) and other possibility is when incident rays are at 
some angle to principal axis when image produced is real and 
located in focal plane as shown in figure-5.222(b). In both of 
these cases we have considered the image produced is highly 
diminished in size, real and inverted (produced on the other 
side of principal axis as that ofobject). 

(a) 

(b) 

Figure 5.222 

Focal 
plane 

' ' ' 
iF 

Case-II : Object is located beyond 2F point 

2F 

2F 

Figure-5.223 shows this situation in which object is a small 
candle and we find the image of tip of the candle by considering 
ray-I and ray-2 as discussed in article-5.12.3. With this ray 
diagram we can conclude that the image produced for this 
location of object (placed beyond 2Fpoint on principal axis) is 
real, located between F and 2F, inverted ( on other side of 
principal axis) and smaller in size than that ofobject. 

i~ ' ' 2F F , ! 
I 

Figure 5.223 

Case-ID: Object is located at 2Fpoint on Principal Axis 

Figure-5.224 shows this situation in which object (candle) is 
located at 2F point and we find the image of the candle by 
considering ray-I and ray-2 as discussed in article-5.12.3. With 
this ray diagram we can see and conclude that the image 
produced for this location of object (placed at 2F point on 
principal axis) is real, located at 2Fpoint on other side oflens, 
inverted (on other side of principal axis) and of same size as that 
of object. 
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Figure 5.224 

Case-IV : Object is located between F and 2F points on 
Principal Axis 

Figure-5.225 shows this situation in which object (candle) is 
located between Fand 2Fpoints and we find the image of the 

candle by considering ray-I and ray-2 as discussed in 
article-5.12.3. With this ray diagram we can see and conclude 
that the image produced for this location of object (placed 
between Fand 2Fpoints on principal axis) is real, located beyond 
2Fpoint, inverted (on other side of principal axis) and enlarged 
compared to that of object. 

2F 

Figure 5.225 

Case-V: Object is located at Focus 

Figure-5.226 shows this situation in which object (candle) is 

located at focal point of the lens and we find the image of the 

candle by considering ray-I and ray-2 as discussed in 
article-5, l 2.3, With this ray diagram we can see that the refracted 

rays are parallel and will produce image at infinity So we can 
conclude with this diagram that image produced will be at infinity, 
inverted ( on the other side of principal axis) and highly enlarged, 

2F 

Figure 5.226 

Case-VI: Object is located between Focus and Optic Center 

Figure-5.227 shows this situation in which object (candle) is 
located between O andFand we find the image of the candle by 
considering ray-I and ray-2 as discussed in article-5.12.3. With 

this ray diagram we can see that these refracted rays from lens 
are diverging in a way that these appear to be coming from the 
point /behind the lens from a virtual image, So for this location 
of object (placed between O and Fon principal axis) image 

produced is located behind the lens, virtual, erected (on the 
same side of principal axis) and enlarged, 

2F 
2F 

Figure 5.227 

Above six cases are general cases which explains the relative 
position, nature and orientation ofimage produced by a convex 
lens for a real object placed close to its principal axis using 
paraxial rays, While solving different questions above cases 
give an idea about the estimation ofimage produced upto some 
extent before going for the exact process of image formation. 

5.14.5 Image formation by Concave Lenses 

Unlike to the different cases of image formation by a convex 
lens for different positions of object in front of it, in case of a 
concave lens there are only two possibilities ofimage formation 
for a real object placed in front ofit. 

Case-I: Objectis located atinfinity 

When light rays from distant object fall on a concave lens, 
these rays diverge after refraction in such a way that for incident 
rays parallel to principal axis a image is obtained at focal point 
of mirror as shown in figure-5.228(a) and for incident rays non 
parallel to principal axis image is obtained in focal plane as 
shown in figure-5.228(b). The image produced will be virtual, 
diminished and erected (produced on the same side of principal 
axis where object is located). 

2F 

(a) 

(b) 

Figure 5.228 

F 2F 
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Case-II: Object is placed anywhere in front of the lens 

Figure-5.229 shows a situation in which the object (candle) is_ 
placed in front of the concave lens and to find image using ray 
diagram we consider ray-I, ray-2 and ray-3 as mentioned in 
article-5.12.3. We can see in this figure that the image is formed 
by back extension of the reflected rays corresponding to these 
incident rays from the object and the image is produced behind 
the mirror between Fand 0, virtual, diminished and erected ( on 
the same side of principal axis as that of object). 

,--

Figllre 5.229 

5.14.6 Focallength of a thin lens 

Figure-5.230 shows a thin convex lens on which parallel light 
rays incident from left and after two refractions at its spherical 
surfaces of radius R

1 
and R2 light rays converge to its focal 

point at a distance called the 'Focal Length' of the lens and it is 
denoted by 'f'. We will find out this focal length/by using the 
analysis ofrefraction oflight at the two surface. 

Figure 5.230 

For first surface if we use the refraction formula as given below 

!':,_ - 1':!. = µ,-µ,. 
V ll R 

Geoinetric~l <;)pJk~ 1 
Again with same sign convention we can use u ~ v1, v = f, 
µ 1 = µ, µ2 = I and R=R2 and we get 

J__~=l-µ 
f v1 R, 

... (5.98) 

Note : In above equations-(5.97) and (5.98) we have not 
considered the signs of u, R1 and R2 as the lens can be of 
different types among the six types as explained in article-5.12. 
Adding the two equations, we get 

J.. =(µ-1) (__I__ __ l ) 
I R, R, 

... (5.99) 

Above equation-(5.99) is called 'Lens Makers Formula' used 
to calculate the focal length of a thin lens. With this expression 
we can see that focal lens of thin lens for both primary and 
secondary focus remain same on the two sides of the lens. The 
above formula is used when a thin lens is kept in air and if a thin 
lens of refractive index µ is kept in a surrounding medium having 
refractive index µa then the above formula can be modified as 
given below in equation-(5.99). 

~=(:,-1)(;,-~J ... (5.100) 

5.14. 7 Focal length of different types of standard thin ler.aes 

By using Lens Makers Formula we can find the focal length of 
any thin lens but for quick reference we are giving here the 
direct relations for magnitude of focal length of some standard 
shaped lenses. 

1. Equiconvex or Equiconcave Lenses : These lenses have 
same radii ofcurvature of the two surfaces sowe useR 1 = R2 = R 
and for this equation-(5.99) will reduce to the form given below 
because the two center ofcurvatures oftht, surfaces are on the 
opposite sides of the lenses and these will have different signs. 

. .. (5.101) 

Herewesubstituteu=inf, µ1= I, µ2 = µ and R =R, and we get Now usingR, =R, =R, we get· 

... (5.97) 

Figure-5.230 shows that first imageJ1 is obtained after refraction 
from first surface at a distance v1, which can be treated as object 
for the light rays inside the lens falling on the second surface. 
After refraction from second surface the final image is produced 
at Fas all refracted rays converge at focal point oflens. So if we 
again use the refraction formula for refraction at the second 
surface 

µ, 1':!. = µ, -µ, 
Vi u R 

R 
/=--

2(µ-l) 
... (5.102) 

Equation-(5.1_02) gives only the magnitude of the lens. When 
we use this focal length in image formation by a lens then it is 
substituted with appropriate sign. 

2. Plano-Convex or Plano-Concave Lenses : These lenses 
have one plane surface so we can takeR 1 = inf and R;=R and 
for this equation-(5.99) will reduce to the form given below. 

R 
f= (µ-1) ... (5.103) 
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3. Concavo-Convex or Convexo-Concave Lenses: Such lenses 

have different radii of curvature and their centers of curvature 

lie on the same side oflens so the signs of the two radii R1 and 
R2 will be same and the equation-(5.99) will reduce to the form 

given below 

R1R2 f= -----,~____, 
(µ-l)IR1 -R,I 

... (5.104) 

Above equations-(5.101) to (5.104) students can keep on tips 

for quick reference for calculation of focal length magnitude of 

any thin lens while solving a problem of image formation. 

5.15 Analysis of Image Formation by Thi11 Lenses 

For finding the exact location of image produced by a thin lens 
made up ofa medium ofrefractive indexµ, we can start by using 
refraction formula twice for refraction at the two surfaces of the 

lens. Figure-5.231 shows a biconvex lens and a point object is 

placed at a distance u from the optic center of the lens on its 

principal axis. Ifwe analyze the image produced due to refraction 

at its first surface S1 which is at location 11 as shown in figure, 
we will use the refraction formula for this. 

1:':,_ .!:!. =µ,-µI 
v. u R 

... (5.105) 

Here we use u= u, v= v1 µ 1 = I, µ2 = µ and R=R1 (for first 

surface) and we are not ~sing signs as in general case lenses 

can be of different types and object can also be at different 

_locations. This gives 

269.J 

As we have 1 ( I I ) 
f =(µ-!) R1 - R2 . 

V u f 
... (5.108) 

Equation-(5.108) is called 'Lens Formula' used to find the 
location of image produced by a thin lens for a specific object 

for paraxial rays incident on the lens. 

As we have already discussed that for thin lenses magnitude of 
primary and secondary focal lengths of lenses are equal but 
their signs are different as these exist on two different sides of 

the lens. For thin lenses when a light ray incident on it then in 
above lens formula we always use its secondary focal length. If 
we use incident ray reference sign convention then always the 
focal length of a converging lens is positive and that of a 
diverging lens is negative whereas in cartesian coordinate 

system sign conv,;ntion it depends upon the direction from 

which light ray incident on the lens. As already discussed that 

in this chapter we are using cartesian coordinate sign 
convention in solving different questions of geometrical optics. 
If students wish then they can also solve each problem using 

the other convention also. 

5.15.1 Lateral Magnification in Image Formation by a Thin 
Lens 

Figure-5.232 shows a small object (candle) placed on the 

principal axis of the lens at a distance u from the optic center of 

S,(R,) S,(R,) 

· · · (5.106) the lens and it produces an image I which is real and inverted. If 

the heights of the object and image above the principal axis are 
hand h' respectively then from the figure we can see that the 

angular sizes of both the object and image are same on the two 

sides oflens and it is equal to 0. 

0 I 1, 

I<--- u ------ ' ----+I 
\<----- v,----

Figure 5.231 

Now for the light ray inside the lens which falls on the second 
surface S2 will again suffer refraction for which again we use the 

refraction formula as given in equation-(5.105) with u·= v1, v= v, 

µ1 = µ, µ2 = I and R = R2• This gives 

1:_=l-µ 

V Vi R2 
... (5.107) 

Adding equations-(5.106) and (5. 107), we get 

.!_ - .!_=(µ-!)(_.!._ __ I ) = _!_ 
V u R, R, - f 

1+---u--,....----v----+1 
Figure 5.232 

From the two triangles formed by object height and image height 

on principal axis we have 

Where 

h h' 

U V 

h'= (;;-}1=mh 

m 
Height of Image (h') 

Height ofOjbect (h) 

V 

u 
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Herem= (v/u) is called 'Lateral Magnification' bya thin lens 
used to find the si_ze of image and its orientation. In this relation 
of lateral magnification u and v are substituted with proper 
signs according to sign convention which can result in positive 

and negative values of m. Positive value of m denotes that 
image is erected or on the same side of principal axis and 
negative value of m denotes that image is inverted or on the 
opposite side of the principal axis of the lens. 

5.15.2 Longitudinal Magnification by a Thin Lens 

Lateral magnification formula for thin lenses gives the image 
height above the_principal axis of mirror and in this section we 
will discuss about the image width along the principal axis ofa 
thin lens. The relation in object and image width along the 
principal axis of mirror is called 'Longitudinal Magnification' 

as given below. 

Longitudinal magnification ofimage is given as 

Width of Image along Principal Axis 

ml= Width of Object along Principal Axis 

A 

2F +tdxt+- F F 2F A' B' 
l<;Jy' 

f+-- X -->l+----y ----+I 

Figure 5.233 

Figure-5.233 shows image formation of an object located at a 
distancex from the convex lens offocal length/which produces 
an image of this object at a distance y which is real inverted and 

enlarged because object was placed between F and 2F points. 
Here we can see that object edge A was close to C so 
corresponding image edge A' is also closer to C. Ifwe consider 
object is of very small width d< and image produced is having a 
width dy then from lens formula we have 

V u I 
Here by coordinate sign convention we use u = -x,f = + f and 

v=+y 

I y -x 

Differentiating this expression we get 

I I 
O=- -d<- -dy 

xi Yi 

From this relation we can get the 'Longitudinal Magnification' 

as 

,ly y2 
m =--- =-m2 

L d< x' ... (5.109) 

G~om~tric_aJ_Optics I 
For small width object if image is produced by a thin lens 
( converging or diverging) then image width can be calculated 
by using the equation-(5.109). But if object size is large then 
this relation cannot be used and in that case we need to calculate 

the image of both edges of the object along principal axis and 
take the difference as explained in figure-5.80 in ariticle-5.9.5 for 
spherical mirrors. 

5.153 Variation Curves oflmage Distance vs Object Distance 
for a Thin Lens 

We have discussed the lens formula which relates the image 
distance from pole of mirror for a given object distance. The 
lens formula is given as 

=> 

I 

I V u 

u 
v=--

~+I 
I 

... (5.110) 

As focal length ofa given lens is constant and it can be positive 
or negative depending upon the sign convention and type of 
lens used. The above function given in equation-(5.110) can be 
plotted as shown in figure-5.234(a) and (b) for a converging 
and diverging lens with negative x direction on left and 
positive x-direction on right which we generally consider. 

Real Image of 
Real object 

' ' ' ' ' ' ' ' ' ' 

V 

Real Image of virtual object 

l v=+/ 
-----------------+--- ---------------------

' ' u=-11 
' ' ' ' ' Virtual image : 

of real object : 
' ' 

(a) 

V ' 

' 
Diverging Lens 
Image of Real 
Virtual object 

u 

---------IL--+-------•u 
u=+f 

--------------------- --· + ·----------------v=-f Q I 

Virtual image 
of real object 

' ' ' ' ' ' ' ' ' ' ' 
(b) 

Figure 5.234 

Virtual image 
of virtual object 
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5.15.4 Effect of motion of Object and Lens· on Image 

When object or lens is in motion the distance between object 
and lens changes which affects the position and size of image. 
To find the image velocity and for analysis of image's motion 
we can differentiate the lens formula and find the rate at which 
distances between image and lens is changing. Ifwe consider x 
andy as object and image distance from pole of mirror of focal 
lengthfthen by lens formula we have 

I I 

f Y X 

Differentiating the above relation with respect to time, we get 

O=--· dx __ . dy 
x2 dt y 2 dt 

· Where dx is the relative velocity of object with respect to the 
dt 

lens and dy is the velocity of image with respect to lens. 
dt 

1 1 ·dx dy 
~ O=- x2 ·v0 - y2 ·v,(using dt =v0 and dt =v,) 

y2 
~ v.=- - 2 v0 =-m2v

0 
••• (5.111) 

' X 

Where m is the lateral magnification produced by the mirror. 
The expression of image speed as given in equation-(5.111) is 

valid only for the velocity component of the image and object 
along the principal axis of the lens. If the object and mirror is in 
motion along the direction normal to principal axis we can 
directly differentiate the height of object and image above · 
principal axis which are related as 

h;=mh0 

Differentiating this with respect to time we get 

dh; dh0 
dt=m dt 

~ viN=mvoN 

dh; dh0 
Here we can use dt= viN and. dt = v

0
N which are the 

velocity components of image and object respectively in 
direction normal to the principal axis. 

# Illustrative Example 5.60 

Focallength ofa thin lens in air, is IO cm. 
Now medium on one side ofthe lens is 
replaced by a medium of refractive 
indexµ= 2. The radius of curvature of 
surface of lens, in contact with the 
medium, is 20 cm. Find the point on I.,,= IO cm 

R=20cm 

µ=2 

principal axis where parallel rays Figure 5.235 

incident on lens from air parallel to axis will converge. 

·- -··-· ·-· 271 [ 

Solution 

Let the radius offirst surface beR1 and refractive index oflens 
be µ and parallel rays be incident on the lens. Applying 
refraction formula at first surface 

.!:_ __ =µ-! 

Vi 00 R1 

Refraction formula at second surface 

~-.!:. = 2-µ 
V VI -20 

Addingequation-(5.112) and (5.113), we get 

.!:._~ + ~-.!:.- µ-1 + 2-µ_ 
~ 

V1 00 V Vi R1 -20 

... (5.112) 

... (5.113) 

~ 
2 1 .. 1 2 1 1 I 
- = -(mair)+--- = -- - = -
V f 20 20 1 Q 20 20 

~ v=40cm 

IO 20 

Thus all parallel rays incident on the lens will focus at a point 

40cm from the lens in the medium with refractive index 2. 

# Illustrative Exainple 5.61 

A biconvex lens has focal length 50 cm and the radius of 
curvature of one surface is double that of other. Find the radii 
ofcurvature if refractive index oflens material is 2. 

Sohttion 

For biconvex lens focal length oflens is given as 

And we are given withR2=2R1 

~ 

~ 

~ 

2R1 2R1 f= --
(µ-1)(3R1) - 3(µ-1) 

R1 =75cm 

R2 =150cm 
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#Jllustrative Example 5.62 

A convex lens of focal length 20 cm is placed at a distance 5 cm 

from a glass _plate(µ=%) of thickness 3 cm. An object is 

placed at a distance 30 cin from lens on the other side of glass 
plate. Locate the final image produced by this optical setup. 

Solution 

Figure-5.236 shows the optical setup described in question 
and the ray diagram for image formation. 

-- + 

5cm 3cm 

4 o------
!+--30cm-----+! µ=3/2 

Image 
1--S ->I 

1+----,0cm----+1-lcm-i>I 

Figure 5.236 

For lens formula to be used in refraction by lens,_ we use 

11=-30cm 

=> 

=> 

/=+20cm 

V U f 

I I I 
-+-=-
v 30 20 

20x30 
v=--- =60cm 

IO 

Shift of image due to refraction by the glass slab is given as 

=> 

Thus position of final image= 60+ I= 61 cm. 

# Illustrative Example 5. 63 

A diverging lens of focal length 20 cm is placed coaxially 

5 cm toward left ofa converging mirror of focal length IO cm. 

Where would an object be placed toward left of the lens so 

that a reai- i,u~f;:.O :., .. :.,iuu:::u on object itself. 

Geometrical OptiCs l 
- - - ·- .A 

Solution 

Due to reflection by a mirror, image of object is formed on itself 
when reflected rays fulls normally on the mirror and retrace the 
path of incident rays. For this the image produced by the lens 
must be formed ·at the center of curvature of the mirror as 

shown in raydiagram-5.237. · 

fi=20cm 

/2,=IOcm 

I -- / 

0 C 
1, 

R=20cm 

' ' 1,,,, xj 
' 

60cm 
15cm 

./ 

5cm 

Figure 5.237 

For lens formula, we use 

=> 

=> 

=> 

u =-x 

f=-20cm 

v=-15 cm 

I 
--- =-
v ll f 

I I -1 
--+- ~-

15 X 20 

I 4-3 I. 
----------
x 15 20 60 60 

x=60cm 

# Illustrative Example 5. 64 

A convex lens is held 45 cm above the bottom of an empty 
tank. The image of a point on the bottom of a tank is formed 
36 cm above the lens. Now a liquid is poured into the tank to a 
depth of 40 cm. It is found that the distance of the image of the 
same point on the bottom of the tank is 48 cm above the lens. 
Find the refractive index of-the liquid. 

So/11tio11 

When the tank in empty and point object O is placed at the 
bottom of the tank, then for lens formula we use 

u =-45 cm and v=+36cm 

Using lens formula, we have 

1 
--- =-
v u f 

=> 
UV -45x36 ]620 

J=--=---=--=20cm 
u-v -45-36 81 
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When the liquid is poured in the tank to a depth 40 cm, then 
image is produced at 48cm above the lens so again for lens 
formula we use 

v'=+48cm 

ifu'be the distance of the object O'for image to be produced 

at 48cm from lens then we use 

u' v' f 48 20 

Solving we get 

u'=-34.29cm 

The distance between liquid surface and lens is 5 cm 

Distance of O'from the surface is 34.29-5 =29.29 cm which is 

the apparent depth of object below water surface at which 

when it is placed, image is produced at the specified location. 

The refractive index ·ofliquid is given as 

Real depth 40 
µ= =-- =137 

Apparent depth 29.29 · 

# Ill11strative Example 5. 65 

An object ofheight 4 cm is kept to the left of and on the axis of 
a converging lens of focal length IO cm at a distance of 15 cm 

from the lens. A plane mirror is placed inclined at 45° to the lens 
axis, IO cm to the right of the lens. Find the position and size of 

the image formed by the lens and mirror combination. Trace 
the path of the rays forming the image. 

Solution 

Let AB be the object placed at a distance of 15 cm from the lens 

as shown in figure-5.238. We shall calculate the position of 
image formed by this lens in absence of plane mirror. 

For lens formula we use u1 =-15 cm, and f=+ 10 cm 

3-2 
=> - =--.- =--=-

10 15 30 30 

or v1 =+30cm 

So the image would be formed at 30 cm from the lens to the 
right ofit 

M "ti . b I . v, 30 agm 1cat10n yens ts m1= - = - =2 u, 15 

=> Size of the image= 2 x 4 = 8 cm 

The image produced by lens is / 1 which is shown by A
1
B

1 
in 

figure-5.238. 

273 ! 

B 

A 

Figure 5.238 

The image / 1 acts as the object for the plane mirror and after 
reflection oflight rays from the plane mirror final image produced 

is Az82. In a plane mirror, the image formed is at same distance 

at which object is kept from it and size remain same. So the final 
image is produced at a distance 30- IO= 20cm as shown in 

figure-5.238 at an angle 90° to the principal axis as mirror rotates 

the reflected rays by twice the angle at which mirror is rotated. 

# Illustrative Example 5. 66 

A point object is placed at a distance of 0.3m from a convex 
lens of focal length 20cm which is cut into two halves each of 
which is displaced by 0.5 mm as shown in figure-5.239. Find 

the position of the image. If more than one image is formed, 

find their number and the distance between them.-

_Amm 
v 

Figure 5.239 

Solution 

We have studied that every part ofa lens behaves like complete 

lens and produces a separate image so in this case two images 

are obtained. The image formation is shown in figure-5.240. 

11 ........... -" v+--=· 

oE--+=r=--;,
d 

12 ...... ___ __ 

I+--U·--'J.--- V·---~ 

Figure 5.240 

The light rays from object passes through optical centres 0
1 

and 0 2 undeflected. The images of Oare produced at/1 and /2 
due to upper and lower part of lenses. To find the location of 
images we use refraction formula as 

I 
--- =-
v u f 
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For refraction formula we use u = -30cm and/=+ 20cm 

I I I I I I 
- - -+- - --+- - -
V U f 30 20 60 

v=60cm 

If d is the distance between the two images 11 and 12 then 
separation between these two images can be calculated from 
triangle t..OO1O2 and MJ/2, in which by similarity, we use 

d u+v 

OP2 u 

d 30 + 60 

0.05 + 0.05 3 0 

Solving we get d=3mm 

#Illustrative Example 5.67 

A thin converging lens of focal length/= 25.0cm forms the 
image of an object, on the screen, at a distance 5cm from the 
lens. The screen is then drawn closer by a distance 18cm. By 
what distance should the object be shifted so that its image on 

the screen is sharp again? 

Solution 

Since the image is formed on the screen, it is real 

I I I 
Now -+- =-

v u f 

or - =---= v-f 
U f V fa 

fa 
u=--

v-f 
... (5.114) 

In the second case, let the image is formed at v- t.v. Let the 
corresponding position of object be u - t.u. Now. 

. f(v-t.v) 
u+ t.u = 

(v-t.v)- f 
... (5.11~) 

The shift of the object u + t.u - u = t.u 

Subtracting equation-(5.114) from equation-(5. I 15), we get 

f(v-t.v) fa 
t.u= 

(v-t.v)-f v-f 

f(v-t.v)(v- f)- fa((v-"/:;.v)f) 
~ t.u= {(v-t..v)- f}(v- f) 

~. 
fzt.v 

t.u=--"-=---
(v-t.v- f)(v- f) 

t.u= z[ t..v ] 
(v-f) 1--

(v- /) 

-~§_eO!i'letrical Op!§j 

/2 
Av [ Av ]-I 

t.u= (v- /)2 1- (v-/) 

fzt.v 
t.u"' ~---,-

(v-/)2 
(neglecting higher terms) 

Substituting the given values, we have 

t.u" _(~25~)_
2
_x_l8_" (25)

2 
xl8 ,, 0_5 mm. 

(500-25)2 (475)2 

# Illustrative Example 5. 68 

Determine the position of the image produced by an optical 
system consisting ofa concave mirror with a focal length of 
IO cm and a convergent lens with a focal length of20 cm. The 
distance from the mirror to the lens is 30 cm and from the lens 
to the object is 40 cm. Find the image produced after one 
refraction from lens and one reflection from mirror. 

Solution 

Object is placed at distance 2/from the lens so its image is also 
formed at distance 2/ on other side. For mirror this image acts 
as an object which is located at a distance of 10cm and we 
apply mirror formula in this case for which we use u =+I 0cm 

and/=-!Ocm 

I I I 
-+- =-
u V f 

I I I 
-+--=--
v +IO -IO 

v=-5cm 

Ray diagram for image formation is shown in figure-5.24 I below. 

1<----40cm----->1 

l-40cm 

l+--Scm 

Figure 5.241 
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# Illustrative Example 5.69 

A small angled prism (refractive indexµ and angle a) and a 
convex lens are arranged as shown in figure. A point object 0 
is placed as shown. 

(a) Calculate the angle of deviation of the rays hitting the 
prism at nearly normal incidence 

(b) If the distance between object, prism and the lens are 
shown in the figure, locate the .position of the image both 
along and transverse to the axis. 

Solution 

The optical setup described in question is shown in figure-5.242 
below. 

I 
ct 

O' 
halo:~';.-=-:.:::: 

' ' ' ' ' ' ' ' ' ' ';<----/--l+-

Figure 5.242 

Figure change from printouts ... 

(a) The deviation produced by the prism 

8=(µ-l)a 

(b) The prism forms image of the object at O'. 

OO'=Bf=(µ-1)af 

The image O'becomes object for lens. 

. 1 f< 3/ Now using ens ormula, we have u = -2 so we use 

1 --- --
v u f 

1 1 ---=-
v 3/ f 

2 

1 
---
v 3/ 
v=3f 

II' V 
Also 

00' u 

3/ 
= (3{) =2 

I' 

which gives Il'=2(00) 

=2(µ-l)ef 

Thus image position is 3/ on the right side of the lens along the 
axis, and 2(µ- !)a/transverse to axis. 

# Illustrative Example 5. 70 

A strong source oflight when used with a convex lens produces 
a number of images of the source owing to feeble internal 
reflections and refraction called flare spots as shown in 

· figure-5.243. These extra images are F 1, F2, •••• If Fn is the 
position of nth flare spot, then show that 

F, 

Solution 

(n+l)µ-1 

In f(µ-1) 

•F 
' ' ' ' ' ' ' l+----/----oi' 

Figure 5.243 

Light converges at F 1 after two refractions and one reflection 
from the lens. So we use 

1 2 1 
-=-+-
F, fe fm 

Where focal length of equivalent independent lens is given do 

1 . (1 lJ - =(µ-1) ---
fe R1 R2 

~ =(µ-1)(-1 __ 1 ) =(µ-1)2_ 
f +R -R R 

R=2(µ-l)f 

2 2 
-=-+----
F, f 2(µ-1)/ 

2µ-1 

F, (µ-1)/ 

For F2, there are three refractions and two reflections 

1 3 2 
-=-+-
F, Ji fm 

3 2 3 4 
--+----+-
- f R/2 - f R 
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~,2-7-6-,-,.-,,------- -

3 4 
=-+ 

f 2(µ-1)/ 

Fn 
By using lensformula 

3 2 
=-+ 

f (µ-l)f 

3(µ-1)+2 

(µ-!)/ 

(n+l)µ-1 

(µ--!)/ 

--.- =-
v u f' 

3µ-1 

(µ-!)/ 

where u=+l5cm,f=+30cm 

we have ---=--
V +15 +30 

which gives v=+lOcm 

The plot ofrays is shown n figure. 

# Illustrative Example 5, 71. 

A small fish, 0,4 m below the surface ofa lake, is viewed through 
a simple converging lens offocal length 3m. The lens is kept at 
0.2 m above the water surface such that the fish lies on the . 
optical axis ofthe"lens. F_ind the image of the fish seen by the 
observer. The refractive index of water is 4/3. 

Solution 

-
The apparent position of the object O from the surface of water 
is 

h . 0.4 
h'=-=--

µ 4/3 
=0.3 

Figure S.244 

The distance Pl=0.3+0.2=0.5m 

For convex lens, we use 

u=-0.5m,f=+3m 

By lens formula, 

r- - ----

I I I 
--- = - we have 
V U j' 

V -0.5 . 3 
v=-0.6m 

·, Web Reference at www.physitsgalaxy.com 

Geometrical Optics I 

Age Group-·High School Physics I Age 17-19 Years 
Section-OPTICS 
Topic - Geometrical Optics III- Thin Lenses 

i Module Number- I to 14 

Practice Exercise 5. 6 

(i) A point source of light is kept at a distance of 15 cm 
from a converging lens, on its optical axis. The focal length of 
the lens is 10 cm and its diameter is 3 cm. A screen is placed on 
the other side of the lens, perpendicular to the aids of the lens, 
at a distan_ce 20·cm from it. Find the area of the illuminated part 
of the screen ? 

[(n/4) cm2] 

(ii) A 5.0 diopter lens forms a virtual image which is 4 times 
the object placed perpendicularly on the principal axis oflens, 
find the distance of object from lens. 

[15 cm] 

(iii) A point object is placed at a distance of25 cm from a 
convex lens pf focal length 20 cm. If a glass slab of thickness t 
and refractive index 1.5 is inserted between the lens and the 
object, the image is formed at infinity. Find the thickness t? 

[15 cml 

(IV) A convex lens of focal length 20 cm and a concave lens 
offocal length IO cm are placed 10 cm apart with their principle 
axis coinciding. A parallel beam oflight of diameter 5 mm is 
incident on convex lens symmetrically. Prove that emerging 
beam will also be parallel & find its diameter. 

[2.5 mm] 

(v) A convex lens of focal length 20 cm is placed 10 cm in 
front ofa convex mirror of radius ofcurvature 15 cm. Where 
should a point object be placed in front of the lens so that it 
produces image on itself? 

[100 cml 
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@:eometrical Optics 

(vi) A converging lens of focal length 20 cm is separated 8 
cm from a diverging lens of focal length 30 cm.A parallel beam 
of light falls on converging lens and after passing through 
diverging lens focussed at point P. Find the location of point P. 
Repeat the calculation for the case when the parallel beam first 
falls on diverging lens. 

[42.2 cm from convex lens] 

(vii) Two symmetric double convex lenses A and B have same 
focal length but the radii ofcurvature differ so thatRA-0.9 R

8
. 

Ifrefractive index of A is 1.63 find the refractive index of B. 

[ I. 7] 

(viii) An object is placed at 20 cm left of the convex lens of 
focal length l O cm. If a concave mirror of focal length 
5 ,m is placed at 30 cm to the right of the lens, find the 
magnification and the nature of the final image. Draw the ray 
diagram and locate the position of the final image. 

[At the objeCt and of same size] 

(ix) In the figure-5.245 it is shown, the focal length/of the 
two thin convex lenses is the same, They are separated by a 

horizontal distance 3/ and their optical axes are displaced by a 
vertical separation 'd' (d< </), as shown. Taking the origin of 
coordinates O at the centre of the first lens, find the x and y 
coordinates of the point where a parallel beam ofrays coming 
from the left finally gets focussed ? 

y 

__ ld ------- . - ---· -- F 2F X 

- 3/ 

Figure 5.245 
[(5/, 2d)] 

(x) A convex lens of focal length 10 cm is placed 30 cm in 
front ofa second convex lens also of the same focal length. A 
plane mirror is placed behind the two lenses. Where should a 
point object be placed in front of the first lens so that its image 
is produced on itself? 

[20 cm] 

(>i) A small pin ofsize5 mm is placed along principal axis of 
a convex lens of focal length 6 cm at a distance 11 cm from the 
lens. Find the size ofimage of pin. 

[7.2 mm] 

. . · ___ - iill 
(>ii) An object is kept at a distance of 16 cm from a thin lens 
and the image formed is real. If the object is kept at a distance 
of6cm from the same lens, the image formed is virtual. If the 
size of the images formed in above two.cases are same, find the 
focal length of the lens? 

[I I cm] 

(xiii) An object is placed midway between the lens and the 
mirror as shown in figure-5.246. The mirror's radius of curvature 
is 20.0 cm and the lens has a focal length of - 16.7 cm. 
Considering only the rays that leaves the object and travels 
first toward the mirror, locate the final image formed by this 
system. Is this image real or virtual? Is it upright or inverted? 
What is the overall magnification? 

f+---25.0 cm--~/.., 

Figure S.246 

[25.3 cm from mirror, virtual, erected, 8.048] 

(>iv) Two thin convex lenses of focal lengths f, andf, are 
separated by a horizontal distanced (d <[, and d<f,) and their 
centres are displaced by a vertical separation /:, as shown in 
figure-5.247. Taking the origin of coordinates Oas the centre 
of first lens, what would be the x and y co-ordinate of the focal 
point of this lens system for a parallel beam of rays coming 
from left? 

y 

I, /2 

- -- ------------- I +---~-
A i F ---i'f[-'P~, t--=-----fo,,+----;'--'--x 

----d-----n, 

Figure 5.247 

[f,f,+d(f,-d) A(f,-d) l 
(I,+ f,-d) ' (I,+ f,-d) 

(xv) A convex lens of focallength 15 cm and a concave mirror 
of focal length 30 cm are kept with theiroptic axisPQ and RS 
parallel but separated in vertical direction by 0.6 m as shown. 
The distance between lens and mirror is 30· cm. An upright 
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object AB of height 1.2 mis placed on the optic axis PQ of the 

lens at a distance of20 cm from the lens. if A' B' is the image 

after refraction from the lens and reflection from the mirror, find 

the distance of A' B' from the pole ofthe mirror and obtain 

magnification. Also locate position of A' andB'with respe~t to 
the optic axis RS. 

/=15cm 

B 

PSt---;;-~---tc+--t-----+A~--o 
R :+---~O"i.6rcm~-++----~, ---S 

' ' ' ' ' p=:--3ocm---+!<e--20cm------J 

Figure S.248 

[15 cm, 1.5 cm and 0.3 cm from optic axis] 

(xvi) A convex lens of focal length 15 cm is placed in front of 

a convex mirror. Both are coaxial and the lens is 5 cm from the 

apex of the mirror. When an object is placed on the axis at a 

distance of20 cm from the lens, it is found that image coincides 

with the obje_c:t. Calculate the radius ofcurvature of mirror. 

[55 cm] 

5.16 Optical Power of a Thin Lens or a Spherical 
Mirror 

Optical Power ofa thin lens or a spherical mirror or any optical 

system is defined as the degree to which that optical device is 

able to converge or diverge light. To understand the optical 

power of a lens, consider the parallel light beams incident on 

the two lenses L
1 

and L
2 

in figure-5.249. By looking at this 

figure, you can easily estimate the converging.ability of the two 

lenses that lens L 1 is having more converging ability as 

compared to lens L2 so the optical power of lensL1 is more than 

the optical power oflens L,- Here we can also state that higher 

focal length of a lens impli_es less converging ability and lesser 

optical power of the lens. Same is the case we can define for 

diverging lenses as well as spherical mirrors. 

(a) 

Geometrical Optic~ 

I<--/2------>i 
(b) 

Figure 5.249 

Figure-5.250 shows that the optical power ofmirror M1 is less 

than optical power of mirror M2• 

(a) 

(b) 

Figure S.250 

Mathematically the magnitude of optical power of a lens or 

mirror is given by reciprocal ofthe focal length. The SI unit for_ 
measurement of optical power is m-1 and is also called 'dioptre' 
and denoted by 'D'. Thus optical power of a thin lens or 
spherical mirror is given as 

I 
P=-

f 

Conventionally for converging optical devices optical power is 

taken positive and for diverging optical devices optical power 
is taken negative. In this chapter also we will be using the same 
convention for optical power but this conventions is limited to 
assess whether the optical device is converging or diverging. 
This convention should not be applied directly in lens or mirror 
formula if co-ordinate convention is being followed. 
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5.16.1 Combination of Thin Lenses 

When two thin lenses L1 and L2 are placed in contact as sh~wn 
in figure-5.25 I (a) then for image formation there are two ways. 
One by one we can use lens formula for refraction oflight at the 
two lenses and consider image produced by first lens as object 
for the second lens and find the final image. Other method is to 
find an equivalent lens which can replace the combination of 
the two lenses which can produce the same image for the given 
object. Figure-5.25l(b) shows a single lens which is producing 
the image at the same position at a distance v2 which is produced 
by the lens system shown in figure-5.25 l(a) for the object located 
at a distance u from it. As lenses are thin, we ignore their 
thickness as well as separation as we are considering them in 
contact. 

i<----U---->f----V,---4 

(a) 

(b) 

Figure 5,251 

In figure-5.25l(a) we use lens formula to find the image /
1 

produced by first lens L1 of focal length Ji by which we find the 
position of this first image at a distance v

1 
given as 

1 
-=·---
Ji v, u 

... (5.116) 

Now the refracted light rays from first lens going toward /
1 
fall 

on second lens.L2 having focal length/2 and this image / 1 will 
act as an object for the second lens and final image/

2 
is obtained 

at a distance v, from this lens system as sh.own which can be 
obtained by ~sing lens formula again for the second lens as 

f, v, v, ... (5.117) 

Adding the equation-(5.116) and (5.117) we get 

I 1 1 1 
-+-=---
fi f, v, u 

~ -=-
/,q v, u 

1 I 1 
(Here we are using -/, = -Ji + -

1 
) 

eq I 2 

. 279! 

Here we used J,. as the equivalent focal length of the lens 
replacing the combination oflenses L1 and L2 in contact. As v2 
is the final image obtained by this lens combination for an object 
placed at a distance u, we can use the lens formula for any 
combination as 

/,q V U 
... (5.118) 

where equivalent focal length of the combination of two or 
more lenses can be given as 

I 1 1 1 
-=-+-+-+ 
/,q Ji f, Ji ... ... (5.119) 

For analysis of different situation of image formation by 
combination oflenses we can use equation-(5.119) for finding 
the equivalent focal length of the lens system and use it in 
equation-(5.118) for finding the location of the final image. All 
values offocal lengths, object and image distances we use with 
proper signs according to sign convention being used. -

Note: For equation-(5.119) it.is advisable to use positive sign 
for focal length of converging lenses and negative sign for 
focal length of diverging lenses and find the equivalent focal 
length oflens system. If the equivalent focal length is coming 
positive then it is behaving like a converging lens and if it 
comes negative then we treat equivalent lens as a diverging 
lens. 

So here equation-(5.119) we can also be written in terms of 
optical power as 

P,q =P1 + P2+ P3+ ... 

Above analysis shows that in case of two or more lenses kept 
in contact as a single optical system then due to their converging 
or diverging behaviour, for the combination its equivalent 
optical power can be given as sum ofall the individual optical 
power oflenses kept in contact. Be careful of taking positive 
sign for converging powers and negative sign for diverging 
powers before summing up. 

# Illustrative Example 5. 72 

A point object is placed at a distance of 15 cm from a convex 
lens. The image is formed on the other side oflens at a distance 
30 cm from lens. When a concave lens is pla~ed in contact with 
convex lens, image is shifted away further by 30cm. calculate 
the focal lengths of the two lenses. 

Solution 

For convex lens, we use 

u=-15cm 

v=+30cm 
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12ao "-'---'--------- -
By lens formula, we have 

I 
---=-
v u Ji 

I I I 3 
-=-+-=-
Ji 30 15 30 

J; = 10cm 

For combination oflenses 

u=-15cm 

v=+60cm 

By le_ns formula, we have 

---=-
V U /,q 

I I I 5 I 
-=-+-=-=-
/,q 60 15 60 12 

I,.= 12cm 

For combination of the two lenses in contact 

J; =+ 10cm 

f.,, =+ 12cm 

I I I 
-=-+-
/,q Ji /2 

I I I 
-=-+-
12 10 fz 

.t;=-60cm 

# Illustrative Example 5. 73 

The figure-5 .252 below shows a thin piano-convex lens of 
refractive index µ 1 and a thin piano-concave lens ofrefractive 
indexµ,, both having same radius ofcurvatureR of their curved 
surfaces. Another thin lens of refractive index µ3 has same 

radius of curvature R on the two surfaces between the plano
convex and piano-concave lenses that the plane surfaces are 
parallel to each other. Find the focal length. of the combination. 

µ, µ, 

Figure S.252 

Solution 

By lens makers formula, focal length of plane convex lens is 

given as 

Geometiical-OpticS] 

I ( I I) µ -I -=(µ1-l) -+- =-1-__ 
Ji ooR R 

For the middle lens the focal length is given as 

;, =(µ,-!)(- ~ + ~) =0 

For the piano-concave lens, the focal length is given as 

_I = (µ,- I)(--'---'-) = - (µ2 -1) 
/j Roo R 

Equivalent focal length of the combination is given as 

I I I I 
-=-+-+-
/ /i /2 h 
- = (µ1-l) _ (µ2-l) 

I R R 

I I . 
I= R (µ1-µ2) 

·cc:,. 

5.16.2 Combination of Thin Lenses and Mirrors 

Just like the case of Lens combinations we discussed in previous 
article, there are many situations in which lenses are kept in 
contact with mirrors and we need to use the lens-mirror 
combination. As there is a mirror, finally ray is reflected back 
into the same medium from which the ligµt ray is coming and 
incident on the lens-mirror system. Figure-5.253(a) shows a 
convex lens kept in contact with a concave mirror, this 
combination will overall behave like a concave (converging). 
mirror for the incident ray as both convex lens Land concave 
mirror Mare cop verging in nature and their converging powers 
will get added up and overall !ens-mirror system will be more 
converging then individual lens or mirror and having lesser 
equivalent focal length. If focal lengths ofthe lens and mirror 
used in this case areJ; and/2 then the equivalent power of this 
lens-mirror combination can be given as 

. P,q =P1 + P2 + P1=2P1 + P2 

or in terms of focal lengths we can use 

I 2 I 
-=-+-
/,q Ji /2 

... (5.120) 

... (5.121) 

In equation-(5.121) we have used the power of lens twice 
because in overall reflection of the light ray from this lens
mirror combination, light ray is passing through the lens twice, 
first just after incidence and then after getting reflected from 
the mirror before coming out in air. So the lens is effecting the 
light ray twice due to its converging behaviour in sequence. As 
both lens and mirror are of converging behaviour, their focal 
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lengths in equation-(5.121) we take positive and that gives 

equivalent focal length also positive, thus we can say that this 
system oflens-mirror combination is behaving like a converging 
mirror. Figure-5.136(b) shows that we can replace this lens-mirror 
system by a single concave (converging) mirror with equivalent 
focal length given byequation-(5.121) and it produces the same 
image of the given object which was produced by the 
combination which can be calculated by use ofJ,q in mirror 
formula applied for the equivalent mirror. 

0 

l+-----u---,, 

(a) 

0 

~ 

Equivalent Mirror 
l+-v->{ 

l+-----u•----+< 

(b) 

Figure 5.253 

A similar case is shown in figure-5.254 in which two lensesL
1 

(converging) and L2 (diverging) are kept in contact and 
right-most surface of the lens L2 is silvered so that it starts 
behaving like a convex mirror M. As per the analysis we have 
done above we can give the equivalent power and focal length 
of the equivalent mirror as 

P,q =P1 + P2 +PM+ P2 + P 1=2P1 +2P2 + PM ... (5.122) 

I 2 2 I 
~ -=-+-+- ... (5.123) 

/,q /, /2 IM 

Figure 5.254 

. 281' .. ___________ !j 

lenses twice and reflected once at the mirror. Overall behaviour 
of the equivalent lens for this lens-mirror combination depends 
upon the magnitudes of the individual lenses and mirror. In 
above equation-(5.123) we useJ; positive,/2 negative and/M 
also negative due to their converging or diverging behaviour. 
Here students must remember that for finding the equivalent 
focal length the signs used in equations-(5.121) or (5.123) are 
based on the behaviour of lenses or mirrors and after finding 
the equivalent focal length of the combination and its behaviour 
by the sign of J,q use it in Jens or mirror formula as per the 
coordinate sign convention we already studied. 

Note·: If some students are using Incident Ray Reference Sign 
Convention then they can use same sign convention for 
equation-(5.121) but in equation-(5.123) they need to modify 
this relation by replacing '+' sign with '-' the term of power of 
mirror. In many cases this becomes confusing for students who 
do not have lot of practice so in this chapter we are using 
coordinate convention as used till now. 

# Illustrative Example 5. 74 

The convex surface ofa thin concavo-convex lens of glass of 
refractive index 1.5 has a radius of curvature 20 cm. The concave 
surface has a radius of curvature 60 cm. The convex side is 
silvered and placed at horizontal surface as shown in 
figure-5.255. 

(i) Where should a pin be placed on the optic axis such that 
its image is formed at the same place? 

(ii) If the concave part is filled with water ofrefractive index 
4/3, find the distance through which the pin should be moved 
so that the image of the pin again coincide with pin. 

Figure 5.255 

Sollllioti 

(i) First we calculate the combined focal length of this given 
combination. The refraction takes place from concavo-convex 
Jens, and then reflection from lower surface which is acting as 
a mirror and finally again refraction from the lens. Thus 
equivalent focal length of the combination is given as 

I I l l 2 l 
- = _. +-+- =-+- ... (5.124) 
F, I. Im Jg t. I,. 

Like the first case discussed here also we are taking the powers Here 
of both lenses twice as light ray passes through these two 

.t,;, =R/2=20/2= 10cm. 
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The value off, can be obtained by using the formula 

_I =(aµg-1)(...'._ __ l J 
f. R1 R2 

or 

=(1.5-1)(...'.__...'._) 
20 60 

J,=60cm 

Substituting these values in equation-(5.124), we have 

I 20 I 2+6 8 2 
---+------=-
Fi 60 IO 60 60 15 

or 
15 

F =-=75cm 
I 2. . 

!'or the image to be formed at the same point of object 

. u=2F 1=2x7.5=15cm 

Hence the object should be placed as 15 cm from the lens on 

the optic axis. 

(ii) In this case, the focal length F2 of the combination is 

given as 

=> 

Here 

1 1 I I ·I I 
- = -+-+-+-+
F2 fw Jg fm Jg fw 

I 2 2 I 
-=-+-+
F2 fw Jg fm 

J. =60 cmandfm = 10 cm 

... (5.125) 

The value offw can be calculated by using the formula 

I ( I I J -=(µ -1) ---
f..v a w R1 R2 

=> )w = (1-1) (;o) = I~O 

=> fw=l80cm 

Substituting these values in equation-(5.125), we have 

2x90 180 
Now u'=2F=--=-cm 

2 13 13 

Displacement of the pin 

180 15 
x= u-u'= 15- 13 = l3 = 1.14cm. 

···- -~I 
-~-~metrical Optics, 

# Illustrative Example 5. 75 

The radius of curvature of the curved surfaces of an equiconvex 
lens is 32 cm and its refractive index isµ= 1.5. Oneofits side is 
slivered and placed 14 cm away from an object as shown in 

figure-5.256. At what distancex should a second conyex lens 

of focal length 24 cm be placed so that the image coincides 

with the object. 

Solution 

/~24 cm 

Figure 5.256 

For the convex lens, we use 

and 

/=+24cm, 

u=-(14-x) 

Byrefraction formula, we use 

I . I I 
--- =-
v u f 

I I I 
=> -=-+-

" u f 

I 

V 24_(]4-x) 

-(x+I0) 

V 24(14-X) 

=> v= -[(336-24x)] 
(x+I0) 

14-x-24 

24(14-x) 

The image will coincide the object iflight rays after refraction 

from un-silvered face fall normally upon silvered face so that 
these rays will retrace the path ofincident rays. This is possible 
when first surface forms the image at 32 cm from it. Now for the 

un-silvered surface of the silvered lens, we use 

µ, = 1.5, µ 1 = I, v1 =-32 cm, 

u 1 =-(x-v) andR=+ 32 cm. 

By using refraction formula, we have. 
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1.5 I 1.5-1 
~ +~-----~---

-32 [x-{ 336-24x}] 32 
(x+I0) 

(x+ IO) 0.5 1.5 I 
~ =-+-=-

x(x+I0)+(336-24x) 32 32 16 

~ x2+· !Ox+ 336-24x= 16x+ 160 

~ x2 -30x+ 176=0 

~ x=8orx=22 

Hence the lens should be placed 8 cm from silvered surface. 

5.16.3 Deviation in a Light Ray due to Refraction through a 
Thin Lens 

Figure-5.257(a) shows a paraxial light ray parallel to the principal 
axis of a lens at a distance h incident on a convex lens. After 
refraction from the lens light ray gets deviated by an angle 8 
which we can calculate by considering the refraction points of 
light ray on the two surfaces of a small angled prism of prism 
angle A as shown in figure-5.257(b). Thus all paraxial rays (near 
normal) incident on the lens at this section ABCD of the lens 
will get deviated by angle 8. Here the deviation angle 8 is given 
as 

h 
8=

f 

A 

B 

(a) 

tA 
'., 
' ' ' ' ' ' ' ' ' ' 

l+-/-->I 

C 

6~A(µ-1) 

(b) 

Figure 5.257 

... (5,126) 

Ifwe look at the figure-5.258 in which for an object 0, after 
refraction image/ is produced by the same lens then a specific 
light ray from O which falls on this section ABCD of the lens 
after deviation by same angle 8 the refracted light ray will meet 
at point I on principal axis as shown. In this case we can say 

... . . -· ----_,, 
· 2831 -· --- - -------

that anyparaxial light ray which incident on the lens at a height· 
h above ( or below) the principal axis, will suffer a deviation by 
an angle 8 given byequation-(5.126). 

~-----

d ~I 

J+---u---+],o----v----+I 

Figure 5.258 

5.16.4 Combination of1\vo Thin Lenses at some Separation 

Figure-5.259 shows two convex lenses L1 and L2 with focal 
length sf, and/2 placed at a separation d. We consider a paraxial 
light ray in the parallel beam oflight which incident on the lens 
L 1 at a height h1 above the principal axis which gets deviated 
by angle 81 and it incidents on the second lens L2 at a height h2 

· as shown and again i.t gets deviated by an angle 82 due to the 
refraction at this second lens and finally meet the principal axis 

at point/. This point I can be considered as the point where all 
the incident rays in the beam will converge and meet after 
refraction through the two lenses. This point can also be 
regarded as the focal point of the two lens system. 

I, 
A _____ 61-_ 

h 

h, h, ----------.a, I F, 

l+----d---<>i+---f,-d---+i 

J+------1,-------+i 

Figure 5.259 

In above situation total deviation produced by the lens system 
in light ray is given as 

... (5.127) 

h1 
In above case we can use the values of82 and 81 as 81 = - and 

Ji 

h 
02 = __1_ and total deviation can be given as 

f, 

Where f is the equivalent focal length of this lens system on 
which a light ray incident on height h 1 above the principal axis. 
Now using these values of deviation angles in equation-(5.127) 
we get 

... (5.128) 
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f2s4--= · . 
From the above figure in t.A0 1F1 and t;.B02F1 we use. by 

similarity 

Geometrical OpticS-J 
- -- -- - ------~·--

Equation-(5.131) gives the distance of equivalent lens from the 
second lens L2 of the system. 

!!,_ - _!'1_ 
Ji - Ji -d 

... (5.129) 5.16.5 Multiple images produced by a Lens made up of 
different materials 

From equations-(5.128) and (5.129) we have 

h, h, h, (Ji -d) -=-+-~-~ 
I Ji /i/2 

I I I d 
-=-+----
! /j Ji fi/2 

=> ... (5.130) 

Equation-(5.130) gives the equivalent focal length of a lens 

system of two lenses separated by a distanced. One important 

thing to be considered here is the position of equivalent lens 

for application purpose. In the figure-5.259 we can see that on 

principal axis lenses L1 and L2 are placed at locations 0 1 and 
02• If this system is to be replaced by a single lens of focal 
length given by equation-(5. 130) it is essential forus to find the 

position of this equivalent lens. In figure-5.260-the position of 
equivalent lens is shown by the dotted line which is located at 

a distance /from the point I where all parallel rays will converge. 

: Position of equivalent lens 
' -fi : 12 

A,\ 61 1c j\ 
' , ---- +---- B, \ 6 

h, I \ l h2 -- :L __ _ 
' . 
I :J01 

' ' ' ' '' ,, ,, 
I 

Figure ·S.260 

F, 

Ifwe consider the light ray falling on the equivalent lens at a 

height h1 then also it will meet the principal axis at point/. In 

above figure in !;.CO/ and MO/ we have 

!!,_ = _!'1_ 
I Ji-x 

h, Ji 
From equation-(5.129) we use hz = Ji -d and from above 

equation we get 

__L = __li_ 
f-x fj-d 

fd 
y=-

fj 
... (5.131) 

Focal length of a lens depends upon the radii of curvature of 

two of its surfaces and refractive index of its material. 
Figure-5.26I(a) shows the image produced by a convex lens. 

All the light rays ( considered paraxial) from object falling on the 
lens gets refracted twice from its two surfaces and converges at 

a point on principal axis and forming the image/. In this case if 
we remove a par_t oflens as shown in figure-5.26l(b) then also 

the image will be produced at the same point but number ofrays 

producing the image will be less. 

(a) 

S1(R1) S2(R2) 

-~ 
' ' ' ' ' ' '' •/ 

I~ 

o+----u ---+Jo<----',----+! 

(b) 

Figure 5.261 

Ifwe consider a lens made up of two materials having different 

refractive indices but same radii of curvature on the two sides 
then for a given object all the light rays falling on this lens will 
be divided in two groups after refraction as both the parts of 
lens will be behave like separate lenses and produce their 
independent images by these parts as shown in figure-5.262. 

-~,: 
,.._ __ ,, ______ ,, ___ .., 

1, 
! 

1+-----'1-----+< 

Figure 5.262 

Similar to this ifa lens is made by two materials having several 
parts but same radius of curvature as shown in figure-5.263 

then also there will be only two images obtained as all the parts 
of same material will behave like one lens system only. Now ifa 
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Jens has parts which are made up of three or more materials then 
numberofimages obtained will be same as number of materials 
used in making the Jens. 

Figure 5.263 

Above caseswe discussed for parts oflens are valid only when 
these parts are joined with horizontal cuts as shown in all above 
figures. If a Jens is vertically cut in two parts as shown in figure 
and the two parts are made up of different materials then we 
consider this as a case of combination of two thin lenses and 
we can find the equivalent focal length.of this combination and 
use this as a single equivalent lens. In such a case single image 
is formed bythis lens system as shown in figure-5.264. 

·4· 0 

i+----cll--->l+-V->j 

Figure 5.264 

5.17 Lens.and Mirrors submerged in a Transparent 
Medium 

Figure-5.265(a) shows a spherical mirror producing image ofa 
given object'by reflection oflight and we have already studied 
that analysis ofimage formation for relation in u, v and/is done 
by using mirror formula for paraxial rays. If the whole setup 
shown in figure-5.265(a) is sulimerged in a transparent medium 
(like water) as shown in figure-5.265(b) then the position of 
image remain unchanged because within water also the light 
rays incident on mirror will be reflected according to laws of 
reflection and the reflected rays will remain unaffected by 
presence of water. We can also state that inside a transparent 
medium also the focal length of mirror remain unchanged. 

M 

l+----u,---~ 

(a) 

water 

! 
'----/4.---·i.:-:=.i==;j- ___ J 

II 

(b) 

Figure 5.265 

285J 

Ifwe look at the situation shown in figure-5.266(a) in which a· 
converging lens is producing image of a point object. Here the 
distances u, v and/are related by lens formula ifonly paraxial 
rays are considered. If this setup is submerged in a transparent 
medium (like water) then we know by Lens Maker's formula that 
inside a transparent medium (with µ,urrmmding< µ 1,ns) then the 
focal length of a lens increases due to which the image will get 
shifted to a distance v' as shown in figure-5.266(b). -

1+---~---+1+-v-->1 

(it) 

Water 

~ 
. . ' 

.< .. · .. ·::., .. · : . . . -.· ·." _- . 
0 · . l 

• II V 

(b) 

Figure 5.266 

Note : When a mirror is submerged in a transparent medium, its 
focal length remain same but when a lens is submerged in a 
transparent medium, its focal length changes. 

5.18 Displacement Method Experiment to measure 
focal length of a Convex Lens 

Using the concept ofimage formation by a convex lens there is 
a an experimental setup in which we obtain real image ofa light 
source on screen and then we displace the lens by some 
distance and again obtain the image for the same position of 
object and screen. With the distances and size of image produced 
in this experiment we analyze and calculate the focal length of 
the convex lens used and actual size. of object and this whole 
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·experimental setup is called 'Displacement Method Experiment'. 

To understand this, first we will study the condition of formation 
ofreal image by a thin convex lens then we will continue with 

the experiment. 

5.18.l Condition of formation of Real Image by a Titln Convex 
Lens 

Figure-5.267 Shows an object placed at '2F' point of the convex 
lens at a distance twice the focal length for which we know that 
a real image is produced at the same distance on the other side 
of the lens. In this situation we can see that the separation 
between the object and its real image is four times the focal 

length. 

-'---"'t~: .. i~~ 2F F ' 

I 

14------D=q-----~· 
Figure 5 .. 267 

Ifwe now look at figure-5.268 in which the object is shifted by 
a small distance x to the left of '2F' point, then obviously the 

image will get shifted between 'F' and '2F' points by a_ distance 
y buty<x because it reaches 'F' when object goes to infinity. In 
this situation as y < x, the separation between the object and 
image in figure-5.154 is greater than four times the focal length 

oflens. 

i+-----~·-n>q-------+1 
Figure 5.268 

Similar to above case ifobject is shifted by a small distancex to 
the right of'2F' point as shown in figure-5.269, then the image 
will get shifted beyond '2F' point by a distance y with y > x 
because it goes to infinity when object reaches 'F'. In this case 
also as y > x, the separation between the object and image in 
figure-5;269 is greater then four times the focal length of the 

lens. 

i~ 2F F 
f+x,- ,_1 . 

I 

+-'-----,D>q-----~ 
Figure S.269 

, -- -- - ----a 
~ _ Geometrical .OptiC!j 

. 

Withe above qualitative analysis we can state that "In case of a 

convex lens producing real image of a given real object, always 

the separation between object and image will be greater than 

or equal to four times the focal length of the convex lens". 

5.18.2 Displacement Method Experiment 

Figure-5.270(a) shows the experiment setup for the 
"Displacement Method Experiment" which is used to find the 
focal length ofa given convex lens. In this experiment we first 
keep the distance between object and screen more than four 
times the approximate focal length of the lens (asfisnotknown). 
Now on optical bench we adjust the lens at a position A to 
obtain the sharp image of the object on screen. As lens position 
A is close to object than screen, image size will be smaller then 
object. At this position we measure the lens position on the 

bench. 

According to reversibilityoflight iflens is shifted to a position 
B at a distance v from object than image will be produced at a 
distance u (oil same screen). This is shown in figure-5.270(b) in 
which size ofimage produced will be more than object. Again 
on optical bench we measure the position B oflens and find the 

displacement oflens and denote it as x. 

s,, 

M--------D-----~-
(a) 

,, ' 
\ I 
'' •! 
l+---X~ 

M------v------- __ _., 
i+-------D-------+< 

(b) 

Figure 5,270 

Is,, 

In the above setup we have the separation between object and 
screen D and lens displacementx are given as 

D=u+v-

x=v-u 

... (5.132) 

... (5.133) 

In lens formula we use v=+v; u=-u andf=+fwe have 

1 
-=---
f V -U 
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f= u+v ... (5.134) 

Substituting the values of D andx in equation-(5.134) we get 

(u+v)2-(u-v)2 
f= 4(u+v) 

f= 
D2-x2 

4D 
... (5.135) 

Using equation-(5.135) we can calculate the focal length of the 
convex lens and same experiment can be repeated for different 
values of D (> 4f) and every time we calculate the corresponding 
values ofx and from this equation-(5.135) focal length can be 

calculated then find the average of all such values to get the 

experimental focal length of the convex lens used in the setup. 

In above setup shown in figure-5.270(a) the magnification for 

the image obtajned can be given as mi°= v!u · and in 
figure-5.270(b) the magnification will be m

2 
= u!v so the image 

sizes Sil and S12 obtained in the two situations can be related to 
object size S0 with the relations given below. 

Size of image in position A of the lens is Sil= m
1
.S

0 
••• (5.136) 

Size ofimage in position B of the lens is S12 = m
2

• S
0 

. .. (5.137) 

As m1• m2= I, from equations-(5.136) and (5.137) size ofobject 
is given as 

... (5.138) 

Equation-(5.138) shows that the object size is geometric mean 

of the two image sizes obtained in the displacement method 
experiment corresponding to the two positions of the convex 

lens and this equation is also used to find object size 
measurement with a good level of accuracy. 

# Illustrative Example 5. 76 

A point source of light is placed inside water and a thin 
converging lens ofrefractive index µ, is placed just outside 
the plane surface of water. The image of the source is formed at 

I ( I I ) - =(µ,-!) ---
/ R1 R2 

... (5.139) 

and ;, = (~:-1) (~, -1,) ... (5.140) 

Consider when lens is in air and u be the distance of the object 

from the surface, then we use apparent depth of object to be 
u/µ 1 so we use in lens formula 

--~= 1 
X U f 

... (5.141) 

When lens is in water then ifimage is produced at a distancex' 

from lens then due to refraction from water surface final image 
is produced at a distance µ 1x, so we use 

Multiplying equation-(5.142) byµ" we get 

_!__~ =1::L 
x' u fw 

Subtracting equations-(5.143) and (5.141), we get 

--- = _!__1:t_ 
X x' f fw 

from equation-(5.140), we have 

I (µ2-µ1) I 
fw = -µ-, - /(µ, -]) 

Substituting this value in equation-(5.144), we get 

I -----
x x' f 

(µ2-µ,) 

µif(µ,-]) 

... (5.142) 

... (5.143) 

... (5.144) 

a distancex from the surface of water. If the lens is now placed => 
just insi\le water and the image is now formed at a distance x' 
from the surface of water, show that 

_I_ _ _!_ = _!_[1 (µ, -µ, )] 
X. x' f (µ2 -1) 

I I µ1 -1 I => 
---=--X-
X XI µ2-l /' 

· Where/is the focal length of the lens and µ 1 is the refractive 
index of water. 

Solution 

Letfandfw be the focal lengths of the lens when it is outside 
and inside the water respectively, then 

# Illustrative Example 5. 77 

A thin piano-convex lens of focal length/is split into two 
halves. One of the halves is shifted along the optical axis as 
shown in figure-5.271. The separation between object and image 
planes is 1.8 m. The magnification of the image, formed by one 
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of the half lens is 2. Find the focal length of the lens and 
separation between the two halves. Draw the ray diagram for 
image formation. 

------l .8m-----

Figure 5.271 

Solution 

For both the halves, position of object and image is same. The 
case is same as experiment of displacement method for 
measurement of focal length of a convex lens as covered in 
article5.18indetail. -

·i:,iow for the-first halflens we use 

lv/ul=2 or lv1=21ul 

we use u=-xandv=+2x 

and lul + lvl = 1.8m 

Solving, we get 

3x=l.8m 

or x=0.6m 

=> u=-0.6m and v=+l.2m 

Using lens formula, we have 

I 
---- -------

f V U J.2 -0.6 0.4 

=> f=0.4m 

For the second halflens we use 

l 
-=--
f 1.2-d -(0.6+d) 

I I I 
=> -=--+ 

0.4 1.2-d (0.6+d) 

Solving this, we get d = 0.6m. 

# Illustrative Example 5. 78 

A thin converging lens is placed between an object and a 
screen whose position are fixed. There are two positions of the 
lens at which the sharp image of the object is formed on the 
screen. Find the transverse dimension of the object if at one 
position of the lens the image dimension equals h' = 2.0 mm 
and at the other, h"=4.5 mm. 

Solution 

Here we consider if /be the distance between object and screen 
and a lens of focal lengthfis placed at a distance u from the 

~e<,>metiical Opfi~JJ 

source such that the image is formed on the screen. Then by 
lens formula, we have 

=> 

I. 
(1-u) -u f 

1-u +u I 
=-

u(/-u) f 

u2 -lu+lf=O 

The two roots of the quadratic equations _are 

I ~-----
u=2 [l±"(l-(4f//))] 

Here, both source and image are real and thus we use u and 
v = (/- u) are real positive sou< I. 

Here, we consider the following possible cases : 

.Case-I: !ff= l/4then u=l/2 

Only one position of lens is possible in this case. The lens 
should be placed halfway between source and screen. 

Case-Il: lff<l/4and u=_ ½[1±~(1-
4
{)] 

in this case two positions oflens are pos.sible. These are given 

as 

and 

u,=½[1+f¥Jl 

v,=½[1-f¥}] 

"2=½[1-f¥}]. 

v2=f[
1
+f¥}] 

These positions are conjugate to each 
1
other. 

Case-Ill : !ff> 114 then u is non real so no physical position 
for the lens is possible in this case. 

If m
1 

and m2 be the lateral magnifications in the above cases 
then, we have 

=> 

Hence 

and 
/2 V2 

m=---
2 Q Uz 

I,I, v, V2 
--=-X-=l 
0 2 

U1 U2 

O= ~(/,12) = ~(2x4.5) =3mm 
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# /ll11strative Example 5. 79 

A thin equiconvex lens of glass ofrefractive indexµ= 3/2 and 
of focal length 0.3 min air is sealed into an opening at one end 
of tank filled with water{µ= 4/3). On the opposite side of the 
lens, a mirror is placed inside the tank on the tank wall 
perpendicular to the lens axis as·shown in figure-5.272. 

l------·O.Bm ·-------1 l<------·0.9m------ _________ _ 
µ = 3/2 -_·::::::..·:. "::_ ·:: .. :::. -:.::..-=-, Mirror 

Lens __ · _______ _ 

----------
Figure S,272 

The separation between the lens and the mirror is 0.8 m. A small 
object is placed outside the tank in front of the lens at a distance 
of0.9 m from the lens along its axis. Find the position (relative 
to the lens) of image formed by the system. 

Sol11tion 

For_equiconvex lens, we know the focal length is given by lehs 
makers formula as 

~ =(µ-!)[!-(-!)] 

f= R 
2(µ-1) 

R=0.3 ... (5.145) 

For refraction at the first surface of the lens, we use refraction 
formula as 

_l_+_I_,;, (3/2)-1 
2v1 0.9 R 

v1 =2.7m 

For refraction at the second surface of the lens, we again use 
refraction formula 

~-

µ2 _.!:!_ = µ2 -µ1 
V2 U R 

~--3- = (4/3)-(3/2) 
3v2 2x2.7 -0.3 

4 I I I 
-=.-+-.-=-
3v, 1.8 1.8 0.9 

4x0.9 
v

2
=-

3
-=l.2m 

-·- ·- ·- - --· 28_9] 

So, the image formed bY.the lens will be bel)ind the mirror at a 
distance 40cm. Now, the image formed by the mirror will be at a 
distance of 40cm in front of the mirror. 

After this again the light rays will pass through the lens so for 
refraction at water glass surface, by refraction formula, we use 

3 
.l__ 4/3 = 3/2-4/3 
V3 0.4 .:_0,3 

or 

Now, for refraction at glass air surface, we use refraction formula. 
again as 

___ 3_/2_ = 1-(3/2) 
V4 2.7 /5 0.3 

v4 =-0.9m 

Thus the final image is formed on the source. 

NOTE : Students must carefully study above illustration as in 
· this case image is produced on source but light rays are not 
falling on mirror normally and not retracing the path ofincident 
rays. 

# Ill11strative Example 5.80 

Bottom of a glass beaker is made of a thin equi-convex lens 
having bottom side silver polished as shown in thefigure-5.273.' 
Water is filled in the beaker upto a height 4m. The image of 
point object, floating at middle point of beaker at the surface of 
water coincides with.it. Find out the radius of curvature of the 
lens. Given that refractive index of glass is 3/2 and that of water 
is4/3. 

Figure 5.273 

Sol11tion 

The slivered lens placed at the bottom of tank behaves like an 
equivalent mirror and if object is placed at the center ofcurvature 
of the mirror then its image is produced on itself. Here the focal 
length of the glass lens with respect to water in surrounding is 
given as 
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_I = (3/2 -I)(..!..+..!..) 
IL 4/3 R R 

I I 2 I 
-=-X-=-
IL 8 R 4R 

f,=4R 

Focal lengih of mirror isR/2, so the equivalent focal length of 
combination is given as 

I 2 I 2 2 5 
- = -+-=-+- = -
l,q IL IM 4R R 2R 

2 
1,.= -SR, 

Thus object is to be placed at 2f,, so that its image is produced 
on itself, thus we have object height given as 

2 
h=2x-R=4m 

5 

R=5m 

t" . ~----· ·-----------------~ 
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:- Module Number - 15 to 32 

Practice Exercise 5, 7 

(i) A thin lens of focal length+ I 0.0 cm lies on a horizontal 
plane mirror. How far above the lens should an object be held 
if its image is to coincide with the object? 

[IO cm] 

(ii) A concavo-convex lens is placed on a horizontal table 
with its convex surface polished to make it reflecting as shown 
in figure-5.274. Ifradii ofcurvature of its two surfaces are 30 cm 
and 60 cm respectively find the position on its principal axis 
where a point object should be placed to obtain its image on 

itself. (µ1,os =¾) 

2/~ 

Figure 5.274 

[24] 

_ - G8ometrical- Optics j 

(iii) A thin piano-convex lens fits exactly into a plano
concave lens with their plane surfaces parallel to each other as 
shown in the figure-5.275. The radius of curvature of the-curved 
surface R = 30 cm. The lenses are made of different materials 
having refractive indices µ1 = 3/2 andµ,= 5/4 as shown in the 
figure. 

(a) If plane surface of the piano-convex lens is slivered, then 
calculate the equivalent focal length of this system and also 
calculate the nature of the equivalent mirror. 

(b) An object having transverse length 5 cm in placed on the 
axis of equivalent mirror (in part l ), at a distance 15 cm from the 
equivalent mirror along the principal axis. Find the transverse 
magnification produced by equivalent mirror. 

µ,~312~. ::·' .• 

~ 
Figure 5.275 

[+ 60, + 4/5] 

(iv) Two identical thin converging lenses are kept in contact 
at a distance 12.5 cm from an object. If image produced is 4 
times enlarged then what is the optical power of each lens. 

[5D] 

(v) An object is placed at a distance of20 cm to the left of 
and on the·axis ofa convex lens L1 of focal length 25 cm. A 
second convex lens L2 of focal length 20 cm is placed coaxially 
to the right of the lens L

1 
at a distance of 10 cm from L1• Find 

the position of the image and its magnification. 

10 
[24.4 cm, 9 ] 

(VI') When a lens is inserted between an object and a screen 
which are a fix.ed distance apart the size of the image is either 

2 
6cm or 3 cm. Find size of the object. 

[2 cm] 

(vii) A point source of light Sis placed at the bottom of a 
vessel containing a liquid ofrefractive index 5/3. A person is 
viewing the source from above the surface. There is an opaque 
disc ofradius I cm floating on the surface. The centre of the 
disc lies vertically above the source S. The liquid from the 
vessel is gradually drained out through a tap. What is the 
maximum height of the liquid for.which the source can not at all 
be seen from above. 

[1.33 cm] 
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(viii) An equiconvex lensµ= 1.5 with radii 4 ems is located at (Neglect the width of the stand) 
a distance of 4 ems from an equiconcave lens ofµ= I '.6 with Screen 
radii 8 ems. The lenses are thin and the medium between them 
is water ofµ= 4/3, while on both sides oflenses the medium is 

air. Find the equivalent focal-length of the system. 

[8.9 cm] 

(ix) In figureL is half part ofan equiconvex lens ofrefractive 
index 1.5 whose surfaces have radius of curvature 40 cm and 
its right surface is silvered as shown in figure-5.276. Normal to 
its principal axis, a plane mirror Mis placed on right oflens. 
Distance between lens Land mirror Mis b. A small object O is 
placed on left of the lens such that there is no parallax between 
final images formed by the lens and mirror. If transverse length 
offinal image formed by the lens is twice that of image formed 
by the mirror, calculate distance a between lens and object and 
distance b. 

L~ 

0 

1/, 

Figure S.276 

[5 cm, '2.5 cm] 

(x) Convex surface ofa piano convex lens of focal length 
30cm is silvered to make it reflecting. If lens material has 

3 
refractive index 2 , find the image location for an object placed 

40 cm from the lens on its principal axis. 

(>i) There are two thin symmetrical lenses : one is converging 
with µ 1 = I. 70 and other diverging with µ2 = 1.51. Both lenses 
have same curvature radius of their surfaces is equal to IO cm. 
The lenses were put close together and submerged into water. 
What is the focal length of this system in water. 

[33.3 cm] 

(xii) A point object is located at a distance of I 00 cm from a 
screen. A lens of foca_l length 23 cm mounted on a movable 
frictionless stand is kept between the source and the screen. 
The stand is attached to a spring ofnatural length 50 cm and 
spring constant 8b0 Nim as shown in figure-5.277. Mass of the 
stand with lens is 2 kg. How much impulsePshould be imparted 
to the stand so that a real image of the object is formed on the 
screen after a fixed time gap. Also find this time gap also. 

.sp_ 

Figure 5.277 

[8 kg - mis] 

5.19 Dispersion of Light 

1/, 

1/, 
1/, 

" 

In your previous grades we've studied about dispersion as 
splitting of.white light into colours when it passes through a 
prism. In this section we'll discuss dispersion oflight in more 
details and in analytical way. To understand the concept of 

dispersion its better to first understand how the refractive index 
of a transparent medium varies with light wavelength. 

It is experimentally analyzed and researched that the refractive 
index ofa transparent medium depends on the wavelength of 
light and empirically a relation was obtained between the two 
called 'Cauchy's Equation' given as 

B C 
µ=A+-+-+ ,..2 A. 4 

... (5.146) 

In above equation the coefficients C and other coefficients 
used with higher powers of wavelength are not much significant 
as their values are so small that for general analysis we can 
ignore such coefficients and most commonly we use the two 
term form of Cauchy's Equation given as 

B 
µ=A+,., ... (5.147) 

With the above equation-(5.147) we can see that light with lower 
wavelength has higher refractive index in a medium and hence 
travels slower. So ifwe compare violet and red light in same 
medium then we can see that violet light travel slower than red 
light in the medium. 

This difference in speed causes light rays of different wavelength 
to refract differently when these travel from one medium to 
another and that is the cause of the phenomenon called 
'Dispersion of Light'. 

Figure-5.278 shows a light ray of white light which incident on 
a transparent medium. As we know white light consist of all 
colours so we can consider this light ray as overlapping oflight 
rays of all colours making the white light and for each colour 
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the refractive index of the medium will be differentand ray of 

each colour in white light will bend at different angles and split 

when the light ray enters into the medium as shown in figure. 

air 
glass 

Figure 5.278 

The situation shown in figure-5.278 is an ideal situation which 
doesn't happen in general practice.because of the dimensions 
of the light ray. Actually a light ray is a iheoretical concept 
which does not have any dimensional thickness but in practice 
we consider a very thin light beam as a light ray. Look at the 
figure-5.279 which is a magnified view of.the figure-5.278 in 
which a light beam ( enlarged view oflight ray) incident on the 
medium. In this beam we can consider several light rays incident 
on the medium boundary at the same angle ofincidence. Due to 
dispersion each light ray will split into its colours and you can 
see that except the light rays at the boundaries of the beam all 
the colours in between will merge into each other and produce 
white light again. Only the edges oflight beam will have violet 
colour at the left edge in the medium and red colour at the right 
edge in the medium. This is the reason why at the time of 
refraction, colours are not seen in the refracted light beam. 

<9 
~ 
'?> 

'l,, 
It. 
~i 

_,;. 

~l ., ,, 

Figure 5.279 

5.19.1 Dispersion of White Lightthrough a Glass Slab 

Figure-5.280 shows a light beam incident on a parallel sided 
glass slab at some angle of incidence. Due to the concept 
explained in previous section we can see that the edges of the 
refracted beam (slightly divergent) are having violet and red 

__ . _G~9ffi-8tri~OPliCS] 

colours but when this refracted beam emerges out of the slab in 

air then all the light rays inside the refracted beam will come out 

at same angle ofemergence which is equal to angle of incidence 

so all the rays becom~ parallel after coming out and form a 

parallel white light beam with edges of violet and red colour 
only. We can also see that due to dispersion the emergent beam 
oflight is slightly thicker than the incident light beam. 

~ 
.% 

'lo 
It. 
~;. 

·«· lj>_., . .,., 
;' 

g, 
"' • 
~ 
> 

g,, 
~ 

"' ;}. 

Figure 5.280 

5.19.2 Dispersion of White Light through a Glass Prism 

When a beam of white light passes through a glass prism then 
due to two refractions of beam of white light the colours in 
beam gets separated from each other and at some distance from 
the prism after refraction ifwe place a screen, coloured spectrum 
is obtained as shown in figure-5.28 l(b). 

(a) 

(b) 

Figure 5.281 

Red beam 
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Figure-5.28J(a) shows how the coloured beams get separated 

after second refraction. We can see in this figure that at first 

refraction at surface AB of the prism, white light gets refracted 

into the prism and the middle region between the violet and red 

edges will be white because of mixing of all the coloured light 

rays in this region as explained in rgure-5.280 but at the second 
refraction when all these rays incident on the face AC of the 
prism then each colour at the incident region 1mn' of beam on 
faceACwill emerge out at the same angle like all violet rays in 

this region 'mn' will emerge out at same angle as a parallel beam 
·and all red rays of this region emerge out as separate parallel 

beam because both colours will have different emergent angles. 

This situation is unlike to the case discussed in figure-5.280 

when all coloured light rays emerge from the glass slab at same 

angle and produce an emerging white light beam due to 
overlapping of all colours in same direction. 

Figure-5.28 l(b) shows practical situation in which all the colours 
get separated after some distance and produce a spectrum on ·a 
screen. 

5.19.3 Dispersive Power of a Prism Material 

Dispersive power of a substance is its ability to disperse light 

passing through it. Dispersive Power of a material is defined as 
relative deviation oflight beam from its mean path as a function 
ofrefractive index of the material. For a given material it is given 
as 

d8 
ro=-

8 
... (5.148) 

In equation-(5.148) angle 8 is the mean deviation oflight for all 

· the wavelengths present in it and d8 is the change in deviation 

due to variation ofrefractive index a}t which is corresponding 
to the wavelength change di,_ in the beam. The dispersive power 

for a prism material can be calculated bypassing a light through 
· a small angled prism as shown in figure-5.282. lfwe consider a 
light consist of very small wavelength range /to/+ di and it is 

passed through the small angled prism of prism angle A as 

shown, the mean deviation oflight for the wavelength/ is given 
as 

8 =A(µ- I) 

d8 =Adµ= (-
8
-) dµ 

µ-1 

Now from equation-(5. I 48) the dispersive power of material is 
given as 

d8 dµ 
ro=-=--

8 µ-! 
... (5.149) 

Above equation-(5. I 49) gives the dispersive power of a prism 
material which is having the wavelength range di,_ in the light 

- . - ..... ,.] 
- ·--~~J 

beam. If the range of wavelength is large then we take the 

difference ofrefractive indices corresponding to the wavelength 
limits in the light beam. 

---------------

Figure 5.282 

The con'cept of dispersive power is used in taking corrective 
measures in image formation by refracting devices due to 
dispersion. We'll discuss it later in the topic of 'Chromatic 
Aberration'. 

5.19.4 Dispersion Analysis for a Small Angled Prism 

Figure-5.283 shows a white light incident on a small angled 
prism with prism angle A. In general fora white light we consider 
its wavelength limits are bounded by violet and red rays and 

mean wavelength is considered as yellow light. If the refractive 
indices of the prism material for these colours are given asµ,,, 

µRand µyrespectivelyand 8,-, BR and By are the corresponding 
deviation angles when thes.e colours pass through the prism 

then the relation among these are given below. 

Bv=A (µv- I) 

BR=A (µR-1) 

By=A (µy-1) 

Figure _5.283 

... (5.150) 

... (5.151) 

... (5.152) 

In above figure mean deviation of the incident light ray is 
considered corresponding to the mean wavelength present in 
the light so here mean deviation of incident light is taken as 81• 
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The 'Angular Dispersion' for the light passing through the 

prism is defined as the angle by which light will totally disperse. 

Here angular dispersion is given as 

D=ov-8• =A (µv-1)-A (µ.-1) 

D=A(µv-µR) ... (5.153) 

For the prism shown in figure average dispersive power is given 
as 

Get?ni~~CaT Of?!{~ 
For the above case which we call the setup of prism combination 

for 'Deviation without Dispersion' or 'Achromatic Prism 
Combination'. In above case the total dispersion is zero hence 
the angular dispersion by the two prisms must be equal. If D 
and D' are the angular dispersion by the first and second prism 

then the condition of deviation without dispersion is given as 

D=D' 

... (5.155) 
D µv-µR ~µ 

ro=- = 
Br itr -1 µ"'g -1 

... (5.154) In above case the total mean deviation of the white light can be 

given as 

Note : In some cases if mean refractive index corresponding to 

µv+µR 
yellow light is not given then students can use µr= 

2 

5.19.5 Achromatic Prism Combination . 
When two prisms of materials having different dispersive 

powers are placed in relative inverted positions.with their prism 

angles a~e chos.en in such a way that dispersion produced by 

one prism gets compen~ated by the other one then a ray of 
white light passing through this combination gets refracted 
and deviated but in emergent beam no colors are seen or no 
overall dispersion of light beam take place then such a 
combination of prisms is called 'Achromatic Prism 

Combination'. 

Figure-5.284 shows combination of two prisms placed in contact 

with opposite positions of their prism angles. The prism angles 

of these prisms are A and A'. These prisms materials have their 
refractive indices µR and µv for first prism and µR' and µv' for 
the second prism corresponding to red and violet light 

respectively. If the values of prism angles and refractive indices 
are adjusted such that the angular dispersion produced by first 

prism is equal to that produced by the second prism then the 

ray of white light incident on the combination as shown in 
figure will emerge out as while light only and will be free from 

colours. This happens because the net dispersion produced by 
the first prism in the light is exactly nullified by the second 
prism because it is placed inverted in·respect of the first prism. 

______ ..... 

White light 

Figure 5.284 

om""= A (µy-1)-A'(µy'-1) ... (5.156) 

5.19.6 Direct Vision Prism Combination 

When two prisms of different materials are placed in contact 

with relative inverted positions and their refractive indices .and 

prism angles are chosen in such a way that emerging light beam 
will not suffer any mean deviation but having dispersion in 

samedirection then such a prism combination is called 'Direct 
Vision Prism Combination'. 

Figure-5.285 shows combination of two prisms with inverted 

relative positions. The prism angles of these prisms are A and A' 
and having refractive indices for red and violet lights µR, µvand 

µ,'; µv'respectively. If these values of prism angles and refractive 

indices are adjusted such that the mean deviation for yellow 
colour by first prism is exactly equal to that by second prism 

then the total deviation of the white light incident on this 
combination will be zero and the dispersed light beam will emerge 
out in the same direction ofincidence as shown in the figure. 

White Light 

µ 

Figure S.285 

In above case of direct vision prism combination ifoyand 8 y' are 

the mean deviation oflight by the two pris'!ls then the condition 
for this top happen is given as 

8y=8y' 

A (µy- I)= A'(µy'-1) ... (5.157) 

Study Physics Galaxy with www.puucho.com

www.puucho.com



~rn;triCafOptics 

In this case if D andD' are the angular dispersions produced by 

the two prisms then the net angular dispersion of the emerging 

light beam from the prism combination is given as 

DToi,1=A (µv-µR)-A'(µv'-µ,') ... (5.158) 

5.20 Optical Aberrations in Lenses and Mirrors 

Optical aberrations are the defects in image formation by optical 

devices due to deviation in performance of the device because 

of non-paraxial rays or polychromatic light used in optical 

systems. Aberrations occur because all light rays from one point 
object do not converge (or diverge) at a single point after 
undergoing reflection or refraction through the optical device 

in use. In optical systems the image produced gets biurred due 
to aberrations which causes unclear image formation by different 

optical instruments. While designing optical instruments 
corrective measures must be taken to avoid or min.imize 
aberrations. 

Optical aberrations are classified in two broad categories in 

general. These are 'Spherical Aberrations' and 'Chromatic 
Aberrations'. Spherical aberrations are due to the curvature of 
optical devices which causes marginal rays not to meet at the 

point of image formation by paraxial rays and chromatic 
aberrations are due to the presence of several wavelengths of 

light in the incident beam which causes different wavelength 

rays to refract differently from the optical device. Chromatic 

aberrations are considered only in refracting optical devices as 
reflecting devices are free from chromatic aberrations. 

5.20.1 SphericalAberrations 

Due to large aperture of mirrors and lenses when marginal rays 

incident on the outer part of the mirrors or l~nses, these do not 
converge at the point where paraxial rays are meeting and 

forming the image. Figure-5.286(a) and (b) shows the parallel 
light rays incident on a convex lens and a concave mirror. All 

paraxial rays in these cases will converge at focal point but the 

rays which are incident on outer edge of the mirror or lens 
converge before focal point and causes image to get blurred. 
Due to this reason a mirror or a lens having large aperture fails 
to produce sharp image ofan object or point image ofa point 
object. 

(a) 

(b) 

Figure 5.286 

5.20.2 Methods to Reduce Spherical Aberrations 

There are different ways by which corrective measures can be 
taken to reduce the spherical aberrations in image formation. 

Some specific methods are given here for basic understanding, 
detailed analysis is not covered here. 

(i) Use of Stops : Stops are the opaque planes having a small 

aperture used to cut-off marginal rays to incident on the optical 
device as shown in figure-5.287(a) and (b). 

(a) 

(b) 

Figure 5.287 

p 

f 

(ii) Using Parabolic Mirrors : For focussing parallel rays, 
spherical mirrors can be replaced by parabolic mirrors as 

parabolic mirrors focuses all parallel light rays falling on it parallel 
to principal.axis at a single focal point as shown in figure-5.288. 

Study Physics Galaxy with www.puucho.com

www.puucho.com



p 
r 

Figure 5.288 

(iii) Using Convex Lenses at some separation : When two 

con vex lenses are separated by a distance equal to the difference 

in their focal lengths (d= l/1 - J;D then by using this combination 

for image formation, spherical aberrations are minimized. 

(iv) Using .Crossed Lenses : Crossed lenses are specially 

designed lenses with their radii of curvature of the two surfaces 
chosen for a specific case of image formation in such a way to 

minimize spherical aberrations. 

5.20.3 Chromatic Aberration in a Lens 

As we have already discussed that chromatic aberrations are 

due to presence of different colours (wavelengths) in the 

incident light beam which are refracted by the optical device. 

Mirrors are free from chromatic aberrations as all colours follow 

same laws ofreflection. Figure-5.289 shows that a parallel beam 

of white light falling on a concave mirror always produces a 
bright white spot at its focus whereas for a lens its focal length 

depends upon the refractive index oflens which is different for 

different colours. 

White light 

Bright white spot 

Figure S.289 

p 

Below figure-5.290 shows the situation when a parallel beam of 

white light incident on the convex lens, due, to dispersion it 
splits into colours and produces several coloured images 

because focal length of all colours of this lens given by lens 
maker's formula will be different. As µv> µR by lens maker's 
formula we get fv < JR because of which the focal pomt will 

spread in the region from F v to FR as shown in figure. 

Figui-e 5.290 

In above figure, the focal lengthsfvand/R are given as 

_I = (µv-1) (_!_ __ I ) ... (5.159) 
Iv R1 R2 

_I =(µ.-!)(_!_ __ I) 
fR R1 R2 

... (5.160) 

From above equations-(5.159) and (5.160) we get 

I I (1 I) 
Iv - I. =(µv-µ•) R, - R, 

We can multiply the-RHS numerator and denominator by the 
term (µy- I) where µyis the refractive index for yellow (mean) 
colour in white light. · 

I I ( I I ) (µy -1) 
Iv IR -(µv µ•) R

1 
R

2 
x (µy -1) 

~ _I __ I =(µv-µ•)x(µ-1)(_!_ __ 1) 
Iv IR (µy-1) r R1 R2 

I ( l I ) As - = (µy-1) ---
fr R1 R2 

~ IR - Iv = (µv -µ.) 
fvfR '(µy -]) 

x-
lr 

f.'-fv=rofy ... (5.161) 

As for mean colour we can usefvfR = Ii 

Equation-(5 .161) is called 'Longitudinal Chromatic Aberration' 
by a lens for white light. In general when a light consist of 
wavelengths of small range from A. to A. + dA. then corresponding 
variation in refractive index of the material oflens will be fromµ 
to dµ. In this case the focal length of the lens for the light can be 
given as 

_!_ =(µ-I) (_!_ __ I ) 
f R1 R2 

... (5.162) 

Differentiating above relation we get 

... (5.163) 
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Dividing equation-(5.163) by (5.162) we get 

df dµ 
-- =--=ro 

/ (µ-!) 

=> -df=o:f ... (5.164) 

Above equation-(5. 164) gives the spread of focal point df due 
to the wavelength spread d),. in the light beam and is the 
'Longitudinal Chromatic Aberration' for the given light beam. 

5.20.4 Achromatic Combination of Lenses 

Due to chromatic aberrations in a lens always the image 
produced by the lens for any light consisting more than one 
wavelength, overlapped images are produced due to spread in 
focal point of the lens. To avoid or minimize the chromatic 
aberration we combine a lens with another lens of opposite 
nature to compensate the chromatic aberrations. Such 
combination oflenses are called achromatic combinations and 
the condition is called 'Achromatism'. 

From equation-(5.164) in previous article we have studied that 
spread in focus due to aberration is given as 

-df=o:f 

For a lens combination of focal lengths.t; and/2 we use 

I 1 I 
-=-+-
f,q Ji /2 

Differentiating above relation we get 

I I 1 
- -1.2 df.. =- fi2 d.t;- I:' d/2 

eq I 2 

If the combination is free from chromatic aberration then we can 
use df,

9 
= 0 hence we get 

I 1 1 
--df. =--df,--dj 

1.
2 eq jj2 J f:2 2 

eq l 2 

1 dfi 1 dfi 
0=--·---·-

1, I, Ji f, 

=> ·--(5.165) 

where roJ and ro2 are the dispersive powers of the material of the 
two lenses used in above combination. This equation-(5. 165) is 
the condition of achromatic combination of two lenses which 
shows that a lens combination is free from achromatic aberrations 
if.t; and.t;are ofopposite signs or the two lenses must be of 
opposite nature. 

# Illustrative Example 5.81 

An achromatic convergent lens of focal length 150 cm is made 
by combining flint and crown glass lenses. Calculate the focal 
lengths of both the lenses and point out which one is divergent, 
if the ratio of the dispersive powers of flint ai:Jd crown glasses 
are3: 2. 

Solution 

For the given combination, we have 

I I I 
-=-+-
150 Ji /2 

Condition of achromatism is 

Ji (01 2 
- =-- =--
/, ro2 3 

Solving the equations-(5.166) and (5.167) we get 

.t; =+50cm 

and /2= -75cm 

#Illustrative Example 5.82 

... (5.166) 

... (5.167) 

Find the angle ofa prism of dispersive power 0.021 and refractive 
index 1.52 to form an achromatic combination with a prism of 
angle 4.2° and dispersive power 0.045 having refractive index 
1.65. Find the resulting deviation. 

Solution 

The dispersive power of prism material is given as 

Dispersion and for the combination is given as 

0 = (µv-µ,)A =ro (µ- !)A 

Dispersion for first prism 

01 = 0.045 (1.65 -1) 4.2 

for achromatic combination 81 = 82 

=> 0.02l(J.52- l)A
1 
= 0.045 X 0.65 X 4.2 

=> 
Deviation by the first prism is 

BJ= (µJ- l)A 1 =(1.52-1)( 11.25)=5.85° 

Deviation from the second prism is 

o, = (l.65-1)4.2=2.73° 

Net deviation produced by the combination is 

0T=5.85-2.73 =3. 12° 
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# Illustrative Example 5.83 

A ray of white light falls into the side surface of an isosceles 
prism at_ such an angle that the refracted ray leaves the prism 
perpendicular to the second face. Find the deviation ofthered 

and violet rays from the initial direction ifrefraction angle of 
the prism is 45°. The refractive indices of the prism material for 
red and violet rays are 1.37 and 1.42 respectively. 

Solution 

According to the situation shown in figure we have 

r2 =0,r1=45° 

For prism refraction we have 

r1+r2 =A 

By Snell's law, we have 

=> 

or 

=> 

sini 
µr = sinr 

sin i 
1.37 = --:------450 . · sm 

sin i = 1.37 x II ,/2. = 0.9687 

i =75°37' 

Angle of deviation for the red ray is given as 

i+e=A+o~ 

=> 75°37'+0=45+5, 

=> 5,=30°37' 

sin 75°37' 
=> sin 1i 

. - 0.9687 -o 6822 smr -----.. 
I J.42 

=> r1 = 43°1 'and r2 = 45 -43°1 '= 1°59' 

By Snell's law we have 

sine2 --=µ 
sinr2 v 

=> 

=> 

=> 

sine, =1.42 
0.0346 

sin e2 = 1.42 x 0.0346 = 0.04913 

e2 =2°49' 

Angle of deviation for violet ray is given as 

i+e=A+5v 

=> 

=> 

75°375'+2°49'=45 +5v 

5v=33°26' 

.. G_~C:"2=~ica"I Optic~] 

# Illustrative Example 5.84 

A prism of angle 60° is made of glass of refractive index 1.50 for 
red and 1.56 for violet. Find the angular separation of these 
rays when a narrow pencil of composite light is incident at 
minimum deviation. 

Solution 

The minimum deviation produced by a prism for a light ray 
refracted through it is given by the relation 

µ= 

. A+om sm---..;1 
2 

.A 
sm-

2 

For red lightth,e minimum deviation oR is given as 

. 60o+OR 
sm 

=> 

=> 

=> 

1.5= 2 
sin 30° 

60°+8, I 
sin 2 =J.5x 2=0.75=sin48°35' 

60° + OR = 97° 10' 

OR =37°10' 

Similarly for violet light, minimum deviation oflight is given as 

. 60°+8. 
sm 

2 
=l.56x0.5=0.78=sin51°16' 

or 

or 

60+5. = 102°32' 

0.=42°32• 

=> The angular separation between the red and violet rays is 
given as 

=42°32'-37°10'= 5°22' 

# Illustrative Example 5.85 

A thin biconvex lens is placed with its principal axis first along 
a beam of parallel red light and then along a beam of parallel 
blue light. If the refractive indices of the lens for red and blue 
light are respectively 1.514 and 1.524 and if the radius of 
curvature of the faces are 30 cm and 20 cm, calculate the 
separation of foci for red and blue light. If the focal length for 
the mean colour (yellow) is 23.1 cm, find the dispersive power 
of the material of the lens. 

Solution 

By lens makers formula, we have 

I ( I I ) -=(µ-!) ---
/ R1 R2 
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Here for red light, we use 

_!_ =(1.514-1)(-
1 

+_!_) 
f, 20 30 

CC:, =0.514 X (!/12) 

=:, .t; =23.33 

For blue light, we use 

=:, 

;. =(1.524-1)(210 + 3~) 

12 
Ji,= 

0
_
524 

= 22.9 cm 

Separation between the focal points is 

if= .t;-fi, = 23.33-22.9= 0.43 cm 

We use _l _ _!_ = (µb-µ,J..!._ ="' 
fb f,, µ-! f f 

where dispersive power of the lens material is given as 

O)= (µ:=~· J 

=:, 
0) Olj2 

.t; - Ji, = f x (f,, x .t;) = I = rof 

separation 0.43 
O)= =--

mean focal length 23. I 

=0.019 

# Ill11strative Example 5.86 

Two parallel beams oflightP and Q (separation d) containing 
radiations of wavelengths 4000 A and 5000 A (which are 
mutually coherent in each wavelength separately) are incident 
normally on a prism as shown in figure-5.291. 

P........
[d 

Q__t__.. 

A 

sin 9=0.8 

Figure 5.291 

The refractive index of the prism as a function of wavelength is 
given by the relation 

b 
µ("/,.)= 1.20+ i2 

where"/,. is in A and bis a positive constant. The value of bis 
such that the condition for total reflection at the face AC is just 
satisfied for one wavelength and is not satisfied for the other. 

(a) Find the value of b. 

(b) Find the deviation of the beams transmitted through the 
faceAC. 

. - . - - --·· ·-~-; 
299, 

. - - -----l 

(c) A convergent lens is used to bring these transmitted beams 
into focus. If the intensities of the upper and the lower beams, 
immediately after transmission from the face AC, are 4/ and/ 
respectively, find the resultant intensity at the focus. 

Sol11tio11 

(a) We are given with the wavelengths oflight beams as 

,.P = 4000 A and ,.Q = 5000 A 

sin 0 =0.8 

=:, 0 = 53° andµ("/,.)= 1.20 + (b/,.2) 

If0c be the critical angle for total internal reflection, then we 
have 

µ= sin0c 

This shows that grater is the value ofµ, smaller is the critical 
angle0c 

As 

=:, 

According to the given situation, the angle of incidence for 
both beams P and Q at face AC are same (0 = 53°). Thus the 
beam P satisfies the condition of just total internal reflection 
while the beam Q gets transmitted thus we use 

I I 
µp= ---0- = -o· 8 = 1.25 

sm c . 
Substituting "/,.P and µPis the given equation, we get 

I 
1.25 = 1.20 + ( 4000)2 

Solving we get b"" 0.8 x 106 A2 

(b) Deviation oflight beam Pat grazing emergence oflight is 
given as 

8p=90°-0c 

where 0c is the angle of incidence of Pat face AC. 

=:, 

A 

a,~------~c 
Figure 5.292 

8p=90°-53° 8'=36°52' 

For light beam Q, by Snell's law, we use 

sini2 
µQ= sin0 

Study Physics Galaxy with www.puucho.com

www.puucho.com



0.8xl06 

µQ= 1.20+ (5000)2 = 1.232 

sin i
2 

= 1.232 x 0.8=0.9856 

;2 =80°16' 

Deviation of beam Q is given as 

Ii =i -0=80°16'-53°=27°]6' 
Q 2 

(c) As the two beams have light wave of different 
wavelengths, these are non coherent light waves. When two 

or more non coherent light waves superpose each other on a 
point, the average resulting intensity is the sum of individual 
intensities of the component waves. Thus·here the resulting 

intensity of the light at focus is 4/ + /= 5/. 

Web Reference-at www.physicsgalaxy.com 
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Practice Exercise 5. 8 

(i) Two thin prisms are combined to form an achromatic 

combination. For firstprismA =4°, µR= 1.35, µr= 1.40, µ
0 
= 1.42. 

For second prismµ'•= 1.7, µ'r= 1.8 andµ'•= 1.9 find the prism 

angle of second prism and the net mean derivation. 

[1.4°, 0.48°] 

(ii) The index of refraction of heavy flint glass is 1.68 at 

434 nm and 1.65 at671 nm. Calculate the difference in the angle 

of deviation ofblue (434 nm) and red (671 nm) light incident at 

65° on one side ofa heavy-flint glass prism with apex angle 60°. 

[2.8°] 

(iii) The dispersive power of crown and flint glasses are 

0.03 and 0.05 respectively. The refractive indices for yellow 

light for these glasses are 1.517 and 1.621 respectively. It is 

desired to form an achromatic combination of prisms of crown 
and flint glasses which can produce a devi_ation of I O in the 

yellow ray. Find the refracting angles of the two prisms needed. 

[4,8o, 2.40] 

(iv) A crown glass prism ofangle 5° is to be combined with 

a flint prism in such a way that the mean ray passes undeviated. 
Find (a) the angle of the flint glass prism needed and (b) the 

angular dispersion produced by the combination when white 

light goes through it. Refractive indices for red, yellow and 

violet light are 1.514, 1.517 and 1.523 respectively for crown 
glass and 1.613, 1.620 and 1.632 for flint glass. 

[(a) 4.169°, (b) 0.0348°] 

(v) Fora crown and f:1int glass for C andFlines µc= 1.515 

and µF= 1.523 and µc= 1.644, µF= 1.664 respectively. Calculate 
the angle of flint glass prism which may be combined with 
crown glass prism having refracting angle 20µ such that the 

combination is achromatic for C and Frays. 

[8°) 

(VI) The prism of a spectrometer has a refracting angle 60° 
and is made of glass whose refractive indices for red and violet 
are respectively 1.514 and 1.530. A while source is used and the 

instrument is set to give minimum deviation for red. Determine 
(a) angle of incidence, (b) the angle of the emergence for violet 

light and ( c) the angular width of spectrum. 

[(a) 49°12', (b) 50°38', (c) 1°261 

(vii) An equiconvex lens of crown glass and an equiconvex 
lens of flint glass make an achromatic system. The radius of 
curvature of convex lens is 0.54 m. If the focal length of the 

combination for the mean colour is 1.54 m and the refractive 

indices for the crown glass are µR = 1.53 and µv= 1.55, find the 

dispersive power of the flint glass. 

[0.055] 

(viii) How would you use two planoconvex lenses of focal 

lengths 0.06m and 0.04 m to design an eye-piece free from 
chromatic aberration. What will be its focal length and 
magnifying power for normal vision ? Will it be a posi/ive or 

negative eye-piece ? 

[0.048 m, 5.2, Negative] 

(ix) An achromatic lens:double is formed by placing in 
contact a convex lens of focal length 20 cm and a concave lens 
of focal length 30 cm. The dispersive power of the material of 
the convex lens is 0.18. 

(a) Determine the dispersive power of the material of the 

concave lens. 

(b) Calculate the focal length of the lens-doublet. 

[(a) 0.27, (b) 60 cm) 
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5.21 Optical Instruments 

Optical Instruments are the devices which utilize the 

phenomenon ofreflection and refraction for image formation of 

various objects for their study in detail. All optical instruments 

are generally categorized in two groups. One group of devices 

Posterior chamber 

Cornea 

l Sciera 

Retina 

Vitreous 

are those which produce real images of an object which_ is Iris,-.i.i,,\.-.1 

projected on a screen or a photographic plate and such images 

can be viewed simultaneously by many ubservers. Many 

different types of Projectors and Spectroscopes belong to this 

category which we will not discuss in details as their construction 

and working is not in scope of this book. The other group of 

devices are those which forms virtual image of an object and 

only one observer can see the image. The virtual image formed 

by the instrument is transformed by observer's eye into a real 

image on its retina. Some such optical instruments are also 

called as 'Optical Aids' and such instruments are also used to 

correct defects in human eye. Most commonly used optical 

instruments in this group are spectacles, microscopes and 
telescopes which we study in detail. 

5.21.1 The Human Eye 

In all types of optical instruments the observer's eye is an 

essential part as the optical instruments we are going to study 

· in coming sections, the analysis is based on observation of 

final image by observer's eye so a good knowledge of human 

eye is very important however in previous grades you might 

have studied it. Still for a quick reference we are discussing the 

same here again. Figure-5.293(a) shows a sectional view of the 

human eye which is nearly spherical in shape having an average 

diameter of2.5cm for an adult and figure-5.293(b) shows the 

front view of a normal human eye. The rough outer protective 

and stiff skin of eye ball is called 'Sciera'. At the front portion 

of eye, the sclera extends into a thin transparent membrane 

which is called 'Cornea' in front of the eye lens. Just at the back 

of cornea is the 'Iris', which is a textured pattern muscular ring. 
Iris can be of different colours which causes different color of 

eye in different people. At the center ofiris there is an aperture 

through which light incident on the eye lens. This aperture is 

called 'Pupil' and its diameter is variable and it gets broader or 

shrink to adapt to changing light intensity falling on eye. Behind 

the iris there is a crystalline 'Eye Lens' which is biconvex and 

made up of fibrous jelly. The eye lens is soft at the edges and 

hard at the center. This eye lens is held by circular ring shaped 

'Ciliary Muscles' at the outer edge in front of the eye ball. The 

region between the eye lens and cornea contains a liquid called 

'Aqueous Humor' and behind the lens eye is filled with a water 

based jelly type liquid called 'Vitreous Humor'. 

Canal of 
Schiemm 

. 
-------

Bowman's 
membrane 

(a) 

Descemet's 
membrane 

(b) 

Figure 5.293 

When light rays enters into the eye through the cornea and 
gets refracted from the eye lens and produces the image on a 

thin layer of sensory cells inside the sclera. This thin lining is 
called 'Retina' which acts as a screen for image formation. The 
surface ofretina is hemispherical in shape and it contains light 
receptor cells called 'Rods' and 'Cones'. These cells sense the 
image produced on retina and transmit it to human brain via the 
'Optic Nerve' shown in figure-5.293(a). 

For an object to be seen sharply, the image musrbe formed 
exactly at retina. For different positions of object, eye adjusts 
to different object distances by changing the focal length of its 
lens, the distance between lens and retina does not change. 
The focal length of eye is adjusted by varying the radius of 
curvature of the lens by the ciliary muscles. This process by 
which ciliary muscles changes the curvature of eye lens to 
obtain sharp image of different object is called 
'Accommodation'. 
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Human eye has limited capacity ofaccomrriodation which is in 
the range between 'Near Point' and 'Far Point' of the eye. For 
a normal eye its far point is infinity. When eye focus an object 
located ijt infinity then in this state ciliary· muscles are fully 
relaxed. When eye focuses on an object placed at a short 
distance then the state at which ciliary muscles are fully 
contracted and eye lens produces sharp image on retina, this 
distance is called near point of the eye. This minimum distance 
at which an eye can see objects distinctly and clearly without 
getting tired is called the 'Least Distance of Distinct Vision' 

.which is about 25cm for a normal eye. The range of 
accommodation (near pointto fur point) ofa human eye gradually 
diminishes with age and with life span near point and far point 
changes which results in defects of human eye called 
'Presbyopia' and 'Myopia' which you have already covered in 
your previous grades. 

5.21.2 Camera 

A photographic camera is an optical ddvice which is similar to 
human eye in which image ofan object is produced by a convex 
lens (camera lens) on photographic film instead of retina. 
Figure-5.294 shows the structural diagram of a camera in which 

' through the aperture light passes into the camera for short 
duration and produces a diminished real image on the photo 
sensitive film. The duration for which aperture opens and 
captures the image decides the illumination of the image on 
fihn. 

Shutter 

CCD 

L·:_rt_"'_·-~-- q --..i 

Figure 5.294 

5.21.3 Angular Size of Objects and Images 

When the observer sees an object directly or by using an optical 
instrument then the size ofimage appears to observer's eye is 
analyzed by angular size ofimage which also depends upon the 
distance wnere tne image is located. For an object located close 

_ Geometric~! opu_cs] 
to eye it appears large and Wit is displaced away its size appear 
small due to decreasein angular size of the object which it is 
subtending on eye. Figure-5.295(a) and (b) shows an object of 
size 'h' which is located at distancesx1 andx2 from an observer's 
eye. The angular size of the object as seen by eye in the two 
situations is given as 

h 
0 =-

1 XI 
and 

(a) 

h 
0 =-

2 X2 

r---11 .............. e __ 
L [°'·-. .. 

f---X1--+j 

hr--------------------e~r----------
!<------X2-------+! 

(b) 

Figure 5.295 

Here angle 02 is less than 01 in the two positions of the same 
object and as we know the object which is located far away 
from us appear smaller thats why here angle 0

2 
is less than 

angle 01• 

5.21.4 Simple Microscope 

A 'Simple Microscope' or a 'Magnifying Glass' is a converging 
lens of small focal length. When a magnifying glass is held 
close to the object and observer's eye is placed on the other 
side then in this situation the size of virtual image produced is 
larger then object and its distance is also farther from the object 
as shown in figure-5.296(b). In this figure the angular size of 
image is same as that of object which is 0 as shown. 

hr-----------------0,1----------- ~ 
l<-----D----->I 

(a) 

I ·s..-..--:::==~:-------

I F 

(b) 
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1+----t~1 

(c) 

Figure 5.296 

Here if the same object is kept a distance ofnear point of the 
eye as shown in figure-5.296(a) and compare it with the case 

shown above when image is produced at a distance of near 
point then in presence of converging lens the angular size 
observed is large and by using the lens we can see the magnified 
image of the same object at near point. 

In figure-5.296(c) the object is kept at focal point of the lens so 

that its image is seen by the observer's eye at infinity with the 

5.21.5 Magnification of Simple Microscope 

In case of optical instruments the magnification is given as 
'Angular Magnification' which is not same as lateral 

magnification. Angular magnification is the ratio of angular size 

ofana image to the angular size of corresponding object which 

is generally considered to be located at near point of the eye. 
Students must understand the difference between the two like 

for the case shown in figure-5.296(c) angular magnification is 

8 . 8 
f whereas lateral magnification is infinite. Here if 

8
2 = 2 (say) 

0 0 
then the size of image will appear twice as large as that of the 

object to the observer's eye but actual size of image will be 
infinite. 

For a simple microscope, the angular magnification for image 
produced at 'Near Point' of eye is given as 

(
h(D+ J)) 

81 DJ D+J ,n = - = 
N Bo /, D 

D 

D 
=> angular size 82• In this case the image is obtained at far point of 

m =1+-
N J ... (5.173) 

eye so the eye is in fully relaxed state. 

From figure-5.296(a) the angular size ofobject located at near 
point is given as 

h 
8=-

0 D ... (5.168) 

The angular size of image produced at near point as shown in 
figure-5.296(b) is given as 

h 
8 =-] u ... (5.169) 

where u is the object distance which produces the image at near 
point distance and it can be obtained by lens formula as 

DJ 
u=--

D+J ... (5.170) 

For the simple microscope, the angular magnification for image 
produced at 'Far Point' of eye is given as 

D 
m=-

F J ... (5.174) 

Above equations-(5.173) and equations-(5.174) give the angular 

magnification produced by the simple microscope for the two 
situations of image produced. Above given angular 
magnifications are also called 'Magnifying Power' of a simple 
microscope: 

Substituting value ofu from equation-(5.170) to equation-(5.169), 5-21.6 Compound Microscope 
we get 

'h h(D+J) 
9,=( DJ)= DJ 

D+J 

A simple microscope has limit~tions on its magnifying power 
so in case when large magnification is needed we use compound 

· · · (5.171) microscope which uses two stage magnification and produces 
highly magnified image ofa given object. 

The angular size of image produced at far point (infinity) as 
shown in figure-5.296(c) is given as 

A compound microscope uses two lenses called 'Objective' 
and 'Eyepiece' placed on a common principal axis. The working 
of a compound microscope is shown in figure-5.297. Here an 

obj_ect AB is placed at a distance u which is slightly greater than 
the focal length of the objective so that it produces a real 

h 
8=-

2 J' 
... (5.172) 
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magnified inverted image A'B' at a distance v as shown. This 
imageA'B' is obtained at a distance u, from the eyepiece which 
is less than focal length of the eyepiece so that it produces a 
virtual magnified image CD at a distance equal to near point of 
the observer's eye which is kept close to the eyepiece on the 
other side for viewing the image. 

Eyepiece (/,) 

Figure 5,297 

Figure-5.298 shows the situation when the image produced by 
the objectiveA'B' is at the focal point of eyepiece due to which 
the final image seen by the observer_is at its far point(infinity). 

B 

h 
A 

------------------------

Figure S.298 

5.21. 7 Magnifying Power of Compound Microscope 

Overall angular magnification of the compound microscope is 
the product of two factors. First is the lateral magnification of 
the objective, which gives the linear size of its image A 'B' and 
second factor is the angular magnification of the eyepiece which 
-is given by equation-(5.173) and equation-(5.174) in the two 
cases ofimage formation at near point and far point of the eye. 

The lateral magnification of the objective is given as 

mo=-; =-(u~~oJ ... (5.175) 

For a compound microscope in normal conditions when image 
is produced at near point then magnification of eyepiece is 
given by equation-(5.173) 

D 
m =1+

E I 

~~metrical Opti0s" I 
Thus magnifying power of the compound microscope in normal 
conditions is given as 

MN=m0 xmE 

MN=-; (1+ 1) ... (5.176) 

If in a compound microscope final image is produced at far 
point of the eye then the magnification of eyepiece is given by 
equation-(5.173) as 

D 
m'=-

E IE 
Thus magnifying power ofthe compound microscope for final 
image at far point of eye is given as 

... (5.177) 

5.21.8 Tube Length of a Compound Microscope 

The distance between two lenses, objective and eyepiece of 
the compound microscope is called Tube Length. We can 
calculate tube length of a compound microscope in two cases 
when it.produces final image at the near point and at far point of 
the observer's eye. 

Case-I: When Image is produced at Near Point 

This situation is shown in figure-5.174 in which the tube length 
can be given as -

ulo Die L =--+-
N u-lo D+le 

... (5.178) 

In equation-(5.178) all values are substituted in magnitude as 
signs are already considered with symbols. 

Case-II: When Image is produced at Far Point 

This situation is shown in figure-5.175 in which the tube length 
can be given as 

LN=v+f,, 

L = ulo +f, 
N U- lo E 

... (5.179) 

In equation-(5.179) all values are substituted in magnitude as 
signs are already considered with symbols. 

5.21.9 Refracting Astronomical Telescope 

A telescope is used to view heavenly bodies. As heavenly 
bodies are very far away from earth, they subtend very small 
angular size on the observer's eye looking at these so these 
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bodies appear very small in size. A telescope produces a 

magnified image of such bodies which is having large angular 
size so that eye can see more details of these bodies in enlarged 

view ofimage. A telescope which uses a lens as an objective is 

called a 'Refracting Telescope'. 

A simple astronomical telescope consists of two lenses
objective and eyepiece. The objective is a convex lens of long 

focal length and it forms the real image of distant object in focal 
plane of the objective. Figure-5.299 shows the optical system 

of a simple refracting telescope. The image AB formed by 

objective acts as an object for eyepiece and based on distance 

of eyepiece from the focal plane of objective it produces a virtual 
and enlarged image of AB either at near point of observer's eye 
or at far point (infinity). 

· I-fo----+I 

Figure 5.299 

Above figure-5.299 shows the normal adjustment oflenses in 
telescope in which the final image is produced at infinity and 
observer's eye is in relaxed state which is the most common 

adjustment for a telescope used in general and figure-5.300 

shows the situation when final image is produced by eyepiece 
at near point of the eye. 

>+----D •J 

Figure 5.300 

5.21.10 Magnifying Power of a Refracting Telescope 

In all cases of telescopes always object is considered located 
far away froni the device so we only discuss in terms of the 
angular size of object and image. As shown in figure-5.299 or 
figure-5.300 the angular size of object can be taken as a and 

first image AB is produced in the focal plane of objective, if 
AB = h then we can use 

h 
a=-

fo 
... (5.180) 

. -- -- :iofl 
For the normal adjustment of telescope for final image obtained 

at infinity as shown in figure-5.299 the angular size ofimage can 
be taken as p which is given as 

h 
P=

fE 
. .. (5.181) 

From equations-(5.180) and (5.181), the magnifying power of 
telescope for normal adjustment is given as 

M=I 
F Cl 

=> M =-Jo 
F IE 

... (5.182) 

In equation-(5.182) a negative sign is inserted as the image 

produced by objective is inverted. For the _situation when 

telescope produces final image at near point of observer's eye 
as shown in figure-5.300 the image size P' is given as 

p = ...!:_ 
UE 

... (5.183) 

From equation-(5.180) and (5.183), the magnifying power of 

telescope for image at near point of observer's eye is given as 

P' lo M=-=-
N a UE 

... (5.184) 

In figure-5.300, the distance uE is such that image by eyepiece 
is obtained at a near point D from eyepiece of focal length/£ so 
by lens formula u E is given as 

DfE 
uE= D+ IE ... (5.185) 

Substituting the value of uE from equation-(5.185) in 
equation-(5.184) we get 

M =- fo 

N ( DfE J 
D+fE 

M =- fo (l+fE) 
N IE D 

... (5.186) 

In equation-(5.186) a negative sign is·inserted as the image 
produced by objective is inverted. 

5.21.11 Tube Length ofa Refracting Telescope 

The distance between two lenses, objective and eyepiece of 
the telescope is called its 'Tube Length'. We can calculate tube 

length of a refracting telescope in two cases when it produces 
final image at the near point and at far point of the observer's 
eye. 
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Case-I : When Image is produced at Near Point 

This situation is shown in figure-5.300 in which the tube length 
can be given as 

L =r + DIE 
N Jo D+IE 

... (5.187) 

In equation-(5. 187) all values are substituted in magnitude as 
signs are already considered with symbols. 

Case-II: When Image is produced at Far Point 

This situation is shown in figure'5.299 in which the tube length 
can be given as 

... (5.188) 

5.21.12 ReflectingTelescope 

In a reflecting telescope the objective is replaced with a large 
concave mirror. This is an 'Astronomical Telescope' which is 
used for astronomical observations. To study the details of 
distant astronomical bodies large aperture ofobjective has many 
advantages. Large aperture causes brighter image with fine 
details in the image produced and mounting oflarge sized mirror 
is much easier compared to mounting ofa large lens. Figure-5.301 
shows the working ofa reflecting telescope in normal adjustment 
for obtaining the final image at infinity. We can see that the final 
image in a reflecting telescope is formed in the region where 
incoming rays are traveling in tube of telescope by placing a 
·small mirror at an angle 45° to the axis of tube and placing 
eyepiece at the side of the tube .. 

Figure 5.30 I 

Refracting telescope uses a thin lens as objective and lenses of 
large aperture cannot be properly manufactured. If made then 
due to chromatic and spherical aberrations distorted images are 
formed. Due to use of parabolic mirrors as objective in reflecting 
telescope·these are almost free from chromatic and spherical 
aberrations. 

5.21.13 Terrestrial Telescope 

This is also an 'Astronomical Telescope' whicli produces erected 
images. This is similar to a normal refracting telescope but it 
uses an erecting lens between objective and eyepiece as shown 
in figure-5.302. The disadvantage of this telescope is its large 
tube length due to which it is rarely used. 

Objective ([0) 

_{;;;.;,---- . 
~~!!_ (tl ............ Eyepiece (fe) 

=--=r7F~~-~-----p-, ___ \F~. 

fo 21, 21, I, 

Figure 5.302 

The tube length ofa Terrestrial Telescope is L = 10 + 4.t; + IE 

Wherel1 is the focal length ofthe erecting lens. 

5.21.14 Galilean Telescope 

This is one among the oldest known telescopes made by Galileo 
Galilei in 1609. This uses a concave lens as eyepiece as shown 
in figure-5.303 which shows the normal adjustment of the 
telescope. The advantage of this telescope is shorter tube length 
and it gives erected image without using the erecting lens. 

Figure S.303 

# Jl/11strative Example 5.87 

A short-sighted man, the accommodation of whose eye is 
between 12 cm and 60 cm wears spectacles.through which he 
can see remote objects distinctly. Determine the minimum 
distance at which the man can read a book through his 
spectacles. 

So/11tion 

As per the given situation, a man can manage to see objects 
clearly if placed between 12cm and 60cm (accommodation of 
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eye). Ifv is the distance between eye lens and retina. then the 
focal length of eye lens when an object is placed at 60cm =} 

distance is given by lens formula, used as 
u =-(~J cm o 131 

V -60 j, ... (5.189) 

Ifhe uses spectacles with focal length of its lens fthen he can 
see far objects clearly, that means for far objects the 
combination of eye lens and spectacles lens produces the 
image at retina at distance v frcim eye lens then for the 
combination of the lenses, we use lens formula as 

1 I I I . 
--- =-+-
v oo J, I ... (5.190) 

From equation-(5.189) and (5. 190), we get 

f=-60cm 

For the near point of the eye at 12cm if the focal length of the 
eye lens is/,' then by lens formula we use 

V -12 /,,' 
... (5. 191) 

If the minimum distance at which the person can read a book 
clearly is placed at a distance D from eye then with spectacles 
lehses, we use lens formula as 

1 I I I 
---=-+-
v -D J,' -60 

From equation-(5.191) and (5.192), we get 

D=l5cm. 

# Illustrative Example 5. 88 

... (5,192) 

The focal lengths of the objective and eyepiece of a microscope 

are 4 mm and 25 mm respectively, and the length of the tube is 
16 cm. If the final image is formed at infinity and the least 
distance of distinct ·vision is 25 cm, then calculate the 
magnifying power of the microscope. 

Solution 

Magnification of microscope is given as 

Here 

and 

v0= 16-2.5= 13.5cm 

fo=+4mm=+0.4cm 

Using the lens formula, we have 

1 
---=-
Vo 110 lo 

13.5 25 
=} 

(54/]3]) X 2.5 =- 327.5 

# Illustrative Example 5.89 

A telescope has an objective of focal length 50 cm and eyepiece 
of focal length 5 cm. The distance of distinct vision is 25 cm. 
The telescope is focussed for distinct vision on a scale 200 cm 
away from the objective. Calculate 

(D The separation between the objective and eyepiece, 

0D The magnification produced. 

Solution 

The situation is shown in figure-5.304 with ray diagram. 

(D If the separation between the two lenses bex then for lens 
formula for refraction at objectiv.e lens we use 

u0 =-200cm and fo=+ 50cm 

From lens formula, we have 

=} 

=} 

Vo 110 lo 

1 1 1 I I 
---+------
Vo fo u0 50 200 

4-1 3 -=--=-Vo 200 200 

200 
:::::,. v =+-cm 

0 3 

Thus a real image is formed at a distance of200/3 from the 
objective. This image acts as object for the eyepiece. For 
refraction through eyepiece, we use 

u,=-(x-2~0) 

v =-25 cm and r = + 5 cm e Je 

1 1 1 
--+ --

25 (x-2~0)- 5 

B 

A ' 
~----·200cm---- ~ I 

I ' I ,.,:_ __ ... 
t,. ... ~ ... 

B, 

Figure S.304 
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I I I 6 
~--~=-+-=-(x- 2~0) 5 25 25 

6x-400 =25 

6i=425 

425 
x= 6 =70.80cm. 

~ fi . b' . v0 200 I 
(i1, Magni cat10nofO iect1ve=;,; = 

3
x

200 
= 3 

v, 25x6 
Magnification ofEyepiece = u, = ~ = 6 

Total magnification= .!_x 6 = 2. 
3 

# Illustrative Example 5. 90 

A compound microscope is used to enlarge an object kept at a 

distance of0.03 m from its objective which consists of several 
convex lenses in contact and has focal length 0.02m. !fa lens 

offocal length 0.1 mis removed from the objective; find out the 

distance by which the eyepiece of the microscope must moved 

to refocus the image. 

. ' Solution 

Sol. Let v
0 

be the distance of the image formed by the objective 
alone so by lens formula for objective, we use 

I I 1 
-=-+
Vo uo fo 

1 1 I 1 
-= --+-=-
Vo 3 2 6 

v0 =+6cm 

The image is formed at 6 cm behind the objective. If fo'be the 

new focal length of the objective when a lens of focal length 
0.1 m (10 cm) is removed from it, then for combination, we can 

use 

1 2 
- ---- ---- --fo' fo · 10 2 10 5 

fo' = + (5/2) cm 

· Geometrical Optiqs j 

Let v
0
'be the new dista11ce of the image formed by the objective 

then by using lens formula again, we have 

1 I 1 1 2 1 
- --+-- --+---

' r' 3 5 15 Vo Uo JO 

v0'=+ 15 cm 

Thus the image is shifted from the objective through a distance 

15 cm - 6 cm= 9 cm. So the eyepiece should be moved away 

from the objective by 9 cm to refocus the image at same position. 

#Illustrative Example 5.'11 

In. a compound microscope the objective and eyepiece have 
focal lengths of0.95 cm and 5 cm respectively, and are kept at 

a distance of20 cm. The final image is formed at a distance of 

25 cm from eyepiece. Calculate the position of the object and 

the total magnification. 

Solution 

From the lens formula for eyep_iece, we use 

v, =-25 cm and .t; =+ 5 cm 

6 
.- ---- - ---- --
u, v, f, 25 5 25 

=:, u, =-(25/6) cm 
For the objective, we use 

fo=0.95cm and v0 =20-(25/6)=95/6cm 

Using lens formula, we have 

1 l ---=~ 
Vo uo lo 

1 
---=-
Vo fo uo 

6 6-100 
=----=---

Uo 5 0.96 95 

94 
=--

Uo 95 

Total Magnification M= v0
( 1+D) 

Uo fe 

M= (95/6). (i+ 25) =-94 
-(95/94) 5 
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# Illustrative Example 5.92 

The focal lengths of the objective and the eye-piece of an 
astronomical telescope are 0.25 m and 0.02m, respectively. The 

telescope is adjusted to view an object at a distance of 1.5m 
from the objective, the final image being 0.25m from the eye of 

the observer. Calculate the tube length of the telescope and 
the magnification produced by it. 

Solution 

For objective, by lens formula, we have 

Vo -1,5 +0.25 

I I I 
Vo = 0.25 -Ll =4-0.6667 =3.3333 

v0 =+0.3m 

For eyepiece, by lens formula we have 

-0.25 -u, +0.02 

I I I 
- = -+- =4+50=54 
u, 0.25 0.02 

u, =+0.01852m 

The tube length of the .telescope is given as , 

L=0.3 +0.01852=0.31852m. 

Magnificationby objective is 

V0 0.3 
m =-=- 0 02 

0 uo l.5 . 

Magnification by eyepiece is 

v, 0.25 
m, = u, = 0.001852 136,98 

TotalMagnificationmT=m1 x m2=27.39 

# Illustrative Example 5.93 

A short-sighted person cannot see objects situated beyond 
2m from him distinctly. What should be the power of the lens 
which he should use for seeing distant objects clearly? 

Solution 

Iff, be the accommodate focal length of the eye-lenses for 2m, 
then by lens formula, we have 

---=-
V -2 le ... (5,193) 

Where v is the distance between eye lens and retina. 

. : -~:-_-~]@ 
Ifjbe the focal length of the correcting lens for seeing distant 

objects then by lens formula for combination, we have 

I I I I 
--- = -+- ... (5.194) 
V 00 le f 

Subtracting equation-(5.193) from equation-(5.194), we get 

/=-2m 

Thus power of the lens required is 

I 1 
P= f = _

2
. =-0.5 dioptre 

Web.Reference at www.physicsgalaxy.com 

Age Group - High School Physics I Age I 7-19 Years 
Section,;OPTICS 
Topic- Optjcallnstruments 

Module Nnmber - I to 20 

Practice Exercise 5. 9 

(i) A projector lens has a focal length 10 cm. It throws an 
image of a 2cm x 2cm slide on a screen 5 metre from the lens. 
Find (i) the size of the picture on the screen and (ii) the ratio of 

illumination of the slide and of the picture on the screen. 

[240 I] 

(ii) The focal length of the objective of a microscope is 

J; = 3mm and of the eyepiece!,= 5 cm. An object is placed at a 
distance of3. l mm from the objective. Find the magnification 
of the microscope for a normal eye, if the final image is produced 
at a distance 25 cm from the eye (or eyepiece). Also final the 
separation between the lenses of microscope. 

[180, 13.46 cm] 

(iii) The optical powers of the objective and eyepiece of a 
microscope are equal to I 00 D and 20 D respectively. The 

microscope magnification is equal to 50 when image is produced 

at near point of eye, What will be magnification of the 
microscope be when the distance between the objective and 
eyepiece is increased by 2 cm ? 

[62] 

(iv) The focal lengths of the objective and the eye-piece of 

an astronomical telescope are 0.25111 and 0.025 m, respectively. 
The telescope is focussed on an object 5m from the objective, 
the final image being formed 0.25 m from the eye of the observer. 
Calculate the tube length of the telescope and its magnifying 
power. 

[0.28'9m, ! 1.6] 
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(v) An astronomical telescope consisting of two convex 
lenses of focal length 50 cm and 5cm is focussed on the moon. 
What is the distance between the two lenses in this position ? 
If the telescope is then turned towards an object 10 m away, 
how much wo:uld the eye-piece have to be moved to focus on 
the object without altering the accommodation of the eye? 
Calculate the magnification (angular) produced by the 
telescope in the two adjustments. 

[ I OJ 

(w') The eyepiece and objective of a microscope, of focal. 
lengths 0.3·m and 0.4 m respectively, are separated by a distance . 
of0.2 m. The eyepiece and the obJective are to be interchanged 
such that ·the angular magnification of the instrument remains 
same. What is the new separation between the lenses ? 

[0.2575 m] 

Geometrical Optlfi:j 

(vii) An astronomical telescope in normal adjustment has a 
tube length of93 cm and magnification (angular) of30. If the 
eye-piece is to be drawn ·out by 3 cm .to-focus a near object, 
with the final image at infinity, find how far away is the object 
and the magnification (angular) is this case. 

[27.9m, 31] 

.:·-·--------------------~ 
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Discussion Question 
Q5-1 What is the function of the circular stop at the focal 
plane of the objective ofa telescope? Give reasons. 

Q5-2 A be~m of white light passing through a hollow prism 
gives no spectrum. Is this true or false? Give reasons. 

Q5-3 The magnifying power· of a telescope in normal 
adjustment is greater than that when it is focussed for least 
distance of distinct vision. Is this true or false? Give reasons. 

Q5-4 Can you think ofa specific optical setup with a trihedral 
prism (no other device) in which a light ray passes undeviated 
through the prism. Think and draw the ray diagram. 

Q5-5 Can a real image be photographed by a camera? 

Q5-6 Can you obtain image produced by a convex lens on a 
screen without using any other device. 

Q5-7 It is difficult \o thread a needle with one eye closed. 
Why? 

Q5-8 If a single lens is used to form an image, it is better to use 
a lens oflarge diameter, in which the outer parts near the rim are 
blocked off. Explain. 

Q5-9 What is the best position of the eye for vie~ing an object 
through a microscope? 

Q5-10 Can the optical length between two points ever be less 
than the geometrical path between these points? 

Q5-16 How focal length of a spherical mirror changes when 

placed in different media. 

Q5-17 An air bubble inside water broadly behaves as a concave 

lens. Is this true or false. 

Q5-18 Why does an aeroplane flying at a great altitude not 

cast a shadow on the earth ? 

Q5-19 The magnifying power of a telescope in normal 
adjustment is greater than that when it is focussed for least 
distance of distinct vision. Is this true or false? 

Q5-20 When sun rays pass through a small hole in the foliage 

at the top of a high tree, they produce an elliptical spot oflight 
on the ground. Explain why. When will the spot be a circle? 

Q5-21 Ifa mirror reverses right and left, why doesn't it reverse 
up and down? 

Q5-22 Is it possible to photograph a virtual image? 

Q5-23 Is it possible for a given lens to act as a converging 
lens in one medium, and as a diverging lens in another? 

Q5-24 A camera lens is markedjll .8. What is the meaning of 
this mark? 

Q5-25 Some motor cars have additional yellow headlights. 
Why? 

Q5-11' Can two lenses of the same material produce Q5-26 Why are lenses often coated with thin films of 
achromatism when placed in contact? Explain. transparent material ? 

Q5-12 Why is the objective ofa telescope oflarge focal length 
and large aperture? 

Q5-13 A diver inside the sea observes a ship on the water 
surface. Does he finds the ship taller or smaller then its actual 
height above the water surface. Give reason and draw ray 
diagram to support your logic. 

Q5-14 A plane projector is projecting a sharp still image on a 
screen, the image consists of objects of several colours. Can 
you comment on sharpness of all these _coloured objects in 
image. 

Q5-15 Why does the moon, purely white during the day, have 
a yellowish hue after sunset? 

* * * 

Q5-27 If there are scratches on the lens ofa camera, they do 

not appear on a photograph taken with the camera. Explain. Do 
the scratches affect the photograph at all? 

Q5-28 The sun seems to rise before it actually rises and it 
seems to set long after it actually sets. Explain why. 

Q5-29 Does the focal length of a lens depend on the medium 

in which the lens is immersed? Is it possible for a lens to act as 
a converging lens in one medium and a diverging lens in another 
medium? 

Q5-30. Explain why the use of goggles enables an underwater 
swimmer to see clearly under the surface of a lake. 

* * 
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Conceptual MCQs Single Option Correct 
5-1 _A beaker containing liquid is placed on the table 
underneath a microscope which can be moved along a vertical 
scale. The microscope is focussed, through the liquid onto a 
mark on the table when the reading on th.e scale is a. It is next 
focussed on the upper surfa~e of liquid and the reading is b. 
More liquid is added and the observations are repeated. The 
corresponding readings are c and d. The refractive index of 
liquid is: 

d-b d-c-b+a 
(A) d-c-b+.a 

(8) 
d-b 

b-d d-c-b+a 
(C) 

d-c-b+a 
(D) 

b-d 

5-2 An insect ofnegligible mass is sitting on a block of mass 
M, tied with a spring of force constant k. The block performs 
simple harmonic motion with amplitude A in front of a plane 
mirror placed as shown in figure-5.305. The maximum speed of 
insect relative to its image will be: 

(A) Ag 
(C) A../3 g 

k 

M 

Figure 5.305 

(8) A../3 /k 
2 I/Ai 

(D) 2Aff 
5-3 Inside a solid_glass sphere of radius R, a point source of 
light is embedded at a distance x(x < R) from centre of the 
sphere. The solid sphere is surrounded by air of refractive 
index 1.0. The maximum angle of incidence for rays incident on 
the spherical glass-air interface directly from the point S?urce 
is: 

X 
(A) cos-1 -

R 

. X 
(8) sm-1 -

R 

(D) sin·1 ~ 

5-4 Two plane mirrors oflength Lare separated by distance L 
and a man M2 is standing at distance L fr_om the connecting 
line of mirrors as shown in figure-5.306. A man M1 is walking in 
a straight line at distance 2 L parallel to mirrors at speed u, then 
man M2 at O will be able to see image of M1 for total time : 

(A) 

(C) 

4L 
u 

6L 

u 

' ' 

t' 

Figure 5.306 

3L 
(8) -

u 

. 9L 
(D) -

u 

5-5 A point source has been placed as shown in the 
figure-5.307. What is the length on the screen that will receive 
reflected light from the mirror? 

screen 

s 

:l . r.97»r.ll7Jr-»7,r.»7%~.-------IA 

i+--H---H--+---2H--->< 

(A) 2H 
(C) H• 

Figure 5,307 

(8) 3H 
(D) None of these 

5-6 A thin lens offocal length/and its aperture has a diameter d. 
It forms an image of intensity I. Now the central part of the 
aperture upto diameter (d/2) is blocked by an opaque paper. 
The focal length and image intensity would chan5 ;a to 
(A) jl2,1/2 (8) f, I/4 
(C) 3jl4, I/2 (D) f, 31/4 
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5-7 Arayoflight falls on a plane mirror. When the mirror is 
turned, about an axis which is at right angle to the plane of the 
mirror through 20°, the angle between the incident ray and new 
reflected ray is 45°. The angle between the incident ray and 
original reflected ray was: 
(A) 65° 
(CJ 25~ or 65° 

(B) 25' 
(D) 45° 

5-8 In the figure shown-5.308, light is incident on the interface 
between media I (refractive index µ1) and 2 (refractive indexµ,) 
at angle slightly greater than the critical angle, and is totally 
reflected. The light is then also totally reflected a! the interface 
between media 1 and 3 (refractive index µ,), after which it travels 
in a direction opposite to its initial direction. The media must 
have a refractive indices such that : 

(A) µ, < µ2 < µ, 

(CJ µf ,-µ~ < µi 

Figure 5.308 

2 2 2 (B) µ, -µ, > µ2 

5-9 Figure-5.309 shows a spherical cavity in a solid glass block. 
The cavity is filled with a liquid and from outside an observer . 
sees the distance AB which is the diameter of the cavity and it 
appear as infinitely large to the observer. Ifrefractive index of 

liquid is µ1.and thatof glass is µ2, then .&_ is : 

(A) 2 

(CJ 4 

µ2 

Glass 

• ~ ,,A,__::L::::iq,::u_id_-"'B 

0 

Figure 5.309 

(B) 1/2 
(D) None of these 

5-10 An infinitely long rectangular strip is placed on principal 
axis of a concave mirror as shown in figure-5.310. One end of 
the strip coincides with centre of curvature as shown. The 
height of rectangular strip is very small in comparison to focal 
iength of the mirror. Then the shape ofimage of strip formed by 
concave mirior is similar to a: 

(A) Rectangle 
(CJ Triangle 

F C 

Figure 5.310 

(B) Trapezium 
(D) Square 

5-11 A concave spherical surface of radius ofcurvature 10cm 
separates two mediums X and Y of refractive indices 4/3 and 
3/2 respectively. Centre of curvature of the surface lies in the 
medium X. An object is placed in medium X: 
(A) Image is always real 
(B) Image is real if the object distanceis greater than 90 cm 
(CJ Image is always virtual 
(D) Image is virtual only if the object distance is less than 
90cm 

3 
5-12 In the figure shown-5.311 a slab ofrefractive index 2 is 
moved at speed I mis towards a stationary observer. A point 
'P' is observed by the observer with the help ofparaxial rays 
through the slab. Both 'O' and observer lie in air. The velocity 
with which the image will move is: 

(A) 2 mis towards left 

(CJ 3 mis towards left 

Figure 5.311 

4 
(B) 3 mis towards left 

(D) Zero 

5-13 Light passes from air into flint glass with index of 
refraction n. The angle of incidence must the light have for the 
component of its velocity perpendicular to the interface to 
remain same in both mediums is : 
(A) sin·' n (B) sin·' (1/n) 
(CJ cos·' n (D) tan·' n 
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5-14 In thefigure-5.312M1 andM, are two fixed mirrors shown. 
If the object 'O' located between the two mirrors moves towards 

the plane mirror, then the image I which is formed after two 

successive reflections first fi:om M1 & then from M2 

respectively will move : 

1/, 

}-----I~--;% 
0 

'· ,\12 / Af1 

,:5 Figure 5.312 

(A) Always towards right 

_(C) Depends on position of 0 
(B) Always towards left 

(D) Cannot be determined 

5-15 A person AB of height 170 cm is standing in front of a 

plane mirror. His eyes are at height 164 cm. At what distance 
from P should a hole be made in the mirror so that he cannot 

see the top of his head : 

(A) 167cm 

(C) 163cm 

1/, 

-'='-----_,,, 
B p 

Figure 5.313 

(B) 161cm 

(D) None of these 

5-16 In the figure shown-5.314, blocks Pand Qare in contact 

but do not stick to each other. The lower face of P behaves as 
a plane mirror. The springs are in their natural lengths. The 

system is released from rest. 

-c 

Figure 5.314 

Then the distance between Q and its image when Q is at the 
lowest point first time will be: 

(A) 2mg 
K 

(C) 3mg 
K 

(B) 4mg 
K 

(D) 0 

, Geometrical ~ 

5-17 A point object is moving along principal axis ofa concave 
· mirror with uniform velocity towards pole. Initially the object is 

at infinite distance from pole on right side of the mirror as 

shown in the figure-5.315. Before the object collides with mirror, 

the number of times at which the distance between object and 

its image is 40 cm are. 

0 

(A) Onetime 

(C) Three times 

object 

Figure 5,315 

(B) Two times 

(D) Data insufficient 

5-18 In the figure shown-5.316, the maximum number of 
reflections light rays will undergo are: 

(A) 2 
(C) 4 

Figure 5.316 

(B) 3 
(D) I 

M, 

5-19 A convex lens is cut into two parts in different ways that 

are arranged in four manners, as shown. Which arrangement 

will give maximum optical power? 

(A) fjj_ JI)_
-----. 

(B) 

------

(C) (D) ------ - -· --. --· 

5-20 A parallel beam oflight passes parallel to the principal 

axis and falls on one face ofa thin convex lens of focal length/ 
and after two internal reflections from the second face forms a 
real image. The distance of image from lens if the refractive 

index of material oflens is 1.5: 

(A) f/7 (B) f/2 
(C) 7f (D) None of these 
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5-21 An object and a plane mirror are shown in figure-5.317. 5-24 The position ofareal point object and its point image are 
Mirror is moved with velocity Vas shown. The velocity of as shown in the figure-5.320. AB is the principal axis. This can 
image is : be achieved by using : 

(A) 2Vsin0 

(C) 2Vcos0 

Figure S.317 

(B) 2V 
(D) None of these 

5-22 A prism ofangleA and refractive index 2 is surrounded 

by medium ofrefractive index ,{3. A ray is incident on sidePQ 

at an angle of incidence i (0 ~ i ~ 90°) as shown in the 

figure-5.318. The refracted ray is then incident on side PR of 

prism. The minimum angle A of prism for which ray incident on 
side PQ does not emerge out of prism from side PR (for any 

value of O is : 

(A) 30" 

(C) 60" 

Nonna! 
p 

A 

2 
Q-------~R 

Figure 5.318 

(B) 45° 

(D) 120" 

5-23 Two plane mirrors are joined together as shown in 

figure-5.319. Two point objects 0 1 and 0 2 are placed 
symmetrically such that A01 = A02• The image of the two 

objects is common if: 

(A) 0=60° 

(C) 0=30° 

Figure S.319 

(B) 0=90° 
(D) 0=45° 

o, T ' ' ' a 
' 
f ' ' A ' B ' ' ' a 

' ' 1 1: 
Figure 5.320 

(B) Concave mirror (A) Convexmirror 
(C) Plane mirror only (D) Convex mirror only 

5-25 The image of the moon is produced by a convex lens of 
focal length/ The area of image is directly proportional to : 
(A) f (B) fl 
(C) 1/f (D) 1ff2 

5-26 A converging lens of focal length 20 cm and diameter 
5 cm is cut along the lineAB. The part of the lens shown shaded 
in the diagram is now used to form an image ofa pointPplaced 
30 cm away from it on the lineXY, which is perpendicular to the 
plane of the lens. The image of Pwill be formed: 

T 

IA 
2cm 

(\2Jm nl 
X PT 5cm 

l 
(A) 0.5 cm aboveXY 
(C) onXY 

30cm 

Figure 5.321 

(B) I cm below XY 
(D) 1.5 cm below XY 

y 

5-27 A man stands on a glass slab of height hand inside an 
elevator accelerated upwards with 'a'. If µg is refractive index of 
glass then the bottom of the slab appears to have shifted with 
respect to the man by a distance : 
(A) less than h/µg (B) ·greater than h/µg 
(C) equal to h/µg (D) can't be said 

5-28 When an object is ata distance u1 and u2 from the optical 
centre ofa lens, areal and virtual image are formed respectiv_ely, 
with.the same magnification. The focal length oflens is : 

(A) (u 1 + u,) 

(C) 
u1 +u2 

2 

U2 
(B) UI + 2 

(D) U1 -U2 

2 
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5-29 A liquid ofrefractive index l.33 is placed between two 
identical piano-convex lenses, with refractive index l.5O. Two 
possible arrangement P and Qare shown in figure-5.322. The 

system is: 

p 

Figure 5.322 

{A) Divergent in P, convergent in Q 
(B) Convergent in P, ·divergent in Q 

(C) Convergent in both 
(D) Divergent in both 

Q 

5-30 Two particles A &B of mass m1 and m2 respectively start 
moving from O with speeds v1 and v2• A moves towards the 
plane mirror and B moves parallel to mirror horizontally. The 
mirror is iny-z plane. The absolute-speed ofimage of centre of 

. mass of the system (image of A+ image ofB) is: 

v,L· 
v, 

0 A 

Figure 5.323 

(A) Zero (B) 

(D) No!]e of these 

5-31 A mango tree is at the bank of a river and one of the 
branch of tree extends over the river. A tortoise lives in river. A 
mango falls just above the tortoise. The acceleration of the 
mango falling from tree appearing to the tortoise is (Refractive 
index of water is 4/3 and the tortoise.is stationary): 

(A) g 

(C) 4g 
3 

(B) 3g 
4 

(D) None of these 

~ - -~~etrical 0~ 

5-32 A plane mirror having a mass mis tied to the free end ofa 
massless spring .of spring constant k. The other end of the 
spring is attach~d to a wall. The spring with the mirror held 
vertically to the floor on which it can slide smoothly. When the 

spring is at its natural length, the mirror is found to be moving 
at a speed of v emfs. The separation between the images of a 
man standing before the mirror, when the mirror is in its extreme 
positions : 

(A) vff

(C) 2vff-

Figure 5,324 

(B) 2'. /m 
2'/k 

(D) 4v ff-
5-33 An observer can see, through a pin-hole, the top end of a 
thin rod of height h, placed as shown in the figure-5.325. The 
beaker height is 3h and its radius is h. When the beaker is filled 
with a liquid up to a height 2h, he can see the lower end of the 
rod. Then the refractive index of the liquid is: 

(A) 5f2 

(C) .)312 

T ---------

III~;~:~~~::::~ 
1+---21,--+l 

Figure 5.325 

(Bl M 
(D) 3(2 

5-34 A ray oflight is incident on the left vertical face ofa glass 
cube ofrefractive index I½• as shown in figure-,.326. The plane 
ofincident is the plane of the page, and the cube is surrounded 
by liquid of refractive index µ1• What is the largest angle of 
incidence 0

1 
for which total internal reflection occurs at the top 

surface? 

Figure 5.326 
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(A) sin I=~(~~ r-1 
(C) sin!= (::J +I 

(B) sin!= (~J +l 

(D) sin 1 = (::J +l 

5-35 Two plane mirrors are inclined to each other at angle 0. A 
ray oflight is reflected first at one mirror and then at the other. 
Find the total deviation of the ray: 
(A) 360°-20 (B) 360°+20 
(C) 180°-20 (D) 180°+20 

5-36 Two plane mirrors are inclined to each other such that a 
rayoflight incident on the first mirror and parallel to the second 
is reflected from the second mirror parallel to the first mirror. 
Determine the angle between the two mirrors: 
(A) fff (B) 30° 
(C) 90° (D) 180° 

5-37 A slab of high quality flat glass, with parallel faces, is 
placed in the path ofa'parallel light beam before it is focuss~d 
to a spot by a len_s. The glass is rotated slightly back and forth 
from the dotted centre about an axis coming out of the page, 
as shown in the diagram. According to ray optics the effect on 
the focussed spot is: 

--- r ---------- • ------· 

Lens Rotating glass 

Figure' 5.327 

(A) There is no movement of the spot 
(B) The spot moves towards then away from the lens 
(C) The spot moves up and down parallel to the lens 
(D) The spot moves along a line making an angle a (neither 
zero nor 90°) with axis oflens 

5-38 A_parallel glass slab ofrefractive index jj is placed in 

contact with an equilateral prism ofrefractive index ./2. A ray 
is incident on left surface of slab as shown. The slab and prism 
combination is surrounded by air. The magnitude of minimum 
possible deviation of this ray by slab-prism combination is: 

Figure 5.328 

(A) 30" 

(C) (ff 

- -------:-r 
-- ----- 317__! 

(B) 45° 

(D) 60° - sin-1 )¾ 

5-39 The mirror of length L moves horizontally as shown in 
the figure-5.329 with a velocityv. The mirror is illuminated by a 
point source of light 'P' placed on the ground. The rate at 
which the length of the light spot on the ground increases is: 

(A) v 
(C) 2v 

' ' l,.-L--+1 

~...!:'.... 
' ' ' 'p 

Wall 

Figure 5.329 

(B) Zero 
(D) 3v 

5-40 Monochromatic light rays parallel !ox-axis strike a convex 
lens AB ofrefractive index 0.5. Ifthe lens oscillates such that 
AB tilts uptoa small angle 0 (in radian) on either side of y-axis, 
then find the distance between extreme positions of oscillating 
image: 

r 
A 

-------j-o,od-----x -
B 

Figure 5.330 

(A) /sec0 (B) /sec20 
(C) /(sec0-l) (D) The image will not move 

5-41 The focal length ofa concave mirror is/and the distance 
from the object to the principal focus is x. Then the ratio of the 
size of the image to the size of the object is: 

5-42 A light ray gets reflected from a pairof mutually i mirrors, 
not necessarily aloilg axes. The intersection point of mirrors is 
at origin. The incident light ray is alongy = x+ 2. Ifthe light ray 
strikes both mirrors in succession, then it may get reflected 
finally along the line: 
(A) y=2x-2 
(C) ysc-x-2 

(B) y=-x+2 
(D) y=x-4 
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5-43 A ray is incident on the first prism at an angle ofincidence 
53° as shown in the figure-5.331. The angle between side CA 

and B'A' for the net deviation by both the prisms to·be double 
of the deviation produced by the first prism, will be : 

A 

Figure 5.331 

. 2 
(A) sm-1 

3 + 53° 
. 2 

(B) sm-1 
3+37° 

2 
(C) cos-1

3 + 53° 
. 2 

(D) 2 sm-1-
3 

* * * * • 

Geometrical Optics I 
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Numerical MCQs Single Options Correct 
5-1 An equilateral prism deviates a ray through 45° for two 
angles of incidence differing by20°_ The refractive index of the 

prism is: 

(A) 1.567 

(C) l.5 

(B) l.467 

(D) l.65 

5-2 Two plane mirrors L1 and L2 are parallel to each other and 

3m part. A person standingx m from the right mirror L2 looks 
into this mirror and sees a series of images. The distance 
between the first and second image is 4 m. Then the value ofx 

is: 
L, L, 

1/, 

l 
w 
l+-X 

' ~ 

Figure 5.332 

(A) 2m (B) I.Sm 
(C) lm (D) 2.5m 

5-3 An elevator at rest which is at 10th floor of a building is 
having a plane mirror fixed to its floor. A particle is projected 

with a speed ,fi. mis and at 45° with the horizontal as shown 

in the figure-5.333. At the very instant of projection, the cable 
of the elevator breaks and the elevator starts falling freely. 

What will be the separation between the particle and is image 

0.5s after the instant of projection ? 

(A) 0.5m 
(C) 2m 

;:,;;: :-: 

ti= .fi. mis 

45° 
1/ 1/, 

Mirror 
Figure 5.333 

(B) lm 
(D) I.Sm 

5-4 A plane mirror is moving with velocity 41 +4] +Bk. A 

point object in front of the mirror moves with a velocity 

31 + 4] +sk . Here k is along the normal to the plane mirror 

and facing towards the object. The velocity of the image is: 

(A) -3t-4]+sk 

(C) -41 +5] +Ilk 

(B) 3/+4]+1lk 

(D) 71+9]+3k 

5-5 Two plane mirrors AB and AC are inclined at an angle 

8 = 20°. A ray oflight starting from point Pis incident at point 
Qon the mirror AB, then atR on mirror AC and again on Son 

AB. Finally the ray ST goes parallel to mirror AC. The angle 

which the ray makes with the normal at point Qon mirror AB is: 

(A) 200 

(C) 4D° 

p R 

Figure 5.334 

(B) 30° 
(D) roo 

5-6 A person's eye level is I .Sm. He stands in front of a 0.3m 

long plane mirror which is 0.8 m above the ground. The length 
of the image he sees of himself is: 

(A) I.Sm (B) I.Om 
(C) 0.8m (D) 0.6m 

5-7 A plane mirror of length 8 cm is present near a wall in 
situation as shown in figure-5.335. Then the length of spot 
formed on the.wall is : 

(A) 8cm 

(C) 16cm 

t ~ = source of light 

d 

1 
1////7/////. 
~8cm---+1 

Figure 5.335 

(B) 4cm 

wall 

(D) None of these 

5-8_ An object 'O' is kept in air in front ofa thin piano-convex 
lens ofradius of curvature 10 cm. It's refractive index is 3/2 and 

the medium towards right of plane surface is water ofrefractive 

index 4/3. What should be the distance 'x' of the object so that 
the rays become parallel finally. 

(A) 5cm 
(C) 20cm 

l+----x--->{ 

=-~.:.:.,.::'.'-~-=-~~ -------___ , ____ , 

-------· -------
0 

----,----------· 
:-:-:~:~-=-::-: 

ng= 3/2 -_-_-_-:-_:-_-_-_; 

Figure 5.336 

(B) 10cm 
(D) None of these 
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5-9 A diverging lens of focal 
length IO cm is placed IO cm in front 
of a plane mirror as shown in the 
figure-5.337. Light from a very far 
away source falls on the lens. The 
final image is at a distance: 
(A) 20 cm behind the mirror 
(B) 7 .5 cm in front of the mirror 
(C) 7.5 cm behind the mirror 
(D). 2.5 cm in front of the mirror 

Figure 5.337 

5-10 A fish in near the centre ofa spherical fish bowl filled 
with water ofrefractive index 4/3. A child stands in air at a 
distance ZR (R is the radius ofcurvature_ofthe sphere) from 
the centre of the bowl. At what distance from the centre would 
the child's nose appear to the fish situated at the centre : 
(A) 4R (B) 2R 
(C) 3R (D) 4R 

5-11 An object is placed at a distance of! 5 cm from a convex 
lens of focal length IO cm. On the other side of the lens, a 
convex mirror is placed at its focus such that the image formed 

by the combination coincides with the object itself. The focal 
length of the convex mirror is: 

l+---15cm--ol+--

(A) 20cm 
(C) 15cm 

Figure S.338 

(B) 10cm 
(D) 30cm 

5-12 Two piano-convex lenses each of focal length IO cm & 
refractive index 3/2 are placed as shown-5.339. Water(µ= 4/3) 
is filled in the space between the two lenses. The whole 
arrangement is in air. The optical power of the system in 

diopters is : 

(A) 6.67 
(C) 33.3 

_-,' 

Figure 5.339 

(R\ -6.67 
(D) 20 

- - - -----·-:::, 
_ _ ~-1;._ometrical Optics 1 

5-13 The curvature radii ofa concavo-convex glass lens are 
20 cm and 60 cm. The convex surface of the lens is silvered. 
With the iens horizontal, the concave surface is filled with 
water. The focal length of the effective mirror is(µ of glass=. 

1.5, µofwater=4/3): 
(A) 90/13cm 
(C) 2013cm 

(B) 80/13cm 
(D) 4518cm 

5-14 A piano-convex lens, when silvered at its plane surface 
is equivalent to a concave mirror of focal length 28 cm. When 
its curved surface is silvered and the plane surface not silvered, 
it is equivalent to a conc)lvemirror of focal length 10 cm, then 
the refractive index of the material of the lens is : 
(A) 9/14 
(C) 17/9 

(B) 14/9 
(D) None 

5-15 A prism has a refractive index J½ and refracting angle 

90°. Find the minimum deviation produced by the prism. 
(A) 40° (B) 45° 
(C) 300 (D) 49° 

5-16 A certain prism is found to produce a minimum deviation 
of 38°. It produces a deviation of 44° when the angle of· 
incidence is either 42° or 62°. What will be the angle ofincidence 
when it undergoes minimum deviation ? 

(A) 45° (B) 49° 
(C) 40° (D) 55° 

5-17 A light ray is incident on a prism of angle A = 60° and 

refractive indexµ= .fi.. The angle ofincidence at which the 
emergent ray grazes the surface is given by: 

(A) sin-1
( v'3

2
-

1J (B) sin-1(1-
2
v'3J 

(C) sin-
1 

( ~J 
5-18 A transparent cylinder has its right half polished so as to 
act as a mirror. A paraxial light ray is incident from left, that is 
parallel to principal axis, exits parallel to the incident ray as 

. shown. The refractive index n of the material of the cylinder is : 

(A) 12 
(C) 1.8 

Figure 5.340 

(B) 1.5 
(D) 2.0 
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5-19 A composite slab consisting of different media is placed 
in front ofa concave mirror of radius ofcurvature 15.0cm. The 
whole arrangement is placed in water. An object O is placed at 
a distance 20cm from the slab. The refractive indices of different 
media are given in the diagram shown in figure-5.34 I. Find the 
position of the final image formed by the system: 

µ~4/3 µ~t.s 

0 
20 cm 

45cm 

' 
(A) To the left of Object 
(B) On the Object 

24cm 

Figure 5.341 

(C) To the right of Object 

54 cm ~ 

It 10cm J[ 

(C) Data insufficient to calculate the image position 

5-20 A luminous point object is moving along the principal 
axis ofa concave mirror offocal length 12 cm towards it. When 
its distance from the mirror is 20 cm its velocity is 4 emfs. The 
velocity of the image in emfs at that instant is: 
(A) 6, towards the mirror (B) 6, away from the mirror 
(C) 9, away from the mirror (D) 9, towards the mirror 

5-21 Two blocks each of mass m lie on a smooth table. They 
are attached to two other masses as shown in the figure-5.342. 
The pulleys and strings are light. An object O is kept at rest on_ 
the table. The sides AB & CD of the two blocks are made 
reflecting. The acceleration of two images formed in those two 
reflecting surfaces w.r.t. each other is: 

(A) 5g/6 
(C) g/3 

Figure S.342 

(B) Sg/3 
(D) 17g/6 

. 5-22 An opaque sphere of radius a is just immers~d in a 
transparent liquid as shown in figµre-5.343. A point source is 
placed on the vertical diameter of the sphere at a distance a/2 

from the top of the sphere. One ray originating from the point 
source after refraction from the air liquid interface forms tangent 
to the sphere. The_ angle ofrefraction for that particular ray is 

. -- ...... ··.- 3211 

30°. The refractive index of the liquid is : 

2 
(A) -

..[3 
4 

(C) .rs 

f Point source 

a/2 

a 

7------------ - - - - ..:-=::-=-:-:-::::-:-: 
Figure 5.343 

5-23 In the figure-5.344ABC is the cross section ofa right 
angled prism and BCDE is the cross section of a glass slab. 
The value of8 so that light incident normally on the face AB 
does not cross the face BC is (given sin-1 (3/5) = 37°): 

B E 

<:! ~ 
"' II .II 

"' 0 ·<: 
A 

C D 

Figure 5i344 

(A) 0$37" (B) 0 <37° 
(C) 0$53° (D) 0<53° 

5-24 A linear object AB is placed along the axis of a concave 
mirror. The object is moving towards the mirror with speed V. 
The speed of the image of the point A is 4Vand the speed of 
the image of Bis also4V. If centre of the lineAB is ata distance 
L from the mirror then length of the object AB will be: 

. 3L 
(A) T 

(C) L 

.. 
A B 

Figure 5.345 

SL 
(B) -

3 

4L 
(D) ~: 

5-25 A small rod ABC is put in water making an angle 6° with 
vertical. !fit is viewed paraxially from above, it will look like 
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bent shaped ABC'. The angle of bending (L.CBC1 will be in 

degree is(n., =¼}. 

(A) 2" 
(CJ 40 

----------
Figure S.346 

(B) 30 
(D) 4.50 

5-26 It is found that all electromagnetic signals sent from A 
towards Breach point C. The speed of electromagnetic signals 

in glass can not be : 

(A) LO x l08 m/s 

(CJ 2x l07 m/s 

glass 

C 

' ' ! 
' ' 

Vaccum 

~ ...... ?>~' B 

I / 
' ' ' / ' ' '/ 

A 

Figure 5.347 

(B) 2.4 x IO' mis 
(D) 4x 107 m/s 

5-27 A concave mirror of focal length 2 cm is placed on a 
glass slab as shown in the figure·5.348. Th~n the image of 

object O formed due to reflection at mirror and then refraction 

by the slab is : 

- 1"",,~-1-· . 
- 2cm 

n = 3/2 9tm 

n= l I 
Figure 5,348 

(A) Will be .virtual and will be at 2 cm from the pole of the 

concave mirror 
(B) Will be virtual and formed on the pole of the mirror 

(CJ Will be real and on the object itself 
(D) None of these 

G!3_?1l!~1!°~al Opti~ 

5-28 In the figure·5.349, an object is placed 25 cm from the 

surface ofa convex mirror, and a plane mirror is set so that the 

image formed by the two mirrors lie adjacent to each other in 
the same plane. The plane mirror is placed at 20 cm from the 

object. What is the radius of curvature-of the convex mirror? 

(A) R=80cm 
(CJ R=75cm 

0 

20cm-l 
-~~--25cm-----1 

Figure S.349 

(B) R=25cm 
(D) None of these 

5·29 A uniform, horizontal parallel beam oflight is incident 

upon a prism as shown·5.350. The prism is in the shape ofa 
quarter cylinder, ofradius 5 cm, and has refractive index 5/3. 

The width of the region at which the incident rays after normal 

incidence on plane surface and subsequent refraction at curved 

· surface intersect on x axis is (Neglect the ray which travels 

alongx·axis) 

-Incident_ 
beam - µ=5/3 

air 
µ=l 

----i-~c----ic----x-axis 
l+--R----+I 

(A) 4cm 
(CJ 914cm 

Figure 5.350 

(B) 514cm 
(D) 2514cm 

5-30 Sharp image of extended object which is placed 
perpendicular to the principle axis of a lens is 11 times that of 

the object for a particular position of object on a screen. 

Without disturbing the position of object and screen, by 

shifting lens a position can be obtained where the sharp image 

is l/11 times that of object. Ratio of difference between the two 
positions of lens to the focal length of lens is: 

(A) 
11' -l 

(B) -- if11 < I 
11 

11' -1 
(CJ -- for all values of11 (D) 11 

11 

5-31 A beaker is filled with water as shown in figure·5.35l(a). 
The bottom surface of the beaker is a concave mirror oflarge 
radius ofcurvature and small aperture. The height of water is 
h = 40 cm. It is found that when an object is placed 4 cm above 
the water surface, the image coincides with the object. Now 
the water level his reduced to zero but there will still be some 
water left in the concave part of the mirror as shown in 
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figure-5.35l(b). The new height of the object h' above the new particle and its speed is: 
water surface so that the image again coincides with the object, 
will be: (Refractive index of water= 4/3) 

(A) 34cm 
(C) 74cm 

0 

(a) 

T 
4cm 

0 

T 
h' 

-~~l ~·.-~;;;# 
(b) 

Figure 5.351 

(B) 10cm 
(D) Zero 

5-32 Which of the following relations is correct for a spherical 
mirror if a point object is kept on the principal axis. Here 'P' is 
the pole, 'C' is centre of curvature of mirror, 'O' is the location 
where object is placed, and image is produced at point'/'. 

OP IP OP IP 
(A) oc IC (B) IC = OC 

PC PI IO IP 
(C) -=- (D) CP = CO PO PC 

5-33 A plane mirror is placed with its plane at an angle 30° 
with the y-axis. Plane of the mirror is perpendicular to the 
X)'-plane and the length of the mirror is 3m. An insect moves 
along x-axis starting from a distant point, with speed 2 cm/s. 
The duration of the time for which the insect can see its shown 
image in the mirror is : 

(A) 300s 
(C) 150s 

Figure 5.352 

(B) 200s 
(D) 100s 

y 

5-34 A particle revolves in clockwise direction ( as seen from 
point A) in a circle C of radius 1cm and completes one revolution 
in 2sec. The axis of the circle and the principal axis of the mirror 
M coincide. The radius of curvature of the mirror is 20cm. Then 
the direction ofrevolution (as seen from A) of the image of the 

C 

I+-- IO cm ---l ~ 

Figure 5.353 

(A) Clockwise, 1.57 emfs (B) Clockwise, 3.14 cm/s 
(C) Anticlockwise, 1.57 cm/s (D) Anticlockwise, 3.14 cm/s 

5-35 An elevator at rest which is at I Oth floor ofa building is 
having a plane mirror fixed to its floor. A particle is projected 

with a speed --/2 mis and at 45° with the horizontal as shown in 

the figure. At the very instant of projection, the cable of the 
elevator breaks and the elevator starts falling freely. What will 
be the separation between the particle and its image 0.5 second 
after the instant of projection? 
(A) 0.5m 
(C) 2m 

(B) Im 
(D) I.Sm 

5-36 A beam oflight converges towards a point IO cm behind 
the concave mirror of focal length 20 cm. The distance ofimage 
from pole ofthe mirror is : 
(A) 10 cm in front of mirror (B) 20 cm in front of mirror 
(C) 10/3 cm behind the mirror (D) 20/3 cm in front of mirror 

5-37 Two thin slabs ofrefractive indices µ
1 
and µ

2 
are placed 

parallel to each other in the x-z plane. If the direction of 
propagation of a ray in the two media are along the vectors 

ii= a i + b J and ,:, = ci + d J then we have : 

)' 

µ, 

-+---------'---x 

Figure 5.354 

(A) µ1a= µ2b 
µ1a µ2a 

(C) µi(a2 + b2) = µ2(c' + d') 

(B) .Ja2 +b2 = .Jc2 +d2 

(D) None of these 

5-38 A particle moves towards a concave mirror of focal length 
30cm along its axis and with a constant speed of 4cm/sec. What 
is the speed ofits image when the particle is at 90 cm from the 
mirror? 
(A) 2 cm/sec 
(C) I cm/sec 

(B) 8 cm/sec 
(D) 4 cm/sec 
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5-39 A screen beaming a real image of magnification m1 formed 
by a convex lens is moved through a distance x. The object is 
the moved until a new image of magnification m2 is formed on 
the screen. The focal length of the lens is: 

(D) None of these 

5-40 A ray incident at a point at an angle of incidence of 60° 
enters a glass sphere with refractive index ,/3 and it is reflected 
and refracted at the farther surface of the sphere. The angle 
between the reflected and refracted rays at this surface is: 
(A) 500 (B) 600 
(C) 90" (D} 40° 

5-41 A layer ofoil 3cm thick is floating on a layer of coloured 
water 5cm thick. Refractive index of coloured water is 5/3 and 
the apparent depth of the two liquids appears to be 3617cm. 
Find the refractive index of oil: 
(A) 1.6 
(C) 1.9 

(B) 1.4 
(D) 0.9 

5-42 A small filament is at the centre of a hollow glass sphere 
ofinner and outer radii 8 cm and 9 cm respectively. The refractive 
index of glass is 1.50. Calculate the position of the image of the 
filament when viewed from outside the sphere. 
(A) 9cm (BJ -9 cm 
(C) -19 cm (D) +19cm. 

5-43 Both radii of curvature of a .convex lens are 20cm and 
refractive index of the material of the lens is 1.5. Rays parallel to 
the axis of the lens will converge at: 
(A} IOcm (B) 20cm 
(C) 30cm (D) 40cm 

5-44 Time required for making a print at a distance of 40cm 
from a 60 watt lamp is 12.8 ~cond. If the distance is decreased 
to 25 cm, then time required in making the similar print will be: 
(A) 15 sec (B) 10 sec 
(C) 5 sec (D) Remains some 

5-45 Find the maximum angle of deviation for a prism with 
angle A =60° and µ= 1.5: 
(A) 50" 
(C) 640 

(B} 580 

(D) 60" 

5-46 A glass sphere(µ= 1.5) ofradius 8cm is placed in sunlight. 
Where is the image of the sun formed by the light passing 
through the sphere after refraction by second surface of sphere? 

(A) 4cm 
(C) 15 cm 

:.·· __ Geometrical Optics/ 

(B) 6cm 
(D) 50cm 

5-47 Power ofa convex lens is+ SD(µ = 1.5). When this lens g 
is immersed in a liquid of refractive index µ, it acts like a divergent 
lens offocallength JOO cm. Then refractive index of the liquid 
will be: 

5 
(A} 3 

6 
(C) 5 

5 
(B) 4 

(D) None of these 

5-48 A piano-convex lens of focal length IO cm is silvered at 
its plane face. The distanced at which an object must be placed 
in order to get its image on itselfis : 

(A) 5cm 
(C) IOcm 

µ=3/2 

0 

1<---d--.... 

Figure S.355 

(B) 20cm 
(D) 2.5 cm 

5-49 A lens offocal length 20.0 cm and aperture radius 2.0 cm 
is placed at a distance 30.0 cm from a point source oflight. On 
the other side a screen is placed at a distance 50.0 cm from the 
lens. The radius of spot oflight formed on screen is. (Neglect 
spherical aberration through lens): 
(A) 0.5 cm (B) 0.3 cm 
(C} 0.2 cm (D) 1.0 cm 

5-50 The dispersive power of the material ofa lens is 0.04 and 
the focal length of the lens is IO cm. Find the difference in the 
focal length of the lens for violet and red colour: 
(A) 2mm (B) 4mm 
(C) 6mm (D) 8mm 

5-51 Two point objects are placed on principal axis ofa thin 
converging lens. One is 20 cm from the lens and other is on the 
other side of lens at a distance of 40 cm from the lens. The 
images of both objects coincide. The magnitude of focal length 
oflens is : 

80 
(A) 3 cm 

(C) 40cm 

40 
(B) -cm 

3 

20 
(D) -cm 

3 

* * * * * 
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Advance MCQs with One or More Options Correct 
5-1 A point source oflight Sis placed on the axis ofa lens of 

focal length 20 cm as shown in figure-5.356. A screen is placed 
normal to the axis oflens at a distancex from it. Treat all rays as 
paraxial. 

l+--25cm _-;
1
,--x~ 

s 2cm 

l ' /= 20 cm 
Screen 

Figure 5.356 

(A) As x is increased from zero, intensity- continuously 
decreases 

(B) As xis increased from zero, intensity first increases and 
then decreases 

(C) Intensity at centre of screen for x = 90 cm andx= 110 cm is 
same 
(D) radius ofbright circle obtained on screen is equal to I cm 
for x=200cm 

5-4 Two plane mirrors M1 and M2 are placed parallel to each 
other 20 cm apart. A luminous point object 'O' is placed between 
them at 5 cm from M1 as shown in figure-5.357: 

l--20cm----J 
~ % 

--------- -------~-- ---------
0 

Figure 5.357 

(A) The distances (in cm) of three nearest images from mirror 
M1 are 5, 35 and 45 respectively 
(B) The distances (in cm) of three nearest images from mirror 
M2 are 5, 35 and 45 respectively 
(C) The distances (in cm) of three neatest images from mirror 
M1 are 15, 25 and 55 respectively 
(D) The distances (in cm) of three nearest images from mirror 
M2 are 15, 25 and 55 respectively 

5-5 A rayoflight is incident normally on one face of30° -60° 

5-2 A point object is placed at 30cm from a convex glass lens . 5 

(µ• = ½) offocallength 20cm. The final image ofobject will 

be formed at infinity if: 

(A) Another concave lens of focal length 60 cm is placed in 
contact with the previous lens 
(B) Another convex· lens of focal length 60 cm is placed at a 
distance of30 cm from the first lens 
(C) The whole system is immersed in a liquid of refractive 
index4/3 

(D) The whole system is immersed ·in liquid ofrefractive index 
9/8 

5-3 A converging lens of focal length.t; is placed in front of 
and coaxial with a convex mirror of focal length J,,. Their 
separation is d. A parallel beam of light incident on the lens 
returns as a parallel beam from the arrangement: 

(A) The beam diameters of the incident and reflected beams 
must be the same 

(B) d= l.t; 1-21/21 
(C) d = l.t; 1-1/21 
(D) If the entire arrangement is immersed in water, the conditions 
will remain unaltered 

- 90° prism of refractive index 3 , immersed in water of refractive 

4 
index 3 as shown in the figure-5.358: 

60° 

Figure 5.358 

(A) The exit angle 02 of the ray is sin-1 ( % ) 

(B) The exit angle 02 of the ray is sin-1 ( 
4
~) 

(C) Total internal reflection at point ceases if the refractive 

index of water in increased to 
5 

r.:: by dissolving some 
. 2v3 

substance 
(D) Total internal reflection at point P ceases if the refractive 

5 
index of water is increased to 6 by dissolving some substance 

Study Physics Galaxy with www.puucho.com

www.puucho.com



i3.?~--
5-6 An object AB is placed parallel and close to the optical 
axis between focus F and centre ofcurvature C ofa converging 
mirror of focal length/as shown in figure-5.359: 

A B 

C F 

Figure 5.359 

(A) Image of A will be closer than that ofB from the mirror 
(B) Image of AB will be parallel to the optical axis 
(C) Image of AB will be straight line inclined to the optical axis 
(D) Image of AB will not be straight line 

5-7 Which of the following statements is/are correct about 
the refraction oflight from a plane surface when light ray is 
incident in denser medium. [0cis critical angle]: 

" (A) The maximum angle of deviation duringrnfraction is 2 -00 

it will be at angle ofincidenc~ is 0c 
(B) The maximum angle of deviation for all angle ofincidences is 
n-200 when angle ofincidence is ~lightly greater than 0c 
(C) If angle ofincidence is less than 0c then deviation increases 
if angle of incidence is also increase_d 
(D) If angle of incidence is greater than 0c then angle of 
deviation decreases if angle of incidence is in Creased 

5-8 A particle is moving towards a fixed convex mirror. The 
im~ge of object also moves. If V; is the speed of image and V0 

is the speed of the object, then : 
(A) v;:,;v,iflul<IFI (B) V;>V,ifl.ul>IFI 
(C) V;< v,ifluJ>iFI (D) v;=v,iflul=IFI 

5-9 The positions of the object O (real or virtual) and the 
image I (real or virtual) with respect to the optical axis ofa 
spherical mirror is shown in figure-5.360. Then select the 
possible mirror and its p(?sition to realise it: 

O•T 
X 

~----------Optical 
axis 

2x 

l.1 
Fi1;ure 5.360 

(A) Concave mirror closer to object 
(B) Concave mirror closer to image 
(C) Convex mirror closer to object 
(D) Convex mirror closer to image 

Geometrical _Optic;J 

5-10 A small air bubble is trapped inside a transparent cube of 
size 12cm. When viewed from one of the vertical faces, the 
bubble appears to be at 5cm from it. When vie',\'ed from opposite 
face, it appears at 3cm from it : 
(A) The distance of the air bubble from the first face is 7.5-cm 
(B) The distance of the air bubble from the first face is 9 cm 
(C) Refractive index of the material of the prism is2.0 
(D) Refractive index of the material of the prism is 1.5 

_5-11 Which of the following statements are true for a plane 
mirror: 
(A) It can form real image ofa real object 
(B) It neither converges nor diverges the parallel rays incident 
on it 
(C) It cannot form real image of a real object 
(D) None of these 

5-12 A convex lens forms an image of an object on a screen. 
The height of the image is 9 cm. The lens is now displaced until 
an image is again obtained oil the screen. The height of this . 
image is 4 cm. The distance between the object and the screen 
is90cm: · 
(A) The distance between the two positions of the lens is 
30cm 
(B) The distance oftlie object from the lens in its first position 
is36 cm 
(C) The height of the object is 6 cm 
(D) The focal length of the lens is 21.6 cm 

5-13 A rayoflight is incident on an equilateral triangular prism 
parallel to its base as shown in the figure-5.361. The ray just 
fails to emerge from the face AC. If µbe the refractive index of 
the prism then the incorrect relation (s) is/are: 

A 

BL--------'C 

Figure 5.361 

(A) 2sin·'(t)=ir/3 

(B) sin·'(¾) +sin·'( 2

1J = % 

(C) sin·'(t) +sin·{ 2~)-= f 

(D) sin·' (t) +si~-
1 (~)=f 
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5-14 A convex lens forms a real image of an object with 
magnification 0.5. If the object is displaced by20 cm along the 
principal axis, a real image equal to the size of the object is 
formed: 
(A) thefocallengthoflensis20cm 
(B) the distanceofthe image from the lens initially is25 cm 
(C) the distance of the object from the lens initially is 60 cm 
(D) the distance of the image finally from the lens is30 cm 

5-15 Sun ray are incident at an angle of24" with the horizon. 

They be directed parallel to the horizon using a plane mirror for 
this plane mirror should be placed at an angle: 
(A) 12" to the horizontal (B) 48" to the horizontal 
(C) 72° to the horizontal (D) 78° to the horizontal 

5-16 At what values of the refractive index of a rectangular 

prism can a ray travel as shown in figure-362. The section of 
the prism is an isosceles triangle & the ray is normally incident 
onto the face AC. 

(A) µ> 1.2 
(C) µ>1.5 

A 

Figure 5.362 

(B) µ> 1.3 
(D) µ> 1.7 

5-17 Two plane mirrors are inclined to each other with their 
reflecting faces making acute angle. A light ray is incident on 
one plane mirror. The total deviation after two successive 
reflections is: 
(A) Independent of the initial angle ofincidence 
(B) Independent of the angle between the mirrors 
(C) Depen'tlent on the initial angle of incidence 
(D) Dependent on the angle between the mirrors 

5-18 An equiconvex lens ofrefractive index µ2 is placed such 
that the refractive : 

µ, 

Figure 5.363 

(A) Must be diverging if µ2 is less than the arithmetic mean of 
µ 1 and µ3 

(B) Must be converging if µ2 is grnater than the arithmetic 

mean of µ 1 and µ3 • 

(C) May be diverging ifµ, is less than the arithmetic mean of 
µ1 and µ3 
(D) Will neither be diverging nor converging if µ2 is equal to 
arithmetic mean of µ1 and µ3 · 

5-19 A ray oflight is incident on a prism o( refracting angle A. 

If 8c fs the critical angle for the material of the prism with 
respect to th~ surrounding air, then : 

(A) An emergent ray will be there for all values of8c 
(B) An emergent ray will be there only for A< 28c 
(C) A ray incident at an angle i can pass through the prism if 

sin(A-8c) 
sini> . for8c<A<28c 

sm8c 
(D) None of above is correct 

5-20 A point source of light is placed at a distance h below 
the surface of a large and deep lake. If/is the fraction oflight 

energy that escapes directly from water surface and µ is 
refractive index of water then : 
(A) /varies as a function of h 
(B) /is independent of value ofh 
(C) f depends only on the refractive index of water 
(D) /is independent ofrefractive index of water 

5-21 In the figure shown-5.364 a point object Ois placed in air 
on the principal axis. The radius of curvature of the spherical 
surface is 60 cm. Ir is the final image formed after all the 
refractions and reflections: 

0 t 
µg= 3/2 

I-• 

' 1+--d, d, 

Figure 5.364 

(A) If d1 = 120 cm, then the 'lj is formed on 'O' for any value of 

d2 
(B) If d1 = 240 cm, then the 'lj is formed on 'O' only if 
d,= 360 cm 
(C) If d 1 = 240 cm, then the 'lj is formed on 'O' for all value of 

d2 
(D) If d 1 =240 cm, then the 'lj cannot be formed on 'O' 

5-22 A fish, Fin the pond is at a depth of0.8 m from water 
surface and is moving vertically upwards with velocity2 n1S·1• 

At the same instant a bird Bis at a height of6 m from water 
surface and is moving downwards with velocity 3 ms·1• At this 
instant both are on the same vertical line as shown in 
figure-5.365. Which of the following statements is/are correct ? 
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VBi,d 

!3ms-l 

' ' ' 6m : 
' ' ' ' ' ' 

Figure 5.365 

Air 

(A) height of B, observed by F(from itself) 

(B) depth of F, observed by B (from itself) is equal to 6.60 m 

(C) height ofB, observed by F (from itself) is equal to 8.80 m 
(D) none of these 

5-23 A man ofheight i?0 cm wants to see his complete image 
in a plane mirror (while staiftling). His eyes are at a height of 
l 60 cm from the ground, then to see his complete image : 
(A) Minimum length of the mirror= 80 cm 

(B) Minimum length of the mirror= 85 cm 

(C) Bottom of the mirror should be at a height 80 cm 
(D) Bottom of the mirror should be ata height 85 cm 

5-24 Two plane mirrors at an angle such that a ray incident on 

a mirror undergoes a total deviation of240° after two reflections : 

(A) the angle between the mirrors is 60° 
(B) the number of images formed by this system will be 5, ifan 
object is placed symmetrically between the mirrors 

(C) the number of images will be 5 if an object is :kept· 
unsymmetrical between the mirrors 

(D) a ray will retrace its path after 2 successive reflections, if 

the angle ofincidence on one mirror is 60° 

5-25 If the equation of mirror is given by y = (2/x) sin1tX 

(y > 0, 0:,; x:,; 1) then find the point on which horizontal ray 

should be incident so that the reflected ray become perpendicular 
to the incident ray: 

(A) (½,~J 
(C) (t, :3) 

Figure 5,366 

(B) ( :3 ,½) 

(D) (l,0) 

~~G~~l'n6tric-al Optic~ 

5-26 AB is a straight rod kept along the principal axis _of a 

convex mirror in front ofit as shown in figure-5.367. Another 
plane mi,;ror is placed in front of the convex mirror and fucing it. 
In the figure shown consider the first reflection at the plane 

. mirror and second at the convex mirror then which is of the 

following is correct. 

R= 120cm 

+-"-
A B C 

10cm 10cm 
50cm 

V 

Figure 5.367 

(A) the second image is real and inverted with magnification 
1/5 
(B) the second image is virtual and erect with magnification 
1/5 
(C) the second image moves towards the convex mirror 

(D) the second image moves away from the convex mirror 

5-27 A convex mirror produces virtual and erect image, The 

figure-5.368 shows a.light ray incident on a plane boundary at 

an angle i = 60°. The angle ofrefraction in other medium is r. 

The graph shows the variation of deviation angle of light 

0 = Ir- ii versus l:!. = k. Choose the correci alternative. µ, 

I 
' ' ' ' µ, ' µ,A~ 

'l 
' ' ' 

e, 
Ir-ii 

e, 

• 
Figure 5.368 

(A) The value of k1 is ·} 

(C) The value of02 is it/3 

(B) The value of01 is it/6 

(D) The ·value of k
0 

is l 

5-28 For the refraction oflight through a prism 

(A) For every angle of deviation there are two angles of 
incidences 
(B) The light travelling inside an equilateral prism is necessarily 
parallel to the base when prism is set for minimum deviation 
(C) There are two angles ofincidence for maximum deviation 

(D) Angle of minimum deviation will increase ifrefractive 

index ofprism(µp) is increased keeping the refractive index of 

the outside medium (µ8) unchanged if µP > µs 
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5-29 An object O is kept infront of a converging lens of focal 
length 30 cm behind which there is a plane mirror placed at a 
distance 15 cm from the lens. Then which of the following 
statements is/are correct .. 

30cm 

0 

Figure 5.369 

(A) The final image is formed at 60 cm from the lens towards 
rightofit 

(B) The final image is at 60 cm from lens towards left ofit 
(C) The final image is real 
(D) The final image is virtual 

5-30 Choose the correct alternative corresponding to the object 
distance 'u', image distan.ce 'v' and the focal length 'F' of a 
converging lens from the following. 

--- - --·--·-··- -~-i 

3291 

(i) The average speed of the image as the object moves with 

uniform speed from distance 
3
4
F to F is greater than the 

. 2 

average speed of the image as the object moves with same 

F F 
speed from distance 2 to 4 
(ii) The minimum distance between a real object and its real 
image in case of a converging lens is 4F where Fis its focal 
length. 
(A) both are correct 
(B) both are incorrect 
(C) (i) is correct, (ii) is incorrect 
(D) (i) is incorrect, (ii) is correct 

5-31 An object and a screen are fixed at a distanced apart. 
When a lens of focal length/is moved between the object and 
the screen, sharp images ofthe object are formed on the screen 

for two positions of the lens. The magnifications produced at 
these two positions are M1 and M

2
: 

(A) d> 2/ (B) d> 4f 
(C) M1 M2 = I (D) IM11-IM21= I 

* * . * * * 
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Unsolved Numerical Problems/or Preparation of NSEP, INPhO & IPhO 
For detailed preparation of INPJ,O and /Pl,O st11de11ts can refer advance st11dy material on www.physicsgalaxy.com 

5-1 The left end ofa long glass rod ofindex 1.6350 is grounded 

and polished to a convex spherical surface ofradius 2.50 cm. A 

small object is located in the air and on the axis 9.0 cm from the 

vertex. Find the lateral magnification. 

Ans. [- 0.0n7] 

5-2 Focal length ofa convex lens in air is 10 cm. Find its focal 

length in water. Given that µg = 3/2 and µw = 4/3. 

Ans. [40 cm] 

5-3 Find the distance ofan object from a convex lens ifimage 

is two times magnified. Focal length of the lens is 10 cm. 

Ans. [5 cm, 1_5 cm from lens] 

5-4 A pole 4m high driven into the bottom of a lake is Im 

above the water. Determine the length of the shadow of the 

pole on the bottom of the lake if the sun rays make an angle of 

45° with the water surface. The refractive index of water is 4/3. 

Ans. [2.88 m] 

5-5 An object is placed 12cm to the left ofa diverging lens of 

focal length 6.0 cm. A converging lens with a focal length of 

5-9 A parallel beam oflight is incident on a system consisting 

of three thin lenseswith a common optical axis. The focal lengths 

of the lenses are equal tof, = 10cm (converging) and/2 = 20cm 

( divering)andJ; = 9 cm (converging) respectively. The distance 

between the first and the second lens is 15 cm and between the 
second and the third is 5 cm. Find the position ofthe_point at 
which the beam converges when it leaves the system oflenses. 

Ans. [Infinity] 

5-10 A ray oflight is incident on the left vertical face of glass 

cube ofrefractive indexµ,, as shown in figure-5.370. The plane 

ofincidence is the plane of the page, and the cube is surrounded 
' by liquid of refractive index µ1. What is the largest angle of 

incidence 0 1 for which total internal reflection occurs at the 
top surface ?' 

µ, µ, 

a, 

Figure 5.370 

12.0 cm is placed at a distance dto the right of the diverging [ ,,-----,) 
lens. Find the distanced such that the final image is produced Ans. [ sin-' ,iµjµ~ µf l 

at infinity. 

Ans. [8 cm] 

5-6 A solid glass sphere with radiusR and an index ofrefraction 

1.5 is silvered over one hemisphere. A small object is located 

on the axis of the sphere at a distance 2R to the left of the 

vertex of the unsilvered hemisphere. Find the position of final 

image after all refractions and reflections have taken place. 

Ans. [On the pole of mirror] 

5-7 A glass sphere with 10 cm radius has a 5 cm radius spherical 

hole at its centre. A narrow beam of parallel light is directed 

into the sphere. Find the location of final image produced? 

The index ofrefraction of the glass is 1.50. 

Ans. [5cm to the left of the surface of sphere] 

5-8 A source oflight is located at double focal length from a 

convergent lens. The focal length of the lens is/= 30 cm. At 

what distance from the lens should a flat mirror be placed so 

that the rays reflected from the mirror are parallel after passing 

through the lens for the second time ? 

Ans. [45cm] 

5-11 One face ofa prism with prism angle 30° is coated with 

silver to make it reflecting. A ray incident on another face at an 

angle of 4_5° is refracted and reflected fro~ the silver coated 

face and retraces its path. What is the refractive index of the_ 

prism? 

Ans. [.Jz] 

5-12 In an isosceles prism of prism angle 45°, it is found that 
when the angle of incidence is same as the prism angle, the 

emergent ray grazes the emergent surface. Find the refractive . 

index of the material of the prism. For what angle ofincidence 

the angle of deviation will be minimum? 

Ans. [--/3, 41.~1°1 

5-13 An astronomical telescope with objective of focal length 
I 00 cm and eyepiece of focal length IO cm is used by a 
shortsighted man whose far point is 33 cm from his eye, to form 

an image ofan infinitely distant object at his far point. Find the 

separation of the lenses, and magnification obtained. 

Ans. [107.5 cm, 13.3) 
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5-14 Figure-5.371 shows a right angled prism ABC having 

refractive indexµ ~ I lowered into water (µ 00 ~). Find angle 
g 2 3 

a so thatthe incident ray normal to face AB will be reflected at 
face BC completely. 

IK 

A~--+---a~B 

',a 

·--·,··------___ "<' _____ • 

----------

Figure 5.371 

, -I (8) Ans. [a>s1~ 9 ] 

5-15 An equilateral prism deivates a ray through 40° for two 
incidence angle which differ by 20°. Find the two incidence 
angles. 

Ans. [60° and 40° ] 

5-16 A rayoflight strikes a glass slab of thickness I. 

(i) Prove that it emerges on-the opposite face, parallel to the 

initial ray. 

(ii) Prove that the value of deflection of beam which passed 
through the plate is: 

. . - -sm 11 

[ [ 

l . 2 . J] tsm, 1 1- 2 . 2 . 
aµg -sm '1. 

(iii) Prove that for a small angle of incidence i1, the internal 
shift x is given by 

where 
0
µg is the refractive index of glass with respect to air. 

5-17 A piano-convex lens has a thickness of 4 cm. When 
placed on a horizontal table with the curved surface in contact 
with it, the apparent depth of the bottom-most point of the lens 
is found to be 3 cm. If the lens is inverted such that the plane 
face is in contact with the table, the apparent depth of the 
centre of the plane face of the lens is found to be 25/8 cm. Find 
the focal length of the lens. 

Ans. [75cm] 

" - -- -
3_~1 J 

5-18 An image Y is formed ofa point objectXbya lens whose 
optic axis is AB as shown in figure-5.372. Draw a ray diagram to 
locate the lens and its focus. If the image Y of the object Xis 
formed by a concave mirror (having the same optic axis AB) 

instead oflens, draw another ay diagram to locate the mirror 
and focus. Write down the steps of construction of the ray 

diagrams. 

Ans. [ 

X • 
~A~--------~f!. ____ _ 

•Y 
Figure 5.372 

X A ,1 X 

~& F 2F 

,, ~M 

,~_·" ' ,l 

M· r 

5-19 A thin piano-convex lens of focal length/is split into 
two halves: One of the halves is shifted along the optical axis 
(figure-5.373) The separation between object and image planes 
is 1.8m. The magnification of the image formed by one of the 
halflens is 2. Find the focal length of the lens and separation 
between the two halves. Draw the ray diagram for image 

formation. 

l--------------l .8m -------------+! 
Figure 5.373 

Ans. [40cm, 60cm] 

5-20 The focal lengths of the objective and the eyepiece of a 
compound microscope are I cm and 5 cm respectively. An object 
placed at a distance of l. l cm from the objective has its final 
image formed at (i) infinity (ii) least distance of distinct vision. 
Find the magnifying power and the distance between the lenses. 
Least distance of distinct vision is 25 cni. 

Ans. [(i) 16 cm, - 50; (ii) 15.17 cm, - 60] 

5-21 Find the minimum size of mirror required to see the full 
image,9fa wall behind a man standing at the centre of room, 
where His the height of wall. 

Ans. [H/3 ] 

5-22 Two mirrors are inclined by an angle 30°. An object is 
placed making 10° with the mirror M1• Find the positions of the 
first two images formed by each mirror. Find the total number 
ofimages. 

Ans. [ !0° and 50° from M1 and 20° and 40° from M2, 11] 
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5-23 AB is a man ofheight 2m and Mis a mirror oflength 0.5m 
and mass 0.1 kg. Initially top of mirror Mand A are at the same 
level and the M starts falling freely always remaining vertical. 
If the level of the eyes of the man is 1.5 cm below his head A, 
find the time after which the man sees the reflection of his feet. 

··1·············-

M 

-8 

Figure S,374 

Ans. [0.318sJ 

5-24 Figure-5.375 shows a point object A and a plane mirror 
MN. Find the position of image ofobjectA, in mirror MN, by 
drawing a ray diagram. Indicate the region in which observer's 
eye must be present in order to view the image. 

M 

I 
N 

Figure S.375 

5-25 An object is placed atA(2, 0) and MN is a plane mirror, as 
shown in figure-5.376. Find the region on Y-axis in which 
reflected rays are present. 

y 

Nl(4, 3) 

M -(4, 2) 

' I 
' -+---~·~----.x 

A 
(2, 0) 

Figure S.376 

Ans. [Reflected rays exist on Y-axis between (0,6) and (0,9)] 

- - . -_---_-~earTietrical Optics' I 
5-26 See the following figure-5.377. Which of the object(s) 
shown in figure will not form its image in the mirror. 

•O, •O, 

•O, 

•O, 

Figure 5.377 

Ans. [03J 

5-27 Two plane mirrors are inclined at an angle of75° to each 
other. Find the total number of images formed when an object 
is placed as shown in figure-5.378. 

Ans. [4] 

45° 
30° 

FJgure 5.378 

0 

5-28 Two plane mirrors are inclined at an angle of70° to each 
other. Find the total number of images formed when object is 
placed as shown in figure-5.379. Total images= 5 

Ans. [SJ 

40° 
30° 

Figure S.379 

0 

5-29 There is a point object placed in front ofa plane mirror. If 
the mirror is displaced 10cm away from the object, find the 
distance by which its image will get displaced. 

Ans, [20cmJ 

5-30 A crown glass prism ofrefracting angle 8° is combined 
with a flint glass prism to obtain deviation without dispersion. 
If the refractive indices for red and violet rays for the crown 
glass are 1.514 and 1.524 and for the flint glass are 1.645 and 
l .u65 respectively, find the angle offlint glass prism and net 
deviation. 

Ans. [ 1.5 3 °J 
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5-31 An opaque cylindrical tank with an open top has a 
diameter of3.00 m and is comp_Ietely filled with water._When 
the setting sun reaches an angle of 37° above the horizontal, 
sunlight ceases to illuminate any part of the bottom of the 
tank. How deep is the tank? 

Ans. [4 m] 

5-32 In the situation shown in figure-5.380, find the velocity 
vector of image in the co-ordinate system shown in figure. 

5 mis 

30° 

10 mis 

~ 
1/, 

Figure 5,380 

Ans. [-5(1+J5)7+sj mis] 

5-33 Find the velocity of the image of a moving object in 
situation shown in figure-5.381 in which object and mirror 
velocities in horizontal and vertical directions are shown. 

Ans. [70.178 mis] 

30 mis 

6 mis 

Figure 5.381 

YM 

5-34 Two plane mirrors are inclined to each other at an angle 
30° to each other. A ray oflight is incident at an angle of 40° to 
the mirror (M1). Find the total angle of deviation of the ray after 

. :_ - ::~::::::::::~ 3 3 3_] 
' 5-35 Figure shows a torch producing a straight light beam 

falling on a plane mirror at an angle of 60° as shown in 
figure-5.383. The reflected beam makes a spot Pon the vertical 
screen as shown. lf at t,= 0, mirror starts rotating clockwise 

about the hinge A with an angular velocityQ = IO per second. 
Find the speed of the spot on screen after time t = 15 s. 

' 600 1600 

' ' fixe d incident ! 
ray 1 

Figure 5.383 

2x 
Ans. c15 mis] 

5-36 A light ray /is incident on a plane mimir M The mirror is 
rotated in the direction as shown in the figure-5.384 by an 
arrow at the frequency (9/x) rev/sec. The light reflected by the 
mirror is received on the wall Wwhich is at a distance IO m from 
the axis of rotation. When the angle ofincid~nce becomes 3 7°, 
find the speed of the light spot on the wall. 

w 

Figure 5.384 

the third successive reflection due to mirrors. Ans. [ I 000mls] 

Figure 5.382 

Ans. [160° Clockwise] 

5-37 A spherical light bulb with~ diameter of3.0 cm radiates 
light equally in all directions, with a power of 4.5x W. (a) Find 
the light intensity at the surface of the bulb. (b) Find the light 
intensity7.50 rh from the centre of the bulb. (c) At 7.50 m, a 
convex lens is set up with its axis pointing toward the bulb. 
The lens has a circular face with a diameter of 15.0 cm and a 
focal length of30.0 cm. Find the diameter of the image of the 
bulb formed on a screen kept at the location of the image. ( d) 
Find the light intensity at the image. 

Ans. [(a) 5000 Wlm2; (b) 0.02 Wlm2; (c) 0.125 W/m2; (d) 288 W/m2] 
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5-38 A coin lies on the bottom ofa lake2m deep at a horizontal 
distancex from the spotlightSwhich is a source of thin parallel 
beam oflight situated l m above the surface of the liquid of 

refractive indexµ= ..fi. as shown in figure. The liquid height is 

2m. Find x so that a narrow beam oflight from S when incident 
on the liquld surface at incidence angle 45° falls directly on the 

coin. 

' ' tpt 

' ' 
' ' 2~ 
; 
' coin 
}+---x----+I 

Figure 5.385 

5-39 What should be the value of angle 0 such that light 
entering normally through the surface AC ofa prism (n = 3/2) 
does not cross the second refracting surface AB. 

A 

e c~----~~s 

Figure 5.386 

Ans. [ 8<cos-1(¾)] 

5-40 Refracting angle of a prism A = 60° and its refractive 
index is, n = 3/2, what is the angle ofincidence i to get minimum 
deviation. Also find the minimum deviation: Assume the 
surrounding medium to be air (n = I). 

Ans. [sin-1(¾),2sin-1(¾)-i1 

5-41 The refractive indices of ftint glass for red and violet 
light are 1.613 and 1.632 respectively. Find the angular 
dispersion produced by a ihin prism offlint glass with refracting 

angle 5°. 

Ans. [0.095°] 

Geonieyic~I. CJetics ] 

5-42 A small object of height 0.5 cm is placed in front ofa 
convex surface of glass(µ= 1.5) of radius of curvature IO cm. 
Find the height of the image formed in glass. 

Ans. [lcmJ 

5-43 In figure-5.387 shown AB is a plane mirroroflength 40 cm 
placed at a height 40 cm from ground. There is a light source S 
ai a point on the ground. Find the minimum and maximum height 
ofa man (eye height) required to see the image of the source if 
he is standing at a point Pon ground shown in figure. 

T 
E 
u 

0 _, 

t 
E 
u 

0 _, 
.1. 

Ans. [3 20 cm] 

1: 
' ' ' ' ' ' ' s p 
' 
l+20cm+l+--40cm---+I 

Figure 5.387 

5-44 A plane mirror of circular shape with radius r= 20 cm is 
fixed to the ceiling. A bulb is to be placed on the axis of the 
mirror. A circular area of radius R = I m on the floor is to be 
illuminated after reflection oflight from the mirror. The height 
of the room is 3m. What should be the maximum distance from 
the centre of the mirror where bulb is to be placed so that the 

required area is illuminated? 

Ans. [75 cm] 

5-45 A room contains air in which the speed of sound is 
340 mis. The walls of the room are made of concrete, in which 
the speed of sound is 1700 mis. (a) Find the critical angle for 
total internal reflection of sound at the concrete-air boundary, 
(b) In which medium should the sound be travel to undergo 
total internal reflection? 

Ans. [(a) sin-1 (½) ; (b) air] 

5-46 A prism ofrefractive index ..fi. has a refracting angle of 

30°. One ofihe refracting surfaces of the prism is polished. For 
the beam of monochromatic light to retrace its path, find the 
angle of incidence on the refracting surface. 

Ans. [45°] 

5-47 Photograph of the ground are taken from an aircraft at an 

altitude oflO km bya camera fitted with a convex lens of focal 
length Im. The size of the film in the camera is l O cm x l O cm. 
What area of the ground can be photographed by this camera 

at anytime? 

Ans. [I km2] 
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5-48 An equilateral prism deviates a ray through 23° for two 
angles of incidence differing by 23°. Findµ of the prism? 

-143 Ans. [ -
5
-] 

5-49 A piano-convex lens(µ= 1.5) has a maximum thickness 
of I mm. Ifthe diameter ofits aperture is 4 cm. Find (a) Radius 
of the curvature of the curved surface; (b) its focal length in air. 

Ans. [ (a) 20 cm; (b) 40 cm] 

5-50 A convex lens of focal length I.Sm is placed in a system 
of coordinate axis such that its optical centre is at the origin 
and principal axis coinciding with the x-axis. An object and a 
plane mirror are arranged on the principal axis as shown in the 
figure-5.388. Find the value of d(in m) so thaty-coordinate of 
image (after refraction and reflection) is 0.3m. (take tan 8 = 0.3) . 

. (-2,0.1) 

0.1 mt-'----j:;;;-,:;f------E-

Figure 5.388 

Ans. [5 m] 

5-51 A-ray in incident normally on a right angle prism whose 

refractive index is .fj and prism angle a= 30°. After crossing 

the prism, ray passes through a glass sphere. It strikes the 

glass sphere at ~ distance from principal axis, as shown in 
v3 ·• 

the figure-5.389. The sphere is half polished. Find the total 
angle of deviation of the incident ray after all reflections and 
refractions from this optical setup. 

a 

------------ . 

Figure 5.389 

Ans. [180°] 

5-52 A short-sighted man, the accommodation of whose eye 
is between 12 cm and 60 cm wears spectacles through which 
he can see remote objects distinctly. Determine the minimum 
distance at which the man can read a book through his 
spectacles. 

Ans. [15 cm] 

-- -- -335' 
- -- - ,_,1 

5-53 A stationary observer O looking at a fish Fin water 

(µw = 4/3) through a converging lens of focal length 90.0 cm. 
The lens is allowed to fall freely from a height 62.0 cm with its 
axis vertical. The fish and the observer are on the principal axis 
of the lens. The fish moves up with constant velocity 100 emfs. 
Initially it was at a depth of 44.0 cm. Find the velocity 
(in cm/s) with which the fish appears to move with respect to 
lens, to the observer at I= 0.2 sec. (Take g = IO m/s2) 

A\ 
o. 

air 62cm 

- ----------,-----· __ -_,--, ... ,. ---

-·---------:t.:. __ 44cm··---: 

~~~~~~~~~~~~~h~~~~~~~ 
Figure 5.390 

Ans. [2475 emfs] 

5-54 An equilateral prism ABC is placed in air with its base 
side BC lying horizontally along x-axis as shown in the 

figure-5.391. A ray given by .fiz +x = 10 is incident at a point 

Pon the face AB of the prism. 

(a) Find the value ofµ for which the ray grazes the face AC 

3 
(b) Find the direction of the finally refracted ray ifµ= 2. 

(c) Find the equat~on ofraycoming out of the prism ifbottom 
BC is silvered ? 

~y / 
,' 

,. 
' ' ' ' ' ' ' ' ' ' ' ' 

A 

p 

B"': ~60~o~~-~----+ 
/ (0,0,0) C x 

Figure 5.391 

2 . "' Ans. [(a) fj; (b) Along-z axis; (c)v3z+x=10] 

5-55 A convex lens of focal length 20 cm and a concave lens 
of focal length 10 cm are placed 10 cm apart on th·e same optic 
axis. A beam oflight travelling parallel to the optic axis and 
having a beam diameter 5.0 mm, is incident on the convex Jens. 
Show that the emergent beam is parallel to the incident one. 
Find the beam diameter of the emergent beam. 

Ans. [2.5 mm] 
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5-56 A thin convex lens ofrefractive index µ = L5 is placed 
between a point source oflight Sand a screen A, as shown in 
the figure. Light rays from the source Sare brought to focus on 
the screen A, forming a point imageP. The distance SP is equal 

to 50 cm. Water (µ = f J is now poured i~to a vessel interposed 

between the object and the lens, and it is observed that when 
the water level is 8 cm the screen has to be moved up by a 

distance of 6 cm in order to get a sharp image. Find the focal 
length of the lens. 

s 
Figure 5.392 

Ans. [12 cm] 

5-57 A thin equiconvex glass lens(µ,= 1.5) is being placed 
on the top of a vessel of height h = 20 cm as shown in the 
figure-5.393. A luminous point source is being placed at the 
bottom of the vessel on the principal axis of the lens. When the 
air is on both the sides of the lens, the image of luminous 
source is formed at a distance of20 cm from the lens out side 
the vessel. When the air inside the vessel is being replaced by 
a liquid ofrefractive index µ 1, the image of the same source is 
being formed at a distance 30 cm from the lens outside the 
vessel. Find the µ 1• 

Ans. [I.II] 

Luminous 
source 

Figure 5.393 

5-58 Light passes symmetrically through a 60° prism of 
refractive index 1.54. After emergence out from the prism the 
light ,sy is incident on a plane mirror fixed to the base of the 
prism extending beyond it. Find the total deviation of the light 
ray after reflection from m~ mirror. 

Ans. [0°] 

_ __ ~eometrical Optics 1 

5-59 A glass rod has ends as shown in figure-5.394. The 

refractive index of glass isµ. The object O is at a distance 2R 
from the surface of larger radius of curvature. The distarice 
between apexes of ends is 3R. Find the distance ofimage formed 

of the point object from right hand vertex. What is the condition 
onµ for formation ofa real image. 

14-2R--++-----2R-----+< 

Figure 5.394 

(9-4µ)R 
Ans. [ (I0µ- 9)(µ-Z), 2<µ<9/4] 

5-60 When the object is placed 4 cm from the objective of a 
microscope, the final image formed coincides with the object. 
The final image is at the least distance of distinct vision (24 cm). 
Ifthe magnifying power of the microscope is 15, calculate the -
focal lengths of the objective and eye-piece. 

Ans. [/0 = 3.125 cm and.fe = 7.5 cm] 

5-61 A hemispherical portion of the surface of a solid glass 
sphere(µ= 1.5) of radius r is silvered to make the inner side 
reflecting. An object is placed on the axis of the hemisphere at 

a distance 3r from the centre of the sphere. The light from the 
object is refracted at the unsilvered part, then reflected from 
the slivered part and again r_efracted at the unsilvered part. 
Locate the final image formed. 

0 

p 

;,;;l-------t----17) 
I, 

I 

Figure 5.395 

Ans. IAt the pole of silvered face] 

T 
2r 

t 
r 

i 
,/2 

* ,/2 
i 

5-62 The focal lengths of the objective and the eye-piece of 
an astronomical telescope are 0.25 m and 0.02 m, respectively. 
The telescope is adjusted to view an object at a distance of 
1.5 m from the objective, the final image being 0.25 m from the 
eye of the observer. Calculate the length of the telescope and 
the magnification produced by it. 

Ans. [31.85 x 10-2 m, 16.2] 
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-5-63 A thin converging lens of focal length/= 1.5 mis placed 

along y-axis such that its optical centre coincides with the 

origin. A small light source Sis placed at (- 2.0 m, 0.1 m) as 

shown in figure-5.396. Where should a plane mirror inclined at 

an angle 0 with tan 0 = 0.3; be placed such thaty-coordinates 

offinal image is 0.3 m. Also find x co-ordinate offinal image. 

Ans. [5-m, 4m] 

!..----d-_---,i 

Figure 5.396 

5-64 A ball is kept at a height y 0 above the surface of a 
transparent sphere ofradius R, made of material ofrefractive 
index µ. At t = 0, the ball is dropped to fall normally on the 

sphere. Find the speed of the image formed as a function of 

time for 1 < ~
2
; 0 

• Consider the image bya single refraction. 

µR2 , 
Ans. [ g ] 

I 2 2 [(µ-l)(y0 - 2g1 )-R] 

5-65 A prism ofangle 60° is made of glass ofrefractive index 
1.50 for red and 1.56 for violet. Find the angular separation of 

these rays when a narrow pencil of composite light is incident 
at minimum deviation. 

Ans. [5°221 

5-66 An chromatic telescope objective of focal length 1.5 m 

consists of two thin lenses of dispersive powers 0.050 and 
0.075, respectively, placed in contact. Find the focal length of 
each lens. 

Ans. [For convex lens : f =50cm, oo = 0.050, for concave lens: 

/= 75cm, o> = 0.075] 

5-67 Calculate the focal lengths of a convex lens of crown 

glass of dispersive power 0.012 and _concave lens of dispersive 
power 0.020 that from an achromatic converging combination 
of focal length 0,3 m when placed in contact. 

Ans. [ 12cm for convex lens, 20cm for concave lens] 

5-68 Show that in the achromatic combination of two thin 

lenses of the same material and nature the first principal plane 

lies at the first principal focus of the first lens and the second 
principal plane at the second principal focus of the second 
lens. 

- -- -- ----.-- 337 I 
- - - - ~ .. - ,J 

5-69 In a simple astror,omical telescope the focal length of 

the object glass is 0.75 m and that of the eye-piece is 0.05 m. 
- Calculate the magnifying power when the final image ofa distant 

object is seen (a) a long way off, (b) at a distance of0.25 m. 

Find the distance between the two lenses in each case. 

Ans. [(a) 0.0417 m (b) 0.7917 m] 

5-70 An astronomical telescope consisting of two convex 
lenses of focal length 50 cm and 5 cm is focussed on the moon. 
What is the distance between the two lenses in this position? 

If the telescope is then turned towards an object I0·m away, 

how much wquld the eye-piece have to be moved to focus on 
the object without altering the accommodation of the eye? 

Calculate the angular magnification produced by the telescope 

in the two adjustments. 

Ans. [IOI 

5-71 How would you use two plan_o-convex lenses of focal 
lengths 6cm and 4cm to design an eye-piece free from chromatic 
aberration. What will be its focal length and magnifying power 

for normal vision? Will it be a positive or negative eye-piece? 

Ans. [4.8cm, 5.2, negative] 

5-72 A short-sighted person cannot see objects situated 

beyond 2m from him distinctly. What should be the power of 
the lens which he should use for seeing distant objects clearly? 

Ans. [- 0.5D] 

5-73 An astronomical telescope in normal adjustment has a 

tube length of93 cm and magnification (angular) of30. If the 

eye-piece is to be drawn out by 3 cm to focus a near object, 
with the final image at infinity, find how far away is the object 

and the magnification (angular) is this case. 

Ans. [27.9 m, 31] , 

5-74 The focal lengths of the objective and the eye-piece of 

an astronomical telescope are 0.25 m and 0.025 m, respectively. 
The telescope is focussed on an object 5 m from the objective, 

the final image being formed 0.25 m from the eye of the observer. 

Calculate the length of the telescope and its 111agnifying power. 

Ans. [0.2859 m, I 1.61 

5-75 A telescope with magnification M= 15 was submerged in 
water so that the inside of the telescope is filled up with water. 
To make the system work as a telescope within the former 

dimensions, the objective was removed. What was the 
magnification of the telescope after the change? µ of the 

. 4 
material of the eye-piece= 1.5 andµ of water= 3. 

Ans. [3] 
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5-76 A man stands on a vertical tower ofheight20 m. Calculate 

the distance up to which he will be able to see on the surface of 
the earth. Neglect the height of the man. Take the radius of the 

earth= 6400 km. 

Ans. [16 km] 

5-77 The radius of curvature of the face ofa piano-convex 

lens is 12 cm and its refractive index is 1.5. 

(a) Find the focal length of the lens. The plane surface of the 

lens is now silvered 

(b) At what distance from the lens will parallel rays incident 

on the convex face converge? 

(c) Sketch the ray diagram to locate the image, when a point 

object is placed on the axis, 20 cm from the lens. 

(d) Calculate the image distance when the object is placed as 

in part (c). 

Ans. [(a} +24 cm; (b} - 36 cm; (c} 12 cm; (d} - 180 cm] 

5-78 An object A is at a distance ofa=36 cm from a lens with 
a focal length off= 30 cm. A flat mirror turned through 45° with 

respect to the optic axis of the lens is placed behind at a distance 
of I= Im. At what distance h from the optic axis should the 

bottom of a tray filled with water up to depth d = 20 cm be 
placed to obtain a sharp image of the object at the bottom? 

t--a--i,,i.\--

A 

Figure S.397 

Ans. [0.85 m] 

5-79 The focal length ofa thin biconvex lens is 20 cm. When 
an object is moved from a distance of 25 cm in front of it to 
50 cm, the magnification ofits image changes from m25 to m50• 

m 
The ratio _i;_ is. 

m,o 

Ans. [6] 

5-80 An object is placed 20 cm to the left of a convex lens of 

focal length IO cm. !fa concave mirror offocallength 5 cm is 
placed 30 cm to the right of the lens, find the magnification and 
the nature ofthe final image. Draw the ray diagram and locate 

the position of the image. 

Ans. [The image coincides with the object] 

__ ~eometrical Op.lies } 

5-81 A glass sphere with centre O is shown in the figure-5.398. 

AOB and COD are two diameters at right angles to each other. 

A ray parallel to A OB strikes the sphere at P, a point mid-way 
between A and C. After refrac;tion, it proceeds along PB. Find. 

,D 
! 

Figure S.398 

(a) The path of ray beyond B, 

{b) The refractive index of glass, and 

B 

(c) The deviation of the ray as it emerges out of the sphere. 

Ans. [I.85, 45°] 

5-82 A hollow sphere of glass ofrefractive index µ has a small 

mark on its interior surface which is observed from a point 

01;1tside the sphere on the side opposite the centre. The inner 

cavity is concentric with the external surface and the thickness 

of the glass is uniform and equal to the radius of the inner 
surface. Prove that the mark will appear nearer than it really is 

b d. (µ-l)R h R" th d" fh . urfa ya ,stance ( w ere 1s era ms o t e mner s ce. 
3µ-1) 

5-83 Two thin similar watch glass pieces are joined together, 

front to front, with rear portion silvered and the combination of 

glass pieces is placed at a distance a= 60 cm from a screen. A 

point object is placed on optical axis of the combination such 

that its two times magnified image is formed on the screen. If 
air between the glass pieces is replaced by water (µ = 4/3 ), 

calculate the distance through which the object must be 

displaced so that a sharp image is again formed on the screen. 

Ans. [15cm towards the combination] 

5-84 Two convex lenses of focal lengths.t; and/2 are placed 

coaxially, a distanced apart. If the axis of one of the lenses is 

lifted parallel to itselfby ll, find the distance bywhich the focal 

point is shifted and the distance of the focal point from the first 

lens. 

6.(f, -d) 1,1, + d(f, -d) l 
Ans.[f,+f,-d; f,+f,-d 

5-85 A prism of angle 60° deviates a ray oflight through 31.0 

for two angles of incidence, which differ by 17°. What is the 

refractive index of the glass of the prism? 

Ans. [1.40] 
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5-86 Two large plane mirrors OM and ON are arranged as 
shown in figure-5.399. Find the length ofthepartoflarge screen 
SS' in which two images of the object placed at P can be seen ? 

M 

s 

75° p 

0 • 750 

Figure S.399 

2 
Ans. [ ,/J m] . 

5-87 A concave lens offocal length 20 cm is placed 15 cm in 
front of a concave mirror of radius of curvature 26 cm and 
another 10 cm away from the lens is placed an object. The 
principal axis of the lens and the mirror are coincident and the 
object is on the axis. Find the position and the nature of,the 
image. 

Ans. [140 cm in front of the lens] 

5-88 A double convex lens is placed on a horizontal plane 
mirror. A pin held horizontally above the lens coincides with its 
own image when it is 18 cm from the lens. The space between 
the lens and the mirror is filled with glycerine and water, turn 
by turn, and the positions of coincidence of the pin with the 
image are 28 cm and 24 cm from the lens, respectively. Calculate 
the refractive index of glycerine, given that the refractive index 
of water is 4/3. 

Ans. [ 1.48] 

5-89 A prism has a refractive index M and refracting angle 
90°. Calculate the minimum deviation produced by the prism 

· and the corresponding angle_ of incidence. Show that the 
minimum value of the angle ofincidence for which an emergent 
ray exists is 45°. 

5-90 Image of an object approaching a convex mirror ofradius 
of curvature 20 m along its optical axis is observed to move 

~ 50. . .. 
from 3 mto 7 mm30 s. What1sthespeedoftheobJectm km 

per hour? 

Ans. [3] 

5-91 A ray is incident on a glass sphere as shown in 
figure-5.400. The opposite surface of the sphere is partially 
silvered. If the net deviation of the ray transmitted at the partially 

..•.• - . ·-·-···---::-33"'_ 9'"'1 

silvered surface is 1/3 rd of the net deviation suffered by the 
ray reflected at the partially silvered surface (after emerging 
out of the sphere). Find the refractive index of the sphere. 

Figure 5.400 

5-92 Light is incident on the side ofa 30°-60°-90° prism, as 
shown in the figure. A thin layer of a liquid is spread over tlie 
hypotenuse of the prism. Ifthe refractive index ofthe prism is 
1.5, find the maximum refractive index oftlie liquid in order th al 
a ray passing normally through the 60°-base may be totally_ · 
reflected. 

Ans. [1.299] 

5-93 A convex lens of crown glass is perfectly cemented.to a . 
piano-concave lens of flint glass to form an achromatfo 
combination of power+ 5D. Calculate'the radii of curvature of 
the convex lens from the following data. 

Refractive index 
Crown glass 
Flint glass 

Ans. [8.6 cm, 12 cm] 

1.50 
1.60 

Dispersive ptiwer 
0.01 
0.02 

5-94 A converging system of convex lenses free from 
chromatic aberration and of focal length 2.5 cm is to be 
constructed by using a convex lens of focal length 2 cm and 
dispersive power 0.04 and another convex lens of dispersive 
power 0.03. What should be the focal length· of the second 
lens and at what distance from the first lens should it be placed ? 

Ans. [3 cm] 

5-95 For a ray oflight refracted through a prism ofangle 60°, 
the angle ofincidence is equal to the angle ofemergence, each 
equal to 45°. Find the refractive index of the material of the 
prism. 

Ans. [1.414] 

5-96 In a bi prism experiment, 2 I fringes are seen distinctly on 
a screen at a distance I m, when the sources are 0.5 mm apart. 
What is the coherent length and coherent time of the set-up. 
(A.=6000A) 

Ans. [2 x 10--is] 
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5-97 In a direct vision spectroscope there are two flint glass 

prisms each of angle 5° and dispersive power 0.36 and two 

crown glass prisms of dispersive power 0.24. Calculate the 

angle. of ea~h crown glass prism and the net dispersion 

prcxluced by the system of prisms.(µ""'"'= 1.5 and µflint= 1.68). 

Ans. [6.8°, 49'] 

5-98 An achromatic doublet of focal length 50 cm is used as 

an objective of a telescope. The refractive indices of tlie glasses 

of the lenses for yellow are 1.6 and 1.5. The radius of curvature 

of the sides in contact is 15 cm. Find the radii of curvature of 

the other surfaces. The dispersive powers of the glasses are 

0.33 and 0.24. 

Ans. [45 cm and 12.5 cm} 

5-99 A ray oflight incident normally on one of the faces ofa 

right-angled isosceles glass prism is found to be totally 

reflected. What is the minimum value of the refractive index of 

the material of the prism? When the prism is immersed in water, 

trace the path of the emergent ray for the same incident ray, 

indicating the values ofall angles. (µ = 4/3). 

Ans. [I.414. 48.6°] 

5-100 in a double-slit experiment, the separation between the 

slits is d= 0.25 cm and the distance of the screen D = 120 cm 

from the slits. Ifthe wavelength oflight used is"'= 6000 A and 

/
0 

is the intensity of the central bright fringe, what is the intensity 

at a distancex = 4.8 x 1 o-5 m from the central maximum? 

31, 
Ans. [ 4 ] 

5-101 The focal lengths of the objective and eye-piece of a 

compound microscope are I cm and 5 cm, respectively. An 

object is placed 11 mm from the objective and the final image is 

25 cm from the eye. Find : 

(a) magnification produced and 

(b) the separation of the lenses. 

-Ans. [66. IS.I cm] 

5-102 Two lenses in contact, made of materials with dispersive 

powers in the ratio 2: I, behave as an achromatic lens of focal 

length IO cm. What are the individual focal lengths of the two 

lenses ? 

Ans. [IO cm for concave and 5 cm for convex] 

5-103 A compound microscope has an objective offocal length 
2 cm and eye-piece of focal length 5 cm. The distance between 
the two lenses is 25 cm. If the final image is at a distance of 
25 cm from the eye-piece, find the magnifying power of the 

.. --- Geometrical Optics] 
-~·--- -- ._. --·· .,.,_,, 

microscope. What would be the magnifying power if the 

microscope were reversed? 

Ans. [56.5] 

5-104 A convex lens offocallength 15-cm is placed coaxially 
in front ofa convex mirror. The lens is 5 cm from the apex of the 

mirror. When an object is placed on the axis at a distance of 
20 cm from the lens, it is found that the image coincides with 

the object.Calculate the radius of curvature of the mirror. 

Ans. [55 cm] 

5-105 An object of height 4 cm is placed to the left of and on 
the axis of a converging lens of focar length IO cm. A plane 
mirror is placed inclined at45° to the axis, 10 cm to the right of 

the lens. Find the position and size of the image fanned by the 
lens an_d mirror. Trace the path of the rays forming the image. 

The distance of the object is 15 cm to the left of the lens. 

Ans. [20 cm from the mirror, 8 cm] 

5-106 The refractive index of the material of a prism of 
refracting angle 45° is 1.6 for.a certain monochromatic ray. 
What should be the minimum angle ofincidence of this ray on 

this prism so that no internal reflection takes place as the ray 

comes out of the prism? 

Ans. [10.1°] 

5-107 A point source of light S is placed at the bottom of a 

vessel containing a liquid ofrefractive index 5/3. A person is 
viewing the source from above the surface. There is an opaque 
disc of radius 1 cm floating on the surface. The centre of the 

disc lies vertically above the source S. The liquid from the 
vessel is gradually drained out. What is the maximum height of · 

the liquid for which the source cannot be seen from above? 

Ans. [1.33 cm] 

5-108 ofrefractive index ,,13 as shown in figure-5.401. 

8 D 

p 

Figure 5.401 

(a) Find the angle of incidence for which the deviation of 
_light ray by the prism ABC is minimum. 
(b) By what angle the second prism must be rotated, so that 

the final ray suffer net minimum deviation. 

Ans. [(a) 60°; (b) 60°] 

* * * * * 
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Wave Optics_ 

FEW WORDS FOR STUDENTS 

In geometrical optics we studied the rectilinear 
propagation of light and its behaviour as a 'Light Ray'. 
All the phenomenon we studied in geometrical optics 
are considered valid at macroscopic level which is an 
environment in which all the.obstacles, apertures and 
devices used in geometrical optics are considered of 
size much larger than wavelength of light. When 
behaviour of light is analyzed for the obstacles, 
apertures and devices which are of size comparable to 
wavelength of light then to study the behaviour of 

X 

6 
y 

z 
_, 

light we need to go beyond the concepts of geometrical optics. Wave Optics is the branch of physics in 
which we analyze the behaviour of light as a wave and the effects its wave character produces in 

· different situations. 

CHAPTER CONTENTS 

6.1 

6.2 

6.3 

6.4 

Wave Theory 

Intet:ference of Light 

Young's Double Slit Experiment (YDSE) 

Modifications in YDSE Setup 

COVER APPLICATION 

Figure-(a) 

6.5 

6.6 

6.7 

6.8 

Interference by Thin Films 

Diffraction of Light 

Polarizatioll of Light 

Methods of Polarizing all Ordinary Light 

___..;...+ d sin e 
Figure-(b) 

Figure-(a) shows the Young's Double Slit Experiment setup in.which light from one source splits into two and produces interference fringes 
on the screen and figure-(b) shows the ii:tensity curve of the YDSE fringes at the center and near neighborhood of the screen. 

- I 
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Light is a form of en€rgywhich gives sensation of vision to an 6.1.2 Wavefrontofa Light Wave 
eye. There are several phenomenon associated with light, some 

of these are - Rectilinear propagation of light, Reflection, 

Refraction, Dispersion, Interference, Diffraction, Polarization, 
Scattering, Photoelectric Effect etc. To understand these and 

many more such phenomenon various theories were given to 

understand the nature of light. There were two most general 

To understand the phenomenon concerned to wave theory it is 

essential to first understand the concept of wavefront. A 

wavefront is defined as a cross sectional surface of constant 

phase in a light beam. Being a cross sectional plane of light 

beam, it is considered that light energy travels in direction 

perpendicular to the wavefront. Figure-6. !(a) shows a plane such theories 'Particle Theory' and .' Wave Theory'. Particle 
theoryoflight is also known as 'Newton's Corpuscular Theory' light beam. Perpendicular to light beam the cross sectional 

in which it is considered that light !raves in form of stream of planes are flat wavefronts in which it is considered that 
osdllation of the wave are all in same phase. In the whole topic 

particles which are called 'Corpuscles' which travel in straight 
line. In this chapter we are going to mainly deal with wave of wave optics whenever we use the terms of oscillations and 

theoryoflight and various phenomenon related to wave theory. phase oflight then it is to be kept in mind that we are discussing 
, .. · about oscillations of electric and magnetic field in space at a 

6.1 Wave Theory 
•··. · ·· 'point. Figure,6. J.(b) sh~ws a diverging beam oflight in which 

. ~-\Ve co~sider''.wav~-fro~ts a;e convex in shape .and for a 

convergiµg -b<lii~ shown in figure-6.l(c) the wavefronts are 
' .. "' Very first time in 1678 Huygens suggested that light energy is 

supposed to be transferred from one point to another in form of 

a wave. After rel~~_e of Huygens' wave theory of light some 

objections were raised by contemporaries due to which this 

theory was not globally accepted but over a period of time 

various experiments done by physicsist in support of wave 

theory. Thomas Young analyzed and explained the colors seen 

in thin films like soap bubbles which was based on concept of 

superposition of waves. Fresnel framed a mathematical analysis 

of wave theory which removed the defects of Huygens' principle 

but also it explained the concept of diffraction of light and 

rectilinear propagation of light at macroscopic level. In 1873 

Maxwell has given his electromagnetic theory of light. It 
describes that light propagates in the form of two mutually 

coupled vector waves, an electric field wave and a magnetic 

field wave like all other electromagnetic radiations. The 

electromagnetic theory was highly successful in explaining the 

propagation of light waves and most of related phenomenon. 

However electromagnetic wave theory accepted all over but 

still it could not explain the phenomenon ofabsorption and the 

emission process of light and the phenomenon related to 

situations when light interacts with physical matter. 

6.1.1 Dual Nature of Light 

The two important phenomenon which cannot be analyzed and 

explained by wave theory are photoelectric effect and scattering 

similarly the phenomenon like diffraction and polarization cannot 

be explained by particle theory. There are several experiments 

and evidences which explains that in some cases particle nature 
of light is dominating or we can say that light behave like 

particles and in some cases wave nature of light is dominating 
or light behave like a wave. Now hffth the natures of light is 

accepted by physicists. 

concave in shape. 

I .. I· 

' ' ' ' 
-: 
' 

' ' t t . 
Flat wave fronts of 
parallel light beam 

(a) 

Convex wavefront of 
Diverging light beam 

(b) 

Concave wavefront of Converging light beam 

(c) 

Figure 6.1 

A wavefront is a surface in a light beam on which all same phase 

points are lying which are emitted at the same time from the 

light source. There are two important assumptions which are 
extremely useful in applications of wave optics. First is "The 
lines perpendicular to the wavefront in any light beam are 
considered as light rays" and second is "The time taken by 

light to travel from one wavefront to qnother is same for all the 

light rays connecting these wavefronts". 
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A point source oflight emits light isotropically in all directions 
so we can consider that the wavefront emitted by a point light 
source is spherical in shape. Figure-6.2(a) shows the spherical 
wavefronts emitted from a point source of light which 
propagates away from the source and the radius of these 
wavefronts increases at speed oflight. Similarly figure-6.2(b) 
shows the cylindrical wavefronts emitted by a line source of 
light in its surrounding. 

' ' ' ' 
' ' ' 

,--- -- .. 

Spherical wavefronts 
from a point source 

(a) 
Figure 6.2 

6.1.3 Huygen'sWaveTheory 

t'-
' ' ' ,,-
', -- -------. ----

', 
--, 

' ' ,, ' 

Cylindrical wavefronts 
from a line source 

(b) 

Huygen's Wave Theory explains that every light source 
produces some disturbances in surrounding space which 
propagate at speed oflight. The theory of wave propagation in 
a medium is summarized in below two points which are called 
Huygen's Principal ofWavefront propagation. 

1. Every point on a wavefront oflight beam acts as a source 
ofnew disturbances in surrounding which travel in all directions 
and these sources in wavefront of beam are called secondary 
wave sources. These secondary sources produce their own 
spherical wavefronts which are called secondary wavelets. 

2. Wavefronts move in space with the velocity of wave in 
that medium and in propagation oflight the common tangential 
plane of secondary wavelets is considered as the new wavefront 
in the direction oflight propagation as shown in figure-6.3(a), 
(b) and (c) , 

Wavefront of light beam 

(a) 

(b) (c) 

Figure 6.3 

6.2 Interference of Light 

Phenomenon of interferences we've already studied in section 
of sound and string waves and it is analyzed almost in the same 
way for light also. When two ore more light waves from coherent 
sources superpose at a point then the resultant intensity at the· 
point is different from the sum of the intensities of these 
independent waves. This modification in light intensity at the 
point of superposition of coherent waves is called 'Interference 
of Light'. Figure-6.4 shows two coherent sources S and S 
from which light waves superpose at point P. 

1 
Due t~ 

superposition, the wave disturbance at point P gets modified 
according to principal of superposition which we studied in the 
section of'Interference' for mechanical waves. 

In mechanical waves we consider displacements of particles 
which varies with position and time and in light waves we 
consider electric field magnitude which varies with position 
and time in a specific plane of oscillations as light waves are 
transverse waves. We specifically consider electric field and 
not magnetic field because electric field is mainly responsible 
for sensation of vision due to light in human eye. 

s, 

• s, 

p 

Figure 6,4 

In gener~l mechanical wave equations are given as 
y = A sin (oil± kx + a) where y is the displacement ofa medium 
particle located at a distancexfrom origin and A is the amplitude 
of the wave. Equation of a light wave can also be expressed in 
the same way where y represent corresponding magnitudes of 
the oscillating electric field at a point and A is its amplitude. 
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6.2.1 Cohereht Sources of Light and Condition of Coherence 

Ifwe consider two waves in space having different frequency 
and passing through a point then at this point the phase 

difference of the two waves will continuously change with time 
and such waves are called 'Incoherent'. As from most of the 

sources light is emitted by molecular agitation in the sources so 

the frequency of emitted light changes abruptly and irregularly 

so we consider average frequency of the light from the source. 
Due to thermal impulses the light frequency changes in an 
impulsive manner as shown in figure-6.5. Ifwe consider two 

such independent sources are emitting light of same frequency 
which pass through a point in space then at that point also 

these waves will not have constant phase difference as the 

about and irregular changes in lights from the two independent 

sources will be random. That's why waves from two independent 

light sources are also incoherent. 

Wave-I 
c::::::,.., c::::::,.., I\ c::::::,.., c:::-.., ~ ri,. c::::::: = ,""V~ = "----;-' r;wn,= 

Impulsive disturbances in light emission from source 

Wave-2 ~ ~ 
c:::::,, ,,,JI IV\ c::::,, , n R, c:::::,, ,I .. · = -.:::_;:; V -::..::::::::, .;;;::::__;:;nT -..::::::::::; QfJV 

Waves from two independent sources of same frequency 

Figure 6.5 

Ifwe consider two waves from one single source oflight and 
one wave is somehow changed in direction by reflection or 
some means and these two waves meet at a point in space then 

at this point both the waves will have a constant phase 

difference as all the time the frequency of the two waves will be 
exactly same and ifany sudden and irregular changes occur in 

source due to thermal agitation ofits molecules then also both 
the waves will have same variation in their displacement curve 
and will maintain the phase relationship. Such waves are called 
'Coherent Waves'. Figure-6:6 shows two waves from same 
source in which due to synchronized impuslive changes phase 
di_fference at any point between the waves remain constant 

with time. 

Waves from a single light source 

Figure 6.6 

_ --~=--:-_-··· Wave Op@ 

6.2.2 Theory oflnterference ofTwo Waves 

When two coherent waves of angular frequency ro and amplitude 
_A

I 
and A2 superpose at a point with phase difference$ then the 

independent oscillation displacements of the two waves at the 

point of superposition are taken as 

and 

y 1 =A 1 sin rot 

y2=A2sin(rot-$) 

At the point of superposition the resultant displacement is given 

as 

y=y,+y2 

= A 1 sin rot+ A2 sin (rot-$) 

= A I sin rot+ A2 sin rot cos $ -A2 cos rot sin $ 

Rearranging the terms of sin rot and cos rot separately as 

y= (A
1 
+ A2 cos$) sin rot-(A2 sin$) cos rot 

Now substituting 

and 

We get 

or 

R cos 0=A 1 +A2cos$ 

Rsin0=A2sin$ 

y=R cos 8 sin rot-R sin 8 cos rot 

y=Rsin(rot-0) 

... (6.1) 

... (6.2) 

... (6.3) 

Equation-(6.3) is an equation of Simple Harmonic Motion, thus 
we can state that after superposition of the two waves, the 
displacement at the point of superposition P executes SHM 
with amplitude R and initial phase lag 0 with respect to the 
oscillations produced at the point P by the first wave. 

HereR and Scan be given byequation-(6.1) and (6.2). Squaring 

and adding the two equations, we get 

R=J(A1 +A2 cos$)2 +(A2 sin$)2 

R= JA1
2 +Ai +2A1A2 cos$ 

Dividing equation-(6.2) and ( 6.1) gives 

e 
A2sin$ 

tan =-~-~-
A1+A2cos$ 

or e-tan-' ( A2sin$ ) 
- A1+A2cos$ 

•.. (6.4) 

... (6.5) 

Equation-( 6.4) and ( 6.5) are the results similar to those obtained 
by parallelogram rule of vector addition. If A I and A2 are two 
vectors and $ is the a'lgle betwee.; their directions then the 
resultant vector of the two is given by equation-(6.3) and the 
direction of resultant with the first vector is given by 
equation-(6.4). Thus we can conclude that when two or more 
waves of same frequency which differ in phase, superpose on a 
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medimn particle then the resulting motion of that medium particle 
is also SHM with same frequency. Its amplitude can be given 
by treating the individual amplitudes as vectors with their phase 
differences as the angles between them and finding the resultant 

of these vectors. 

6.2.3 Interference of two Coherent Waves of Same Amplitude 

If the two waves are of equal amplitude A1 = A2 = A, then 
resulting amplitude R at the point of superposition is given by 
equation-(6.4) as 

R= JA2 +A2 +2A2 cos$ 

= J2A2 (1 +cos$) 

=2Acos (¾) ... (6.6) 

Here we can see that the resultants amplitude -R after 
superposition, depends on the amplitudes of component waves 
and on the phase difference $ between the two component 
waves. Thus if the phase difference between the two waves 
changes at the point of superposition, the resulting amplitude 
ofat that point also changes. From equation-(6.4), we can see 
that the amplitude at the point ofinterference is maximmn when 

cos$=+ I 

or when $=2Nit [NEJ] 

Then the maximum value of R is given as 

R™ = JA1
2 +Ai+2A1A2 

R™=A 1+A2 

If A1 =A2 =AthenRm""=2A 

... (6.7) 

... (6.8) 

Thus when the phase difference between two superposition 
· waves is an integral multiple of 2it i.e. when the two waves 

superpose on a medimn particle in same phase then the resultant 
amplitude of that medium particle will be maximum given by 
equation-(6.8) and this situation is called 'Constructive 
lnte,ference' of waves at the medium particle. 

Similarly from equation-(6.4) we can see that the amplitude at 
the point of superposition is minimum when 

or when 

cos$=-! 

$=(2N+ !)it 

Then the minimum amplitude is given as 

Rmin = J A12 + Ai - 2A1A2 

=A 1-A2 

If A1 =A2=A thenRm,n =O 

... (6.9) 

... (6.10) 

--- __ --·345] 

Thus when the phase difference between two superposing 
waves is an odd multiple ofit i.e. when the two waves superpose 
at a point in opposite phase, then the resultant amplitude will 
be minimum and is given by equation-(6.10) and this situation 
is called 'Destructive lnte,ference' of the waves at the point of 
superposition. 

6.2.4 Intensity of Light at the Point oflnterference 

We've seen when two coherent waves superpose each other at 
a point, interference takes place. The resultant amplitude at the 
point of interference depends on the phase difference of the 
two waves. If R is the resulting amplitude given by equation-( 6.4) 
and 1, be the resulting intensity at the point of interference 
then it can be given as 

=> 

=> 

=> 

I,= kR2 

I, =k(Af + AJ + 2A 1A2 cos$) 

I,= kAf + kAJ + 2kA 1A2 cos$ 

I,= 11 + /2 + 2 ~/1 / 2 cos$ ... (6.11) 

Here / 1 = kA rand !2 = kAJ are the intensities offirst and second 
wave respectively. The expression in equation-(6.11) gives the 
resultant intensity at the point of interference due to 
superposition of two coherent waves having independent 
intensities / 1 and /2 respectively:Equation-(6. 7) shows that the 
resultant intensity at the point of interference depends on the 
individual intensities / 1, / 2 and the phase difference$ between 
the two waves at that point. If the waves are of equal intensities 
11 = /2 = / 0 then after interference the intensity at the point of 
interference is given by equation-(6.11) as 

JR= /0 + /0 + 2 / 0 COS $ 

or IR=2/0(1 +cos$) 

or I =41 cos2(i) 
R O 2 ... (6.12) 

We know when two coherent waves interfere constructively, 
phase difference between the two is zero or multiple of2it. Thus 
from equation-(6.11) for cos$=+ I and maximum intensity at 
the point of constructive interference can be given as 

/==11+12 +.Ji:T, ... (6.13) 

... (6.14) 

For waves of equal intensities if / 1 = / 2 = / 0 then we have 

... (6.15) 

Similarly for destructive interference as the phase difference 
between waves should be an odd multiple of it so in 
equation-(6.11) we use cos $=-1 and theminimmn intensity at 
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the point of destructive interference can be given as 

/m;,,=/1+/2-2F,f; 

or 

... (6.16) 

... (6.17) 

For waves of equal intensities of / 1 = / 2 = /0, then we have 

I. =O mm ... (6.18) 

From equation-( 6.14) and ( 6.17) we can see that in constructive 
interference the resultant intensity is more than the sum of 
individual intensities of the component waves and in destructive 
interference the resultant intensity is less than the sum of 
individual intensities of the component waves. 

By dividing equations-(6.14) and (6.17) we get 

y= (.ji; +.ji;)
2 

= (Ai +A2)
2 

.ji; -.ji; A1 -A, 
... (6.19) 

The ratio gin above equation-(6.19) is called contrast ratio of 
. light in the region of interference where at some points 
constructive and at some points destructive interference take 
place. 

6.2.5 Condition of Path Difference for Interference 

We have already studied in section of mechanical waves that 
for two waves superposing at a point if their phase difference is 
~ then at that point the path difference in the two waves is given 
as 

... (6.20) 

For the case of constructive interference of two waves we know 
that the phase difference between the waves is given as 2N;r. 
Thus for constructive interference condition on path difference 
between the two waves is given as 

r 
)-., 

/'i=-x2Nrc=M 
2rc 

... (6.21) 

From above equation-( 6.21) we can state that two waves interfere 
constructively when their path difference at the point of 
superposition is /'i = )-.,, 2)-.., 3)-.., ... NA.. 

Similarly for the case of destructive interference of two waves 
we know that the phase difference between two waves is given 
as (2N ± I )rr/2. Thus for constructive interference condition on 
path difference between the two waves is given as 

)-., )-., 
/'i = - x (2N- l)rc=(2N-l) -

2rc 2 
... (6.22) 

From above equation-( 6.22) we can state that two waves interfere 
destructively when their path difference at the point of 
superposition is /'i = Ai2, 3Ai2, 5Ai2, ... (2N- l)Ai2. 

_ : _ :-~~: ~- ::-:- WaveO@cs] 
In case of destructive interference the path difference between 
waves should be an odd multiple ofA12. For odd multiple, here 
we've chosen multiplier (2N- I) in equation-(6.21) howeverit 
can also be taken as (2N + I) . 

# Illustrative Example 6.1 

Determine the resulting intensity due to interference of the 
two waves at a point given below : 

y 1 =3 sin (IOOrct) 

y2 =4~in (100,il+~) 

Given that intensity due to first wave is /0• 

Solution 

If intensity at point due to second wave is I', we use 

16/0 ]'=--
9 

Resulting intensity at the point of interference is 

16/0 /,lfilo (") =/0+-
9
-+2,,fo·T-

9
--cos 3 

16 8 I 
=I +-/0 +-/0 x-

o 9 3 2 

37 
=-lo 

9 

# Illustrative Example 6.2 

Radio waves coming vertically at an angle a are received by a 
radar after reflection from a nearby water surface & directly. 
What should be the height of antenna from water surface so 
that is records a maximum intensity. (wavelength= A.). 

Figure 6.7 
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Solution 

For the maximum intensity path difference, /',x=.n'A. 

At the point C, two rays interfere, one is me and other is ABC. 

Then, path difference, 

/'a= ( ABC+~J-(A'C) 

B 
Figure 6.8 

A' 

p 

A 

As the light ray AB is reflected at the boundary of denser 
medium at point D, there is an extra path difference added 

- '),_ 
which is equal to 2. 

'),_ 
/'a=(ABC-A'C)+-

2 

3471 
- ... --- -·----~ 

Solution 

Due to interference oflight beams at the point ofinterference 
maximum intensity is 

1rrox = (Ji: +F,)2 

Minimum intensity is 

= <Fo +-/4i)' 

=91 

fm;n = (F, --.Ji:J2 

= (-/4i -Fi J2 

=I 

# Illustrative Example 6.4 

Two coherent waves are described by the expressions. 

(
2n:x, "J El= Eo,;n T-2,g1+6 

and£= E0 - (
2

n:x, -2rr'i+.::J 
2 ~n A ~· 8 

· Determine the relationship between x1 and x2 that produces 
constructive interference when the two waves are superposed? 

'),_ 
/'a=(BC+PB)+ 2 (As APc'A'C) Solution 

/',x= [-h-+ h(cos2a)] + ~ 
cos a. cos a 2 

h '),_ 
/'a= --(J +cos2a)+-

cosa 2 

2hcos2 a '),_ 
/',x= +-

cos a 2 

'),_ 
/'a=2hcosa+ -

2 
For the maximum intensity at reception point, we have 

/'a=n'A. 

'),_ 
=> 2hcosa+ z=n'A. 

For n = I, we have 

'),_ -
h=-
- 4cosa 

# Illustrative Example 6.3 

Two coherent light beams ofintensities I and 4/ superpose in a 
region. Find the maximum and minimum possible intensities 
due to superposition in this region. 

At the point of interference, we use resulting displacement is 
given as 

ER=E1+E, 

Phase difference at t = 0, is given as <l<j, = <j,1-<1>2 where 

2n:x1 " 
<1>1 = T-21tfi+ 6 

and 

For constructive interference, we use 

,\q,=±2nrr (wheren=O, 1,2,3, .. .) 

21' " 
±2nrr= T (x1-x:J+ 24 

±(n--
1 

J'),_ =(x -x) 48 I 2 
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# Illustrative Example 6.5 

In figure-6.9, a microwave transmitter a height a above the . 
water level ofa wide lake transmits microwaves of wavelength 
"- towards a receiver on the opposite shore, a distancex above 
the water level. The microwaves reflecting from the water 
interfere with the microwaves arriving directly from the 
transmitter. Assuming that the lake width D is much greater 
than a andx, and that1,.>> a, at what values ofx is the signal at 
the receiver maximum ? 

Figure 6.9 

Solution 

The wave which gets reflected from the water surface suffers a 

. "-
phase changes of" rad or path difference of 2. The reflected 

wave appear to be coming from the image of the transmitter in 
the water level. The situation is shown in below figure-6.10. 

Figure 6.10 

The path differencebetween the waves receiving at R is, 

!u=2asin8 

As lake width is much greater than the transmitter and receiver 
heights, we can take 8 to be very small. So we can u·se 

tu= 2a8 

X 
tu= 2a-

D 

The effective path difference including the reflection from water 
surface will be given as 

X A 
Ax= 2a-±-

e D 2 

For interference maxima, we use 

Ax =n1,. 
e 

X A 
2a-+- =nA 

D 2 

Wave Opti~s j 

D(2n+l) x= 
20 

-
2
- 1,.where.n=O, 1,2 

# Illustrative Example 6. 6 

The coherent point sources S1 and S2 vibrating in same phase 
emit light of wavelength "-· The separation between the sources 
is 2A. Consider a line passingh through S2 and perpendicular to 
the line S

1
S

2
• What is the smallest distance from S2 where a 

minimum ofintensity occurs due to interference of waves from 
the two sources? 

Solution 

Path difference at a general point Pis given as 

Ax= ~d2 +x2 -x 

Llxmin = 0, whenx->oo, and maxima will occur. 

&max = 2A, whenx = 0, again maxima will occur. 

s,! 

l~ 
S,~ X p 

Figure 6.11 

Fornearest minima from source S2 we have 

3,. 
Ax=-

2 

~ ~d2 +x2 -x = 3,. 
2 

(
3,_ )2 

d'+x2= 1+x 

9,.2 
d'+x2= - +x2+34 

4 

x= 
[d2

-~] 

3,. 

(2"-)2 - 9A
2 

x= 4 
31,. 

7A 
x=-

12 

• X 
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6.3 Young's Double Slit Experiment (YDSE) 

This was one of the most successful and first experimental 

demonstration of interference of light waves, executed by 

Thomas Young in I 80 I. In this experiment stable and stationary 

interference pattern oflight can be seen on a screen and analysis 

of this experiment is a good learning for interference oflight 

waves. 

The YDSE setup is shown in figure-6.12(a) in which a plane 

parallel beam oflight is allowed to incident on a single slit of a 

cardboard from which cylindrical wavefronts are produced by 

the secondary wave sources in the slit as shown in the cross 

sectional view in figure-6. 12(b). From the slit plane-I when 

parallel light beam incident on it then by the card board all the 

secondary sources of wavefront are blocked except those which 

are located in the region ofrectangular slit in the cardboard. 

Only those secondary wavelets will pass in the region between 

slit planes which are passing through the slit S. The common 

tangential plane of all these secondary wavelets will be 

cylindrical wavefront in the diverging beam from slit Sand it 

falls on slit plane-2. This beam illuminates simultaneously two 

slits S1 and S2 in slit plane-2 which are closely separated (d<<D) 

and located equidistant from slit S. As slits S1 and S2 are 

illuminated by same light beam so these are considered as 

coherent light sources having same phase as these are 

illuminated at the same instant. 

Light waves from S1 and S2 further propagate in diverging beams 

with their cylindrital wavefronts as shown in figure-6.12(b) and 

superpose on the screen with different path difference at 

different points of the screen. The points on screen where the 

light interfere constructively, a bright fringe is produced and at 

those points where light interfere destructively, a dark fringe is 

produced as shown in figure-6.12(a). On the screen these bright 

and dark fringes alternatively produced and this interference 

pattern on screen is called fringe pattern. In next session we will 

analyze this interference pattern and see how light intensity 

varies on screen with distance. 

Light Source 

Incident 
wave 

. . 
I I I I 
I I I I 

Slit plane-I 

I I I •S 
l-+++-2 
I I I I 
I I I I 

: : : : 

A 

(a) 

(b) 

Figure-6. 12 

6.3.1 Analysis oflnterference Pattern in YDSE 

-~ - -- • - ·:1 
349, 

-· -- + - -l 

C 

The interference pattern is obtained in YDSE due t.o the different 

path difference in component waves from slits S1 and S2 at 

different points on screen. Figure-6.13 shows two light waves 

travelling along paths S1P and S2P and interfering at point Pon 

screen which is located at a distancex from screen center C. As 

both the slits are illuminated at the same time by the light beam 

falling on this slit plane, we consider zero phase difference 

between the light waves from these two slit sources. In the 

figure we drop a perpendicular from S1 to line S,P at point Q. As 

· d << D and 0 is the angle between line OP and OC, we can 

consider Sl "' QP so the path difference in the light waves 

from S1 and S2 at point Pis given as 
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Double Slit plane 

Figure 6.13 

Screen ---!!!!B 
-l?1 
-DA 
,._BA 

-l? 1 
-DB ----Interference pattern 

on Screen 

Here as D >> d, we can see that angle S2S1Q is also 9 so the 
path difference is given as 

S2Q=dsin 9 

As for small angle 9 we can use sin9 "'9 

=> S2Q"' d9 

As for small angle in triangle OPC we use tan9 "' 9 "' ~ 

X 
S2Q=d D 

Thus at point P which is at a distance x from screen center C, 
the path deference between light waves is tak~n as 

... (6.23) 

The expression for path difference in equation-(6.23) is an 
important relation for YDSE Setup based problems. Students 
are advised to keep this formula in mind for future use. 

Ifwe consider screen center Cwhere path difference is zero and 
at this point the two waves will interfere constructively and a 
bright fringe is produced and as we move away from C (say 
upward on screen) then the path of wave from S2 increases and 
that from S1 decreases so path difference increases. Due to 
variation in path difference intensity oflight also decreases as 
we move away from central bright fringe. At the location offirst 
dark fringe the path difference becomes 1/2 and waves interfere 
destructively then I at first bright fringe as shown in figure-6.13 · 
which is resulting in a sustained interference pattern on the 
screen. 

6.3.2 Position of Bright and Dark Fringes in YDSE 
Interference Pattern 

As shown in figure-6.14, if pointP is located at n"' bright fringe 
of pattern then the path d;;; _ _;,,,.:'. -· ,;v;,,. r can be given as 

/J.=n")... 

.Wave oe!fu.J 
dx 

=> n=n")... 

nW 
... (6.24) => x=~ 

Equation-( 6.24) gives the distance of n"' bright fringe from screen 
center if the slit sources S1 and S2 are in same-phase. 

s, ~ 

C 

Screen -lli!IIJ ~ = n').. (n,1, bright fringe) 

-! 
' 

~ ~ = 2). (2 ... bright fringe n = 2) 

li!l!l!illf A = 1. (I• bright fringe n = I) 

l!illaf A=O -----Figure 6.14 

- Similarly as shown in figure-6.15, if point Pis located at n"' dark 
fringe of pattern then the path difference between at point P 
can be given as 

=> 

=> 

A, 
/J.=(2n-l) 

2 

dx A, 
n=(2n-1)2 

(2n-1)")...D 
x= 2d 

wheren= 1,2,3 ... N 

... (625) 

Equation-(6.25) gives the distance of n"' dark fringe from screen 

center if the slit sources S1 and S2 are in same phase. 

s, 

-,p_ -A=(2n-l))J2(n•Darkfringe) 

-l· 
1111 ! 

' D ...... L\"" 3')J2 (2"'Dark fringe, n = 2) 

C z-..-A = )J2(l"Dark fringe, n = I) 
11-------r'----------"j ------

Figure 6.15 

6.3.3 Light Intensity on Screen in YDSE Setup 

At a general point Pon screen in YDSE interference,pattein 
shown in figure-6. 16, we have obtained that path difference in 
the two light waves is given as 

dx 
/J.= -

D 
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The phase difference at point Pin the two waves is given as 

2n 2n dx 2ndx 
~= T xt.= TxD = '>.D ·:·(6.26) 

!fin tensity oflight due to both the slits individually at screen is 
/ 0 then resulting intensity at point P can be given by 
equation-(6.26) as 

~ 

I = 41 cos2i 
R O 2 

... (6.27) 

From equation-(6.27) we can see that bright fringes where 
x = NA.Did, intensity is 4/0 and at the location of dark fringes 
where x = (2N - 1 )W/2d, intensity is zero. Figure-6.16 shows 

... - -···----3~ 

The intensity oflight gradually changes when we move from a 
bright fringe to a dark fringe and the separation between two 
bright or two dark fringes is called 'Fringe Width' as shown in 
figure. The fringe width can be calculated by separation between 
two successive bright or dark fringes as given below. 

For Bright fringes we use fringe width p is given as 

n'>.D (n-1)'>.D 
p = xn -xn-1 = d - d 

~ 
'>.D 

P=-
d 

... (6.28) 

For Dark fringes we use fringe width p is given as 

(2n-l)W (2n-3)'>.D 
P=x" -xn-1 = 2d - d 

the variation of light intensity in the interference pattern of ~ 
'>.D p=
d 

... (6.29) 
YDSE. . 

I 

C D, B, D, B, D, 
x=O t t t ' AD )J) 3W 2W 
x=-x=-x=- ,~-

2d d 2d d 

••••••• 
Figure 6.16 

6.3.4 Fringe Width in YDSE Interference Pattern 

Figure-6.17 shows the YDSE interference pattern which we have 
analyzed that due to continuous variation in path difference on 
different points of screen alternative bright and dark fringes are 
obtained on the two sides of screen center where path difference 
is zero. 

.2ll .. Q f--... -n"'Brightfringe _ 

f J31 n'
1
' Dark fringe 

Pnl --_-~. ~_. ~--· -(n - I )'1' Bright fringe 

-(n - I)"' Dark fringe 
·-·- .. · ~-~----Central bright fringe 

rnrs: 
Figure 6.17 

From equation-(6.28) and (6.29) we can see that the separation 
between two successive bright or dark fringes remain same and 
this is termed as fringe width of the interference pattern in YDSE. 

Some times fringe width is also accounted as 'Angular Fringe 
Width'. It is the angular separation between two successive. 
bright or dark fringes as measured from center of double slit 
plane. Figure-6.18 shows the angular fringe width 0~ in YDSE 
Setup. If Pis the fringe width on screen in interference pattern 
and D is the separation between double slit plane and screen, 
lhe angular fringe width can be given as 

... (6.30) 

1W ·' 
I.! JIU 

Figure 6.18 

# Illustrative Example 6. 7 

A double-slit arrangement produces interference fringes for 
sodium light('>.= 589 nm) that have an angular separation of 
3.50 x 10-3 rad. For what wavelength would the angular 
separation be 10% greater? 
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Sollltion 

A. 
The angular of fringes is given by,.a= d. Thus for 10%greater 

value of a, there need the wavelength I. I 1... Therefore required 
wavelength= I.I x 589 = 648 nm. 

# Illustrative Example 6.8 

In a YDSE setup sodium light of wavelength 5893A is being 
used. The interrerence pattern is obtained on a screen which is 
located at a distance Im from the slit plane. In the interference 
pattern it is observed that IO"' bright fringe is located at a distance 
ofl2mm from the central maximum. Find the slit separation. 

Solution 

In a YDSE setup the distance of nth bright fringe from central 
maximum is given as 

n1..D 
X =--

11B d 

!Ox5893x!O-10 xl 
3 X = =J2x 1Q-

nB d 

~ d=4.9 x lo-'m=O.49mm 

# lllustrative Example 6.9 

Two slits in Young's interference experiment have width in the 
ratio I : 25. Deduce the ratio of intensity at the maxima and 
minima in interference pattern. 

Solution 

The intensities due to separate slits are in proportion to the slit 
width. The amplitude is proportional to the square ofintensity. 

Now 

a2 =5a1 

/max (a1 +a2 )2 (a1 +5a1)2 

Im;n = (a1 -a2)2 = (a1 -5a1)2 . 

36af 36 9 
16af = 16 4 

#Illustrative Example 6.10 

In Young's experiment, interference bands are produced on 
the screen placed at 1.5 m from the two slits 0.15 mm apart and 
illuminated by light of wavelength 6500 A. Find (a) the fringe 
width and (b) the change in the fringe width if the screen is 
taken away from the slit by 50 cm. 

Solution 

(a) The fringe width p is given by 

1..D 
p=-

Zd 

Here 1..=65OOA=65OOx !0-10 m 

D= 1.5mand2d=O.15mm= 15 x !0-5 m 

(6500 x I O-IO)(l.5) 
P= l5x!O-s 

=65 x !o-4m=O.O65mm 

(b) Screen is ta.J<en 50 cm away from the slit. So the distance of 
the screen from slit is (1.5 m + 0.5 m) = 2m. Now the fringe width 
PI is given by 

(6500x!O-10)(2) =O.O866mm 
!5x!O-5 

Change in fringe width 

= P1-P=.o.o866-O.o65 = 0.0216mm 

# Illustrative Example 6.11 

In Young's double slit experimentthe slits are 0.5 mm apartand 
interference is observed on a screen placed at a distance of 
I 00 cm from the slits. It is found that the 9th bright fringe is at a 
distance of 8.835 mm from the second dark fringe from the 
centre ofthe fringe pattern. Find the wavelength oflight used. 

Solution 

The distance ofnth bright fringe from the central fringe is given 
by 

1..D 
x = n-- =nP 
• 2 d 

where p = (1..D/Zd) is the fringe width. 

For 9th bright fringe, 

x9 =9P ... (631) 

Study Physics Galaxy with www.puucho.com

www.puucho.com



',W.~~ ~eu.Ss 
The distance ofnth dark fringe from the central fringe·is given 
by 

(2n-l)1'.D 
X '= n 

n 4d 

For 2nd dark fringe, 

3 
X2'= 213 

From equations-(6.3 l) and (6.32), we get 

3 15 
x.-x;= 913- zl3= 213 

Giventhat x9 -xz'=8.835mm 

or 

Further 

15 
213 =8.835 

l3=l.178mm=l.178x l0-3m 

2d 
1'.=13D 

=(1.178 x JO-') (0.5xl!0-3) 

=5.89 x J0-7m=589OA 

6.4 Modifications in YDSE Setup 

... (6.32) 

In previous article we've studied the Young's Double Slit 
Experiment for demonstration of interference of light waves. 
There are various modifications which are <lone to the YDSE 
setup and with modification the interference pattern is observed 
and studied. In this section we'll study some modifications and 
alternative setups to produces interference patterns similar to 
YDSE. 

6.4.1 Effect of Changing the direction of Incident Light in 
YDSE 

Figure-6.19 shows a YDSE setup in which on the double slit 
plane a coherent parallel light beam is allowed to incident which 
is at an angle nfincidence 0 to the slit.plane as shown. Due to 
the inclined incidence of beam we can see that slit S2 will be 
illuminated earlier than S1 so waves from S2 will lead in phase 
over the waves from S1 because of the extra path d sin0 which 
the wavefront illuminating slit S2 will travel till it reaches slit S1• 

Ifwe analyze the path difference in the two waves interfering at 
screen center C then the two waves travel equal path after slit 
plane upto this point but due to initial path difference before 
slit plane, the total path difference in waves at point C will be 
dsin0. 

353 .. 

X 

P,(M',) 

Figure 6.19 

In above situation the phase difference between waves from 
slits s, and S2 at screen center C is given as 

21t 
~=-xdsin0 ,. 

If /0 is the light intensity on screen due to each of the slits, and 
S2 then using above phase difference we can find the intensity 
of light at center of screen at point C, given as 

(
~) (1tdsin0) Ic=4!0 cos2 

2 =4!0 cos2 ,. ... (6.33) 

If we analyze the interference of the two waves at a point P1 
located at. a distance x above screen center as shown then at 
this point after slit plane the path difference in waves is dx/D 
which we have already studied. As after slit plane at point P1 
wave from S2 is travelling longer path and before slit plane 
wave to S1 is longer then the total path difference in the two 
waves at point P1 is given as 

dx . 
0 /1,. = - -dsm 

P, D ... (6.34) 

Similarly ifwe find the total path difference between waves at 
point P2 which is located at a distancex below the screen center 
as shown then at point P2 the total path difference is given as 

;,,. = dx + dsin 0 ... (6.35) 
P, D 

From equation-(6.34) we can see somewhere at a point above 
the screen center this path difference ;,,.P, can be zero at a distance 
x0 from screen center where 

dxo . 0 -=dsm 
D 
x0 =Dsin0 ... (6.36) 

Above equation-(6.36) gives the position where path difference 
is zero or the position of central bright fringe after changing the 
direction ofincident light beam on double slit plane. Ifthe parallel 
light beam incident on the double slit plane normally then both 
the slits will get illuminated simultaneously and the point of 
zero path difference (central maxima) would be located at point 
C and ifthe incident beam is rotated downward upto the situation 
shown in figure-6.19 then with above analysis we can state that 
during rotation of the beam the interference pattern will shift 
upward by a distance given by equation-(6.35). 
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6.4.2 Effect of Submerging YDSE Setup in a Transparent 
Medium 

In a transparent medium ofrefractive index m, when a light of 
wavelength / enters then we know its wavelength and speed 

reduces which are given as 

C A. 
vm=·- and A.=-

µ m~ µ 

!fa YDSE setup is submerged in a transparent liquid as shown 
in figure-6.20 then in the submerged part due to decreased 

wavelength fringe width of the interference pattern also 

decreases which is given as 

. vi~v~ ~~?~ 

The time taken by ray-I in travelling through the glass slab is 

Path length covered byray-2 in spacewhileray-l was travelling 

in slab is 

µw 
/=ex - =µw 

C 
... (6.38) 

_ Thus path difference between the two rays after !he glass slab 

is given as 

A= µw-w=w(µ-1) ., . (6.39) 

"-mD ?,D 
13m = d ~ µd ... (6.37) If these two light waves (rays) are brought to focus of a 

converging lens as shown then the two waves will interfere 

Shrunken fringe 
pattern in water 

Fringe Pattern 
in air 

with a phase difference given as 

2it 
~=-xw(µ-1) 

A, 
... (6.40) 

If each of the light wave in the two thin light beams (rays) have 

Water tank intensity 10 then at the focal point of the lens the resulting 

intensity oflight is given as 

+--- Incident light beam 

Figure 6,20 

Here 13m < 13, so we can say that on submerging a given YDSE 
setup in a transparent medium, the interference pattern shrinks. 

6.4.3 Path difference between two parallel waves due to a denser 
medium in path ofone beam 

Figure-6.21 shows two coherent light rays (thin beams) from a 

single source oflight travelling in same direction parallel to 
each other. If in path of first beam a glass slab ofrefractive index 
µ is placed which is of width wthen the light ray-I will slow 

down after it enters in slab at point A and its speed will reduce 
toc/m. When theray-1 which enters in slab comes out at point B 
then in this duration the ray-2 which was travelling in space 
would have travelled a longer path as it was travelling at speed c. 

A 

,...A..i 
."-t-f--+---!C.__.2:-+-------~-----J; . 

I+--[-

Figure 6.21 

I = 41 cos2 (!) = 4/ cos2 ("w(µ-I)) 
RO 2 O_ A. ... (6.41) 

6.4.4 Effect of Placing a Thin Transparent Film in front of one 
of the slits in YDSE Setup 

Figure-6.22 shows a YDSE setup and in front of slit S1 a thin 

transparent film ofthickr.ess I and refractive indexµ is placed. 

Due to this film the light coming out from slitS1 will get delayed 

by some path as it gets slower in the film medium. Atthe screen 

center where the physical path difference is zero in the two light 

waves coming from slit S1 and S2, due to thin film an optical 

path difference is introduced in the path oflight waves which is 

given byequation-(6.39). 

s,~ 

dx 
P/J,=-' -1(µ-I) 

D 

x, 

C/J,=t(µ-1) 

Screen 

Figure 6.22 
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Optical path difference in the two light waves from the slits at 
screen center C is given as 

,i=tCµ-1) ... C6.42) 

At screen center the extra path given by above equation-Ca) is 
introduced in the light coming from slit S1 as it got delayed 
while travelling inside the film. Ifwe try to locate a point on 
screen where optical path difference is zero then we can clearly 
state that it will be located above point Con screen where the 
extra optical path introduced in first wave is compensated by 
the extra physical path travelled by the second wave which is 
given by equation-C6.42). If P is the point of net zero path 
difference located at a distance x0 from the screen center C in 
figure-6.13 then at point Pwe can use 

dxo 
D=1Cµ-1) 

tCµ-l)D 
Xo d ... C6.43) 

Above equation-C6.43) gives the shift of interference pattern 
on screen due to insertion of thin film in front of one of the.slits 
because the fringe of zero path difference was located at screen 
center in YDSE before the film was inserted in front of S

1
• At a 

general point P on screen located in upper half of screen at a 
distance x from C, the path difference is given a~ 

dx · 
lip= D -ICµ- 1) ... (6.44) 

And at a general point P' located in lower half of screen at a 

-· ---··- ay]l 
this case obviously it is not necessary that at screen center 
there is a bright fringe because the path difference at point C is 
now given as lie= ICµ - 1). Ifwe find the 'z-value' at screen 
center then it is given by equation-Ci) as 

lie 1Cµ-l) 
z =-=---c ,. ,. ... C6.47) 

Say the expression obtained in equation-C6.47) gives a numerical 
value 6.23 after substituting the numerical values ofall constants 
in it. That means at point Con screen the path difference in the 

two waves is 6.23").. or it shows that the original center bright 
fringe is located about 6 fringes above the point C where path 
difference will be zero. 

Thus at any point on screen if you calculate the 'z-value' then 
it directly gives you an idea about the path difference of bright 
or dark fringes above or below this point which helps us in 
calculating the total number of fringes in any region of 
interference pattern. 

# Il/11strative Example 6.12 

A double slit arrangement produces interference fringes for 
sodium light(")..= 5890 A) that are 0.40° apart. What is the 
angular fringe separation if the entire arrangement is immersed 
in water? 

So/11tion 

distance x from C, the path difference is given as In double slit arrangement, the angular separation is given by 

dx 
lip= n +1Cµ-1) ... (6.45) 

6.4.5 Concept ofz-value in Interference Pattern ofYDSE 

")..D 
p=-

2d 

Let angular .. separation in air and water be PA and Pw 
respectively. 

At any point in interference pattern on YDSE screen, we can Now 
define a numeric parameter 'z' for relating path difference in the 
two light waves and wavel,ngth of light as 

... (6.46) 

Above numerical parameter zp is a constant which gives the 
multiplier oflight wavelength at any point on screen that gives 
the path difference at a the specific point on screen. T·his 
'z-value' helps in quickly determining the number of bright and 
dark fringes in any length ofinterference pattern ofYDSE. 

For example ifwe look at the YDSE Setup shown in figure-6.14 
in which a thin film is placed in front of slit S1 due to which the 
overall fringe pattern is shifted upward by some distance. In 

We know that 

or 

Velocity of light in air 

µ= Velocity of light in water 

3 Vw 

where/is the frequency oflight. 

Now 
'-w 3 

'-A 4 

From equation-(6.48) and (6.49), we have 

... (6.48) 

... (6.49) 
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# Illustrative Example 6.13 

A YDSE setup is immersed in water (µ = 1.33). If has slit 
separation I mm and distance between slits and screen is 1.33m. 
Incident light on slits have wavelength 6300A. Find the fringe 

width on screen. 

Solution 

W/L oflight in water 

,. = ?:_ = 6300 A 
00 µ 1.33 

In YDSE fringe width is given as 

A.OOD. 6300 x 10-ID x 1.53 
A= -- = ----,c---

d l.33xI0-3 

=6.3 x lo-4m 

=0.63mm 

# Illustrative Example 6.14 

There are two coherent sources S1 and S2 which produce waves 
in ·same phase placed on Y axis at points (0, 2d) and 
(0, d) as shown in figure-6.23. A detector Dis placed at origin 
which moves along X direction, find the number of maxima 
recorded by detector excluding points x = 0 and x = oo. Given 
that wavelength of light produced is 6200 A and separation 

between sources is 0.34 mm. 

y 

s, 

d 

s, 

d 

D A= 548). 
0 

A= 548.4). 

Figure 6.23 

Solution 

at., 
A=O 

Path different between waves from S1 and S2 at origin 

A. 
ll=d=3.4x !o-4mx i 

3.4x!0-4 
ll= ---A. =548.41.. 

6.2xl0-7 · 

Wer,e Opticsi 

Total no of maxima on x aixs __ by Dare= 548 

#Illustrative Example 6.15 

In YDSE setup slits are illuminated by a light of wavelength 
4000 A and a light ofunknown wavelength. It is observed that 
fourth dark fringe ofknown wavelength coincide with second 
bright fringe of unknown wavelength. Find the unknown 

wavelength. 

Solution 

For nth dark fringe from centre 

for 

(N-l)W 
XND= 2d 

N=4,1..=4000A 

7x4x!0-7 xD 
X40= 2d 

For nth bright fringe from centre 

for 

Given that 

N=2,1..=? 

2W 
X2B = d 

7x4xl0-7 D 2W 
=--

2d d 

1..=7x 10-7m=7000A 

#Illustrative Example 6.16 

In a YDSE setup, light of wavelength 5000 A is used and slit 
separation is 3 x I o-7 m. When-a transparent sheet of thickness 
1.5 x 10-1 mis placed overone of the slits which hasµ= 1.17, 
find the shift of fringe pattern. Take separation between slits 
and screen is I m. 

Solution 

At Cpath different 

ll=l(µ-1) 
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Figure 6.24 

At point P we have 

d:i 
- =t(µ-1) 
D 

Dt(µ-1) 
x= 

Cl 

lxl.5x10-7 x0.17 

3x 10-7 

x=0.055m=8.5cm 

# Illustrative. Example 6.17 

In YDSE setµp find the distance between two slits that result 
in the third minimum for 4200 A violet light at an angle 30°. 
Taked<<D. 

Solution 

At point P on screen path different between waves from S,
and S2 is 

ti= Srll Ill min 

s,~-------_::;;.:.3-·' fl./2 
--- ,, 1J2 j o,. .. 

s, 

Figure 6.25 

d 5A. 
i\. = dsin 30° = - = - (for II min) 

, X 2 

d=5A.=5x4200x 10-IOm 

=2.1 X io-6m 

6.4.6 Use of White Light in YDSE 

When white light is used in YDSE setup, all the component 
waves of white light will have zero path difference at screen 

center C and all colors in white light will interfere constructively 

and a bright white fringe is produced. But as we move away 
from the center then closest to screen center first the destructive 
interference of violet color will take place as violet color has 
minimum wavelength in white light at a point V

0 
shown in 

figure-6.26 where path difference will become "-vl2 on both 

-· .. --~ 1 
. _357_! 

sides of C. At these points violet colour will be missing from 

white light due to destructive interference and the colour seen 

on screen will be reddish white (not red as it is white - violet) 
because other then violet all other colours will be present at 

this point as only violet will be completely absent. 

Double slit plane 

Figure 6.26 

Similarly if we move_ further awa~ from point Con screen next 
point will be the point of destructive interference of red light 
which is having the maximum wavelength in white light where 

red colour will be absent and path differen_ce at this point wilfbe 

"-n/2. As the wavelength ofred colour is approximately double 
that of violet colour so at this point violet color light will also 

have higher intensity and the colour of.fringe here will appear 

'Bluish' (Not blue as other colours are also present here). Beyond 
this point on screen all colours will mix and no specific colour 

will be seen on screen and screen looks 'Mixed White' or 'Off 
White' in colour. 

6.4. 7 Effect of Changing Slit Width in YDSE Setup 

In a YDSE setup if each slit is producing light intensity /
0 

on 

screen then this intensity is directly proportional to the width 

of the slits in double slit plane. Figure-6.27 show that a plane 

parallel beam oflight of intensity / 1 illuminates the double slit 

plane: If each-slit is of width wand length /then the light power 
which pass through these slits will be given as 

•. 
Psli,=1 1 .lw ... (6.50) 

Thus the power oflight from each slit will be proportional to the 

slit area given byequation-(6.50) and as we have already studied 
in section of spherical and cylindrical waves that intensity due 

to any light source is given by the ratio of source power and the 
surface area of wavefront at any point. We know that a slit 

produces half cylindrical wavefronts after double slit plane and 
the wavefront W1 so at a distancex from a slitthe light intensity 
can be given as 

... (6.51) 
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Thus the light intensity I0 on screen at a distanceD from double 
slit plane due to each slit is given as 

... (6.52) 

Thus the light intensity by each slit on screen is directly 
proportional to the slit width and inversely proportional to the 
separation between double slit plane and the screen. 

--Intensity 11 ---

ro, 

__ --=:-,, I t 

I 
-, ',, ',, \ Ill _ . 1111 

-, , ', \ , 11·. 1.1· r~, 
1' ... ,\ \ '\\ \ \ \ i 
;i \ I ~ I 1 L • -Bl 

\Vf I I I I I·, Dl 
1 

' ' ' ' ' " 111<. r"v', I,..//,/, 1 ',/'\ 1 1_•11 t 

1
, ·\ \'\.,\/\,./\ C 11· J •. -ge,nlralBrightfringc 

,t \ \ \ I '\ "L 

w' ' ' ' ' ' ' [ J .. f ff'. 

If./ __ / ,) / j / . : II i I 1«-Bi /,,:, ·-•", 
-' _/ / / Ii II If i·· 

,, ,::, ' llll 1 .ll 
Screen 

-----D ---+\ 

Figure 6.27 

Ifboth slits S
1 
and S2 are of equal width then intensity by both 

slits will be same I0 on screen and the resulting intensity of 
bright and dark fringes will be 

IB,igl,,=(_Ji; + FoJ2= 4Io ... (6.53) 

and ... (6.54) 

From equation-(6.54) we can see that dark fringes will be 
perfectly black and separating the bright fringes and in such a 
case proper interference pattern can be seen in which we can 
clearly distinguish bright and dark fringes as shown in 
fi~.27. 

If the width of the slits are unequal as shown in figure-6.28 then 
the intensities of the two slits on screen will be different, say I01 

and I
02 

respective then the light intensity of bright and dark 
fringes on screen will be 

an9:ID_,,=(,[i;; -,fi;;)2 =I01 +I02 -2~I01 I02 •.• (6.56) 

From above equation-(6.56) we can see that the intensity of 
dark fringe is not zero due to which in the interference patter we 
cannot clearly distinguish bright and dark fringes as shown in 
figure-6.28. 

t,----D ___ .., 

Figure 6.28 

6.4.8 Fresnel's Bi prism as a Limiting case ofYDSE 

Fresnel demonstrated interference pattern similar to YDSE by 
using a biprism. The bi prism consists of two prisms of very 
small refracting angles joined base to base. It is made by grinding 
a thin glass plate with opposite inclination on the two halves of 
the plate on one side as shown in figure-6.29. 

Thin glass plate 

i Shaded part is removed 

= ! Biprism 
Perspective view 

(a) 

(b) 

Figure 6.29 

We've already studied that a light ray from a source S when 
incident on a small angled prism at near normal incident as 
shown in figure-6.29(b ), it gets deviated by angle of deviation 6, 
and from the other side it appears to be coming from the image 
of the light source S'. The angle of deviation 6 is given as 

. li=A(µ-1) ... (6.57) 

Study Physics Galaxy with www.puucho.com

www.puucho.com



s 

--
.... ----:::_____ ' 6 
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Figure 6.30 

Now ifwe look at figure-6.30 in which two light rays from a 
source S incident on a biprism chen these bends after refraction 
through biprism by same angle of deviation toward base of 
prisms such that the refracted beams appear to be coming from 
the two images of the source S' and S". 

Figure-6.31 shows the interference setup of'Fresnel's Biprism 
Experiment' in which there is only one slit kept ata distance 'a' 
from the biprism and at a distance 'b' from the biprism screen is 
kept. Due t.o refraction, biprism splits the incident light in two 
beams and from the other side the light beams appear to be 
coming from the two images S' and S" of the slit and these 
beams interfere and produces the interference pattern similar to 

YDSE on screen. 

A 
X =rs· 

d s 

=lS" y 
A 

a b 

Figure 6.31 

In above figure we can see that each light from slit S falling on 
biprism gets deviated by the deviation angle given by 
equation-(6.57). For the region between slit plane and biprims 
for the ASOS' we can use for small value ofo, we have 

=> 

=> 

d 
- =atan8,.a8 
2 

d 
- =aA(µ-1) 
2 . 

d=2aA (µ-1) ... (6.58) 

. ~~] 

the slit and screen is taken as D = a+ b so the fringe width on 
th~ screen can be given in the same wave we use for YDSE 

setup. 

'/,.D 
Fringe width in Fresnel Bi prism setup is P = d 
Substituting the values of D and din above expression we get 

'/,.(a+b) 

P= 2aA(µ-1) 

6.4.9 Lloyd's Mirror as a limiting case ofYDSE 

... (6.59) 

In 1834 Lloyd made a setup to demonstrate interference using a 
single mirror and a slit oflight at almost grazing incidence of 
light. Figure-6.32 shows the Lloyd's Mirror setup ofinterference 
in which light from the slitS1 falls on the mirror and the reflected 
light interfere with the direct light on the screen. The reflected 
light appears to be coming from the image S2 of the slit as 
shown. For the region of screen in which the two lights interfere, 
interference pattern is obtained which is similar to YDSE setup. 

- sH 
- 'U -T 

I, 

1 ~:: --::;~~-=----4 ,, 
ll ,.,. --t ., .. ,:::-----s~r-
~ 

Figure 6.32 

Screen 

Region of 
Interference 

In the above setup the separation between the two slits is taken 
as d = 2h and the separation between slit plane and screen is 

given as D. Ifwe consider a general point Pon the screen in the 
region of interference then the path difference at point P 
between the lights from the two sources is given as 

dx '/,. 
,\.=-+

D 2 
... (6.60) 

In above equation-(6.60), the first term is the physical path 
difference in the path travelled by the two light waves reaching 
at point P and the second term is the extra path introduced in 
the reflected light due to its reflection from a denser medium at 

mirror. 

In this setup at point P, a bright fringe will be obtained if the 
path difference is an integral multiple of the light wavelength so 
we use 

Equation-(6.58) gives the separation between the two coherent 
sources S' and S" from which the interference pattern is being 
produced and the separation between the plane of images of => 

dx '/,. 
,l.=- + - =l\?.. 

D 2 

'/,.D 
XNB=(2N-l) 2d 

... (6.61) 

... (6.62) 
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360 

Similarly we can say that at point P there will be dark fringe 'if 
the path difference in the two waves at Pis an odd multiple of 

· halfofthe light wavelength so we use 

dx ')., ')., 
!J.= - + -- =(2N+ I) -

D 2 2 
,, , (6,63) 

N'AD 
cc} XNo= -d- ,,,(6,64) 

From equations-(6,62) and (6.64) we can analyze that the 
interference pattern obtained in this setup is inverse to that of 
the YDSE setup. At the location of bright fringes in YDSE, here 
we are getting dark fringes and vice verse. But we can see that· 
the distance between two successive bright or dark fringes 
which is the fringe width remain same. Fringe Width in 
interference pattern obtained in Lloyd's Mirror setup is given 
as 

'AD 'AD p=-=-
d 2h 

6.4.10 Billet Split Lens as a limiting case of YDSE 

This is an experimental setup shown)n figure-6.33. A thin lens 
of small aperture is cut in two halves at the center and these 
halves are separated by some distance from original principal 
axis oflens. These halflenses produce two images of the slit as 
shown in figure. The light from these two images will produce 
interference pattern on screen in the region where the two images 
overlap. 

Screen 
Figure 6.33 

This setup is similar to YDSE setup ifwe look at the plane of 
two images of the slit producing interference pattern on the 
screen. By using lens formula and magnification we can find 
out the location of these images and their separation by which 
using the formula of fringe width in YDSE setup we can find the 
fringe width in this setup. 

6.4.11 Interference ofl\vo Converging Coherent Parallel 

Beams of Light 

When two monochromatic and coherent patallel light beams 
incident on a surface (or screen) in a converging manner as 

W 'i<ie Opticsl -. ----- ...; 

shown in figure-6.34. If the angle of convergence between the 
light beams is 9 then the light beams after interference produces 
a fringe pattern as shown in figure where the fringe width is 
given as 

' 

')., 
P=-

0 

' , 

\ I ' ,I 
' , ' ,I ' , ' , 

\ I ' I 
' , \ I 

' ,I ' , \ I \ , 
\ , I \ I 

\ I \ I 

Figure 6.34 

... (6,65) 

The derivation of above equation-(6.65) is left for students as 
an exercise. 

#Illustrative Example 6.18 

Consider the situation shown in figure-6.35. The two slits S1 
and S

2 
placed symmetrically around the central line are 

illuminated by a monochromatic light of wavelength 'A. The 
separation between the slits is d. The light transmitted by the 
slits falls on a screen £ 1 placed at a distance D from the slits, 
The slit S

3 
is at the central line and the slit S4 is at a distancez 

from Sr Another screen £2 is placed a further distance D away 
from £

1
• Find the ratio of the maximum to minimum intensity 

observed on £ 2 if z is equal to : 

w 
(a) 2d 

Solution 

'AD 
(b) d 

'AD 
(c) 4d 

sJ 
' jl 

----------------------~! __________ _ s,, ' 
T+-----0,------+.:--o E, 

E, 

Figure 6.35 

Light from sources S1 and S2 get interfered and thereafter S3 

and S4 becomes new 5ources. At S3 the path difference between 
the lights coming from S1 and S2 is zero. Therefore they interfere 
constructively and so a3 = (a+ a)= 2a 
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lwave Optics 
i,_ . --····· -

(a) At S4 the path difference 

&=dsin0 = dtane 

·w 
dx-

z 2d =d-=--
D D 

A, 

2 

Corresponding phase difference= 1t radian 

The ratio 

(b) 

a,=o 

2 
/max (a,+a,) 

/min = (a,-a,)2 
(2a+0)2 

= =--'-'-- = I 
2a-0 

d("D) 
dz d 

&=- = =A, 
D D 

Corresponding phase difference= 21t radian. 

Now 

and 

(c) 

a4 =a+a=2a 

(2a+2a)2 

(2a-2a)2 =oo 

("D). 
dz d 4d 

&=-= 
D D 

A, 

4 

A, 
Corresponding phase difference= 2 radian 

or 

A2 =a2 +a2 +2aacos _:: =2a2 
4 2 

A4 = ,/2a 

/max (2a+.fi.a)2 (3.414)2 

/min ~ (2a-...{i;;)2 - (0.586)2 

=34 

# Illustrative Example 6.19 

The two coherent sources of monochromatic light of 
wavelength A are located at a separation A. The two sources 

are placed on a horizontal line and screen is placed 
perpendicular to the line joining the sources. Find position of 
the farthest minima from the centre of the sources. 

Solution 

Suppose at P the farthest minima will occur. Let it subtends an 
angle 0 at the centre of the sources. 

Figure 6.36 

The path difference 

&=S2P-S1P 

= dcos 8 

=A.case 

The maximum path difference can be 

Screen 

I!. =A.·whencos0= I or0=O° 
·Xm:ix ' 

and minimum path difference 

I!. = O· when cos 0= 0 or 0 = 90° 
XIII ' 

361 1 

Thus in between these two positions there is.only one miima 

for which 

or 

A, 
&= - Thus 2· 

A, 
- =A.cose 
2 

I 
cos 8 = 2 

8=60° 

# Illustrative Example 6.20 

In a modified Young's double slit experiment, a monochromatic 
uniform and parallel beam oflight of wavelength 6OOOA and 

IO 
intensity -W/m2 is incident normally on two circularapertune 

7l 

A and B ofradii 0.001 m and 0.002 m respectively. A perfect 
transparent film of thickness 2000 A and refractive index 1.5 for 
the wavelength of 6000 A is placed in front of aperture A as 

shown in figure-6.37. 

A 

F 

B 

Figure 6.37 
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Calculate the intensity ofiiglit received at the focal point of the 

lens in watt. The lens is symmetrically placed with respect to 

the aperture. Assume ihat j 0% cif the power received by each 

aperture goes in the original direction and is brought to the 

foca,l point. 

Solution 

The intensities oflight from the sources S1 and S2 are given as 

/ 1 = ( 
1
:) X 11(0.0\)2 = \0-5 W 

The intensities of sources after emerging from the lenses are 

IA =0.IO x 10-5 W= 10-6 W 

J8 =0.10 x 4 x 10-5 W=4 x IQ-6 w 

The path difference produced due to film 

,ix=(µ- \)/=(\.5 - \) X 2(i00 X \0-'°= \0-7 m 

= 27l x,ix = 211 x!0-7 
cf, :I. 6000x 10-10 

71 
cf,= - radian 

3 

As refraction through lens do not intorduce any path difference 

so above will be the net phase difference in the two light beams 

supefjlosing at focal point of the lense. So net intensity received 

at F is given as 

= 1<0+4 x 10--6+ 2..J10-6x4x!06 cos~ 
3 

=7x 10-6W 

# Illustrative Example 6.21 

Consider the arrangement shown in figure-6.38. The distance 

Dis large compared to the separation dbetween the slits. 

(a) Find the minimum value of d so that there is a dark fringe 

at 0. 

(b) Suppose dhas this value. Findthe distance x at which the 

next bright fringe is formed. 

(c) Find the fringe width. 

~ Screen PT 
-~ J~ X ______________ l ---------------io1 
-~a---D>---+t•~Jo•---D----+\ 

Figure 6.38 

Solution 

(a) The path difference at O is given as 

For the dark fringe at 0, this path difference should be 

:I. 3:1. 
,ix=2·2···· 

For minimum value of d, we use 

or 

or 

or 

or 

or 

2..JD2 +d2 -2D =!: 
2 

(D2+ d')'12-D= !: 
4 

( d
2 J"' :\. DI+- -D=-

D' 4 

D l+-- -D =-
( 

d
2 

) :I. 
- 2D2 4 

d2 :\. 
D+--D =--

2D 4 

d=ff 
(b) At the above calculated value of d, first bright fringe will 
be obtained at a position where the path difference between 
the two waves will be:\.. 

Figure 6.39 

For the situation shown in figure-6.3_9, the path difference in 
waves from S1 and S2 at point P is given as 
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= [ V(D2 +d2) +V(x-d)2 +D2] - [ D+J_D2 +x2] 
Fat the next bright fringe after first qark fringe, tu=,. 

~ [ Jv2 +d2 +,J(x-d)2 + v2J - [ D+Jv2 +~2] =,. 

~ v(1+~:r
2 
+0(1+(x;~)

2
J'

12 

-[ D+D(l+ ~: J'
12
] =,-

( 
d

2 
) (x d)

2 
( x

2 
) ~ D+- +D + D+ . - D+D+- =,-

2D 2D 2D 

d2 +(x-d)2-x2 
-------'----'---=--

2D 

d' + x2 + d'-2xd-x2=2W 

2d'-2xd=2W 

rm: 
For d= IJT, we get 

Solving, we get x = ff- = d 

(c) Fringe width on screen can be given by the relation we 
studied in YDSE, given as 

D,
P= -

d 

# Illustrative Example 6.22 

In Billet's Lens Arrangement, a convex lens of focal length 

50 cm is cut along the diameter into two identical halves A and 
B and in the process a layer C of the lens thickness l mm is 
lost. Then the two halves A and B are put together to form a 

composite lens. Now, infront of this composite lens a source of 

---- _363: 

light emitting wavelength,.= 6000 A is placed at a distance of 
25 cm as shown in the figure. Behind the lens there is a screen 

at a distance 50 cm from it. Find the fringe width of the 
interference pattern obtained on the screen. 

Solution 

Source A 
---+-+-----+-

B 

f--2scm-1+---SOcm--__.. 

Figure 6.40 

Front the given c0tldltitin; we have 

u =-25 cni 

---=-
V -25 50 

l. =~-L 
v 50 

v=-50cm 

The two parts A and iJ ofthe lenses produce two virtual images 
of the source at i 1 and I2 at a distance 50cm behind the lens. 

Figure-6.41 shows the locations of I
1 
and I2 which are obtained 

by joining the source with the optic centers of the two lenses. 

Figure 6.41 

Now on the screen, interference pattern is obtained due to 

interference oflight waves from the sources I
1 
and I

2 
which are 

separated by a distance Imm and at a dsitnace Im from the 
screen. thus fringe width of the fringes obtained on screen is 
given as 

,-D 
P=

d 

6xl0-7 xl . 
"= . =6 x lo-4=0.6mm ., 10-3 
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# 11/usirative Example 6.23 

Figure06.42 shows three equidistant slits of equal widtli being 
illuminated by a monochromaiic parallel beam oflight.-!fin this 
situation path difference BP O -APO = 1J3 and D > > 'J... (a) Show 

that case the slit separation is given by d = .JZ'J..D/3. (b) 
Show that the intensity atP0 is t~ree times the intensity due to 
any of the three slits individually. 

Solutio11 

1+-----D----->1 

Figure 6.42 

P, 

Figure-6.43 shows the calculation of path difference .in the 
given situation. As we are given the path difference iD the 
waves reaching from slit A and B to point P0 as ,. 

BP
0
-AP0 = 3 

,. 
dsin 8= -

3 

Uc 

r~----1~ 
t(-====::::~~----------J.. A----------·-1c------":.-:.-.. P, 

u 
l+-----D----..i 

Figure 6.43 

(b) Ifwe consider !uAB as the path difference between waves 
coming frpm A and B which 'is given as 1J3. If $AB is the 
corresponding phase differe!}ce then it is given. as 

· 21t ,27t 
$AB= ""7i:!uA8 = J. 

Similarly, for waves coming from ~litsB and Cto point f'o, we 
use 

luBc=dsin $, . 

· _ d(3d/2) _ 3d
2 

_ tu - -- ---'J.. 
.Bc,D 2D 

$sc=Z1t . 

Thus the waves.from slits Band Cwill reach ppintP0 in same 
phaseso the resulting ~mplitude due to superposition of the 
waves from slits Band Cwill b~come 2A and this is at a phase 
difference of 2,r,/3 with the waves coming from slit A having 
amplitude A. Thus amplitu\le ofresultant wave at point P0 is 
giyen. by · 

Ap= JA 2 + (2A)2 +2(A)(2A)cosl20°. = ./JA 

As intensity of light is directly proportional to the square of 
amplitude, we can see that intensity at point P0 will be three 
times the intensity due to any of the three slits individually. 
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Practice Exercise-6. I 

(i) Two sliis in Young's interference experiment have width 
in the ratio I :.4. Find the ratio of intensity at the maxima and 
minima in their interference. 

For small 8, we can use sin 8=8 ,. 
d8=3 ·· · (6-66J (ii) In YDSE setup a light of wavelength 6000 A is used. 

From figure-6.43, for D>>d, 8 is given as 

8=d/2 
D 

From equation-( 6_.66), we have 

d(.3.._)=~ 
2D 3 

What should be the separation between the slits so that on 
screen in front of one of the slit there will be third bright fringe. 
TakeD=l m. 

[ 0.6./io mm] 

(iii) A narrow slit Sis transmitting light of wavelength 'J.. and 
it is placed at a distanced above a large plane mirror as shown 
in figure-6.44. The light coming directly from the slit and that 
coming after reflection interfere at a screen i: placed at a 
distance D (D >> d) from the slit. 
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l'Nave opii.;·.:.__- · 
(a) What will- be the intensity at a point just above the 
mirror at point O? 

(b) At·what distance from O does the first maximum will 

occur? 

a 
Ts r__L ___ -=1/, 1/, •O 

D). 
[(a) Zero; (b) 4d ] 

Figure 6,44 

(iv) In YDSE experiment a uniform intensity light beam is 

incident on slit plane which has two slits having width ratio 

9: 4. Find the ratio ofintensities ofbright and dark fringes on 
screen. 

[25] 

(v) A vesseIABCD of!0 cm width has two small slitsS
1 
and 

S2 sealed with identical glass plates of equal thickness. The 

distance between the slits is 0.8 mm, POQ is the line 

perpendicular to the plane AB and passing through 0, the mid 
point of S1 and S2• A monochromatic light source is kept at S, 
40 cm below P and 2m from the vessel, to illuminate the slits as 
shown in the figure below. (a) Calculate the position of the 

central bright fringe on the other wall CD with respect to the 
line OQ. (b) Now, a liquid is poured into the vessel and filled up 

to OQ. The central bright fringe is found to be at Q. Calculate 
the refractive index of the liquid. 

~ 
___ CP________ --~~to 

40cm 

S 2m----->e--!Ocm 

B 

Figure 6.45 

[(i) y = 2 cm (ii) m = I·.0016] 

D 

Q 

C 

(\i) In a YDSE setup a parallel light beam containing two 
wavelength 4000 A and 5600 A is allowed to incident at an 
angle 30° on a diaphragm having two narrow slits at a separation 

2 mm as shown in figure-6.46. The screen is placed at a distance 
40 cm from the slits. A mica film of thickness 5 mm is placed in 

front of one of the slits and the whole apparatus is submerged 
in water. If the central bright fringe is observed at point C, 
which is equidistant from both the slits. Calculate 

(a) 

(b) 

The refractive index of the slab. 

The distance cifthe first black line from C. 

rr-=--------

. ~~~,i~i~i ° C 

~

:;;;;;;;~_ Screen 
1:""------
------------------

Figure 6.46 

[(a) 1.6; (b) 210 µm] 

365 

(vii) A monochromatic light of wavelength 5000 A incident 
normally on slit plane of YDSE setup. If d = 5 x 10-4m and 

D = 1 m and a thin film of thickness 1.5 x I 0-,;m andµ= 1.5 is 

place in front ofone of the slits, find intensity of light at the 
centre of screen if each slit produces an intensity /0 on screen. 

[OJ 

(viii') Two transparent sheets of thickness 11 and 12 and 

refractive indexes µ 1 andµ, are placed infront of the slits in 

YDSE setup as shown in figure-6.47. If Dis the distance of the 
screen from the slits, then find the distance of zero order maxima 

from the centre of the screen. What is the condition that zero 
order maxima is formed at the centre O? 

n ,,.µ, pl 
un ~ 

s,lt-u --------l~l 
s, ~ I ,,. µ, 
l+--------D, _______ ., 

Figure 6.47 

(ix) A Lloyd's mirror of length 5 cm is illuminated with 

monochromatic light of wavelength 6000 A from a narrow slit 
1 mm above the plane of mirror and 5 cm from one edge of 
mirror. Find fringe width on a screen at a distance 120 cm from 
slit and also find the width of interference pattern on screen. 

[0.36 mm; 1.2 cm ] 

(x) In the given figure-6.48 Sis a monochromatic point 

source emitting light of wavelength 5000A. A thin lens of circular 
shape and focal length 0.10 mis cut into two identical halves 

L1 and L2 by a planepassing through a diameter. The two 
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halves are placed symmetrically about the central axis SO with 
a gap of0.5 mm. The distance along the axis fromSto L1 and L2 

is 0.15 m, while that fromL 1 &L2 to O is 1.30 m. The screen at 

Oisnormal to SO. 

Screen 

L,f.:... 
A 

S W_t_·0.5mm 
--i-----'---+--_::="'---------40 

½w-r-· 
i+-0.1Sm-:.------1.30m-----.i 

Figure 6,48 

(i} If the third intensity maximum occurs at a point A on the 
screen, find the distance OA. 

(ii) If the gap between L1 & L2 is reduced from its original 
value of 0.5 mm, will the distance OA increase, decrease or 

remain the same ? 

[(i) 1 mm (ii) Increase] 

(xi) In a given YDSE setuo, the source is red light of 
wavelength 7000A. When a thin glass plate ofrefractive index 
1.5 ai this wavelength is put in the path of one of the interfering 
beams, the central bright fringe shifts by I 0-3 m to the position 
previously occupied by the 5th bright fringe. (i) Find the 
thickness of the plate. (ii) When the source is now changed to 
green light of wavelength 5000A, the central fringe shifts to a 
position initially occupied by the 6th bright fringe due to red 
light. Find the refractive index of glass for the green light. (iii) 
Estimate the change in-fringe width due to the change-in 
wavelength. 

,, 
[ (i) 7µm; (ii) 1.6, (iii) 400/7 µm (decrease)] 

(xii) In a given YDSE setup, the upper slit is covered by a 
thin glass plate ofrefractive index I .4 while the lower slit is 
covered by another glass plate having the same thickness as 
the first one but having refractive index 1.7. Interferencepattem 
is observed using light of wavelength 5400 A. It is found that 
the point Pon the screen where the central maximum (n= 0) fell 
before the glass plates were inserted now has 3/4 the original 
intensity. It is further observed that what used to be the 5th 

maximum earlier, lies below the pointPwhile the 6th minimum 
lies above P. Calculate the thickness of the glass plate. 
(Absorption oflight by glass plate may be neglected). 

[9.3 µm] 

(xiii) A coherent parallel beam of microwaves of wavelength 
A= 0.5 mm falls on a YDSE apparatus. The separation between 
the slits is 1.0 mm. the intensity of microwaves is measured on 

- _ ii{avi9i,~ 

the screen placed parallel to the plane of the slits at a distance 
ofl.O m from it, as shown in the figure-6.49. 

y 

,# 

,.....-\30° d- 1.0 mn 
,,.-~-"'-'--!Hf"---'-"'-='-----!--· 

,,' X 

D-1.0 m 
u 

Screen 

Figur~ ~-49 

(a) If the incident beam falls normally on the double slit 
apparatus, find they-coordinates ofall the interference minima 
on the screen 

(b) If the incident beam makes an angle of 30° with the 
x-axis (as in the dotted arrow shown in the figure-6.49), find the 
y-coordinates of the first minima on either side of the 
central maximum. 

(xiv) A slit of width dis illuminated by white light (which 
consists of all the wavelengths in the visible range). 

(a) For what value of dwill the first minimum for red light of 
wavelength A= 6500A appear at 0 = 15°? 

(b) · What is the wavelength A' of the light whose first side 
diffraction maximum is at 15°, thus coinciding with the first 
minimum for the red light? 

[(a) 2.5µ m; (b) 4300A] 
,. 

6.5 Interference by Thin Films 

A thin film is a thin sheet of transparent medium having 
thickness of the order of wavelength of light. When a light 
incident on a thin transparent film then from the upper surface 
of the film, a part of!ight gets reflected and its major part gets 
transmitted into the film. Now again when the part oflight which 
enters into the film is reflected back into the film by the bottom 
surface and rest ofit emerges out of the film. The light inside 
the film gets reflected partially several times in succession within 
the film as shown in figure-6.50. 

The top and bottom surfaces of the transparent film are very 
weakly reflecting the light, most of the light is transmitted. If we 
ignore the absorption oflight then a thin film having refractive 
index 1.5 in air reflects only about 4.2% oflight at first reflection 
at the top surface and at its bottom surface only about 3.8% 
light is reflected out of which about 3.6% emerges out from the 

. ' 
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top surface and about 0.2% is reflected back out of which 0.15% 
emerges out from the bottom surface. But after this the light 
intensity drops to a significant level and we can ignore 
subsequent reflection and transmission from the film due to 
back and forth internal reflection of the light inside the film. 

I, 

Thin film 

' 

Observer at 
reflected light 

~ ·o '\ Observer looking at 
~ ,, \ transmitted light 

' 

~r 
Figure 6.50 

The first two reflected and transmitted waves forms the reflected 
and transmitted light from the thin film. When we look at the 
film from top, both the reflected light rays (low intensity) are 
observed and their resulting interference gives the light 
perception ofreflected light. Similarly when we look at the film 
-from the bottom, first two emerging lights (one high intensity 
and one low intensity) goes into the observer's eye and their 
interference gives the light perception of transmitted light. 

One important fact is also required to be kept in mind while 
studying interference due to thin films. That is a restriction on 
thickness of the film. We know well that different colours are 
observed when we look at thin film in white light like a soap 
bubble or a thin layer of oil on surface of water. It is due to 
interference of waves of different colours in reflected light from 
surface of film but such colours are not seen when we look at a 
window glass or thick glass plates. So the phenoqienon of 
interference is observed only in very thin films which have 
thickness in the range of wavelength oflight as iffilm is thick 
then the reflected waves do not satisfy the conditions of'Spalial 
Coherence' and 'Temporal Coherence'. Spatial coherence is 
concerned with the correlation between waves at different points 
in space and temporal coherence is concerned to the correlation 
between waves observed at different moments in time. Detailed 
analysis of spatial and temporal coherence is not in scope of 
this book. 

6.5.1 Interference due to Thin Film in Reflected Light at Near 
Normal Incidence 

Figure-6.51 shows a transparent thin film of refractive indexµ 
and thickness t which is bounded by the two parallel surfaces 
B1 and B

2 
by air (or free space) on both sides. We consider a 

,- :. )~7] 

light wave incident almost normally on the film which is shown 
as 'Ray-I' in the figure. This ray splits in 'Ray-2' and 'Ray-3' at 
the boundary B, and further 'Ray-3' again splits in 'Ray-4' and 
'Ray-5' at the boundary B2• The 'Ray-5' which is reflected at the 
bottom offilm again splits at boundary BI in 'Ray-6' and 'Ray-T 
as shown. When the film is seen in reflect~d light then 
interference of'Ray-2' and 'Ray-6' will occur in eye and will 
produce the perception of resulting intensity for the observer 
looking at it. 

Figure 6,51 

At point C where 'Ray-I' gets reflected then due to reflection 
from the denser medium_ 'Ray-2' will suffer a phase leg of 
're-radians' or an equivalent additional path difference oDJ2. 
'Ray-3' which will get transmitted will again gets reflected from 
the bottom of film and emerge out as 'Ray-6' at top of the film. 
This 'Ray-6' will travel an extra path oflength 21 in the film of 
refractive index µso the equivalent path length of'Ray-6' in air 
will be 2µ1. 'Ray-3' is reflected at the bottom from the air 
boundary so it will be reflected in same phase and will not get 
and extra path of ')J2 added to it at point D. Thus the path 
difference in the light rays 2 and 6 when these will interfere in 
observer's eye will be given as 

1. 
A =2µ1--

6-2 2 ... (6.67) 

If the path difference given in equation-(6.67) is an integral 
multiple of wavelength oflight, then reflected waves will interfere 
constructively and high intensity is seen in reflected light. So 
we can write the condition of path difference for bright reflection 
oflight from a thin film as given below. 

1. 
A =2µt--=NJ.. 

6-2 2 ... (6.68) 

Similarly the condition oflow intensity in the reflected light is 
destructive interference of the two reflected waves which will 
occur when their path difference is an odd multiple of half 
wavelength. 

1. 1. 
A =2µ1-- =(2N+l)-

6-2 2 2 ... (6.69) 
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6.5.2 Interference due to Thin Film in Transmitted Light a 
Near Normal Incidence 

Figure-6.52 shows a transparent thin film of refractive indexµ 
and thickness I which is bounded by the two parallel surfaces 
B

1 
and B

2 
by air (or free space) on both.sides. This figure is 

similar to figure-6.51 but here we analyze the interference of 
light rays 'Ray-4' and 'Ray-8' emerging out at the bottom 
boundary B2 of the film. 

Figure 6.52 

The total path travelled by 'Ray-4' in air is mt and that by 'Ray-8' 
is 3mt as none of these is reflected by a boundary of denser 
medium so the path difference in the two emerging waves in 
'Ray-4' and 'Ray-8' can be given as 

"'•-4 = 3µ1- µ1= 2µ1 ... (6.70) 

For the high intensity in transmitted light, this path difference 
given inequation-{ti.70) will bean integral multiple of wavelength 
and the condition for bright transmission oflight through the 
film is given as -

t.
8

_ 4 =2µ1= NA ... (6.71) 

For low intensity transmission oflight through the film, the two 
rays should interfere destructively and the condition for this 
will be 

). 
t.8_ 4 =2µt=(2N+ I) 2 -·· (6.72) 

6.5.3 Interference due to a Thin Liquid Film on Glass 

Figure-6.53 shows a glass slab ofrefractive indexµ, at the top 
surface of which a thin coating of a transparent liquid having 
refractive index µL (µL < µ,) is done which is forming a thin 
liquid film on glass surface. When a light incident on this coating 
of thin film, the reflected ray at the bottom boundary B2 will also 
suffer a phase leg of1t-raidans or an additional path 'JJ2. So the 
path difference in reflected and transmitted light waves can be 
given· as 

"' =2µ1 reflection 

1c 
t. =2µ1+-transmission 2 

... (6.73) 

... (6.74) 

Path travelled in air 

/ 
/ 

/,/ Liquid coating 

µg glass 

Figure 6,S3 

Using the equations-(6.73) and (6.74) we can find the condition 
of high and low intensity in reflected and transmitted light by 
the condition of constructive and destructive interference on 
the path differences. 

6.5.4 Interference in Reflected Light by a Very Thin Film in 
Air 

In figure-6.51 if the film thickness is very small then the path. 
difference in the two reflected waves in 'Ray-2' and 'Ray-6' as 
given byequation-(6.67) is ')J2 only. Thus the two light waves 
will interfere destructively in reflected light and have low 
intensity. Such a film of very small thickness is considered to 
reflect almost no light from it ofany wavelength. 

6.5.5 Interference in Reflected Light from a Thin Film for 
Oblique Incidence 

All the above cases we studied were for near normal incidence 
of the light on a thin film. Figure-6.54 shows a thin film on which 
a light is incident at an angle of incidence i and gets refracted 
into the film at angle of refraction r. Due to oblique incidence of 
light the two light rays which are coming out of the boundary· 
B 

1 
in air will get refracted at points C and E as shown in figure. 

Figure 6.54 

Study Physics Galaxy with www.puucho.com

www.puucho.com



!Wave Op1ics ______ -_ -_ 

When Ray-2 and Ray-6 are in air as reflected light beam, the 
physical path difference at any section ofreflected beam (say 
section S shown by dotted line in figure) can be taken as CD+ 
DE - CF where CD and DE are the path travelled by wave 
inside the film which will be multiplied with its refractive index 
to get the equivalent optical path in air and with path length CF 
we will add an additional path ')J2 due to reflection of this light 
by the boundary of denser medium. 

Thus in Reflected light waves the optical path difference can be 
given as 

1'. 
ti.,,f/ecUon = µ(CD+ DE)-(CF+ 2 l 

In !J.CDE we use 

I 
CD=DE=-

cosr 
and CE=2ttan r 

=> CF= CE sin i 

=> CF= (2l_tan r) sin i 

( sin r J 2µtsin
2 

r 
=> CF=2t -- ·(µsinr)= -

cosr cosr 

... (6.75) 

... (6.76) 

... (6.77) 

Substituting the values from equations-(6.76) and (6.77) in 
equation-(6.75), the path difference in reflected light waves is 
given as 

( 
21 J (2µtsin

2 
r 1'.J A - =µ -- - ~--+-

reflect,on COS r ·cos r 2 

=> 
_2µ1 ·2 ?:_ 

llre.ilection - cos r (I - sm r)- 2 

=> 
2µ1 1'. 

A . = -- cos2 r- -
reflection COS r 2 

=> - 2 1'. 
Arejlection - 2µt COS r- 2 ... (6.78) 

1'. 1'. 
2µtcosr- 2 =(2N-I) 2 

=> 2µ1cosr=M 

--- ·:: ::__ _ -___ 369] 

... (6.81) 

-.. (6.82) 

6.5.6 Interference in Transmitted Light from a Thin Film for 
Oblique Incidence 

Figure-6.55 shows the multiple reflections inside a thin film ofa 
light wave incident obliquely on the film. When Ray-4 and Ray-8 
are in air as transmitted light beam, the physical path difference 
at any section of transmitted beam (say section S shown by 

dotted line in figure) can be taken as DE+ EG-DH where DE 
and EG are the path travelled by wave inside the film after 
reflection at bottom surface of film at point D which will be 
multiplied with its refractive index to get the equivalent optical 
path in air and the path length DH is the path travelled by 
'Ray-4' after it emerges out from point D. Before point D both 
rays 4 and 8 travelled same path so we do not consider any path 
before pointD. In this case any ray do not get reflected from the _ 
boundary of denser medium so we do not include th_e additional 
path o0.12 which we included in previous case. 

,.,,,.,' 

Figure 6.55 

Using the expression for path difference in equation-(6. 78) we Thus in Reflected light waves the optical path difference can be 

can find the condition of maxima and minima in reflection based given as 

on the condition of constructive and destructive interference 
in reflected waves. 

Reflected light will have high intensity if these will interfere 
constructively then the condition on path difference will be 

1'. 
2µ1cosr- 2 =M ... (6.79) 

- 1'. 
... (6.80) => 2µ1 cos r= (2N+ I) 2 

Similarly the condition on path difference for low intensity in 
reflected light can be given for destructive interference as 

ti.,,f/ecnon = µ(DE+ EG)-DH 

In ti.DEG we use 

and 

=> 

=> 

=> 

I 
DE=EG=--

cosr 
DG=2ttanr 

DH=DGsini 

DH= (21 tan r) sin i 

(
sinrJ 2µtsin2 r DH=2t -- ·(µsinr)=~--
cosr . cosr 

... (6.83) 

... (6.84) 

-- . (6.85) 
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Substituting the values from equations-(6.84) and (6.85) in 
equation-(6.83), the path difference in reflected light waves is 

given as 

( 
21 ) 2µJsin

2
r 

A,a11smissio11 = µ COS r - COS r 

2µ1 
A . =--(l-sln2 r) 

reflect1on COS r 

2µJ 
A . = -- cos2 r 

rejlecl/011 COS r 

llrej1ectio11 = 2µt COS r ... (6.86) 

Using the expression for path difference in equation-(6.86) we 
can find the condition of maxima and minima in reflection based 
on the condition of constructive and destructive interference 

in reflected waves. 

Transmitted light from the film will have high intensity if these 
will interfere constrnctively then the condition on path 
difference will be 

2µ1 cos r ='NA ... (6.87) 

Similarly the condition on path difference for low intensity in 
transmitted light cari be given for destructive interference as 

1-.. 
2µ1cosr=(2N-l) 2 ... (6.88) 

6.5. 7 Interference in Reflected Light due to Thin Wedge 
shaped Film 

Figure-6.56(a) shows a thin wedge shaped film on which when 
a light incident at near normal incidence, it gets reflected from 
top and bottom of the film but at different points on the film the 
reflected waves will have different path differences due to 
varying thickness of wedge film. Due to continuous variation 
in path difference for reflected light, fringes are observed in 
reflected beam oflightasshown in figure-6.56(b) 

wedge film 

0 

.._ ___ x ___ .,. 

(a) 

-- -- ----- ·1 
Wave Optics! 

\\\\ \Incident light beam 

• 

(b) 

Figure 6.56 

Ifwe consider a point Pat a distance x from the edge of the 
wedge film as shown in figure, the thickness of the wedge at 
this point is can be taken as I= x0 where 0 is the wedge angle. 
The optical path difference between reflected waves I and 2 
from point Pean be calculated in the same way we did for thin 
films as 

. .. (6.89) 

If we carefully look at the edge of the wedge where thickness is 
almost zero the path difference in reflected light will be 1J2 and 
the two waves will destructively interfere in the same way which 
we discussed for a very thin film in article-2.5.4 and a dark fringe 
is seen here.At some distancex1 from the edge where 2µ1= 1-../2 
the path difference in reflected waves will be zero and due to 
constructive interference a bright fring;, is obtained then 
alternate dark and bright fringes are seen as shown in 
figure-6.56(b). 

At the point Pa bright fringe is located if 

1-.. 
A =2µ1--=M. 

p 2 

1-.. 
2µx0=(2N+l) 2 

· (2N +1)1-.. 
x=(2N+ I) 4µ ... (6.90) 

Equation-(6.90) gives the distance ofa bright fringe from the 
edge of the wedge film. Here students must be careful that for 
first bright fringe we need to consider N = 0, for second bright 
fringe we will consider N = I and so on. So expression in 
equation-(6.90) gives the distance of.(N + l)d' bright fringe 
from the edge of the wedge fii;,,. 

Similarly for a dark fringe located at point P, we can use 

1-.. 1-.. 
Ap=2µ1- 2 =(2N-1)2 

2µx{)=M. 

N1-.. 
x=--

2µ0 
... (6.91) 
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Equation-(6.91) gives the distance ofa dark fringe from the 
edge of the wedge film. HereN = 0 for the dark fringe at the edge 

andN= I, 2, 3 ... is used for further dark fringes. So expression 
in equation-(6.91) gives the distance ofN'" dark fringe from the 
edge ofthe wedge film. 

In case of transmitted light from a thin wedge shaped film, 
students can themselves derive the expression of fringe 
positions in"the same way we did above and for the analysis 
done for th in films earlier. 

6.5.8 Interference by an Air Wedge 

Figure-6.57 shows an air wedge between two glass plates 
separated at one end by a small pin or a paper due to which at 
one end 0, the plates are touching each other and thickness of 
air wedge is zero. When a light beam incident on this system of 
plates the interference take place in reflected waves from the 
bottom surface of upper plate and top surface oflower plate. 

The path difference in the reflected rays 1 and 2 shown in figure 
is given as ,. 

-1 =2t--
p 2 ... (6.92) 

Now we can find the condition of reflection for high or low 

intensity for bright and dark fringes seen in reflected light by 
equating the path difference given in equation-(6.92) to multiple 

of wavelength or odd multiple of half wavelength. If the air 
wedge is filled with a transparent medium of refractive index m 

between the plates then .the path difference will be given as 

. ,. 
.1 =2µt--

p 2 

Figure 6.57 

Thin air 
wedge 

i 

... (6.93) 

6.5.9 Shape oflnterference Fringes in Reflected Light from 
different Air Wedges 

In previous article-2.5.8 we analyzed how by variation in path 

difference fringes are obtained by a triangular flat air wedge. 
Consider figure-6.58(a) which shows a piano convex lens placed 
on a glass plate on which from the top a parallel light beam 

incident normally. The lower curved surface of piano convex 
lens and the top surface of the glass plate forms a thin air film of 

which thickness is ,arying from the point of contact oflens and 
plate. Due to continuous variation in path difference in reflected. 
light as we move away from point of contact, alternate bright 

. · __ EJJ 

and dark circular fringes are obtained as shown in figure-6.58(b). 

These circular ring shaped fringes are called 'Newton's Rings'. 
As due to the curvature of the lens surface, the thicknes.s ofair 

film is not linearly varying unlike to the case of triangular air 

wedge already discussed, the fringe width keep on decreasing 
as the radius of fringes increase. 

/Planoconvex lens 

==:::::::: . 
JG!ass Plate 

(a) 

(b) 

Figure 6.58 

Plano Convex lens 

Similar to above case if we consider a cylindrical piano convex 
lens as shown in figure-6.59(a) then the interference fringes in 

reflected light beam will be straight but their width will decrease 

as we move away from the contact line of the lens with the glass 

plate. 

(a) 

Fringe pattern on lens 

(b) 

Figure 6.59 

6.5.10 Shape oflnterference Fringes due to different types of 
Sources 

In YDSE setup we've seen that fringes are straight and parallel 
to the slits because all the points on screen where the path 
difference of the light waves from the two sources is same will 
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have same intensity and forms a fringe of same intensity. Now 
we will discuss different cases of two light sources which 
produce interference pattern on a screen and analyze the shape 
of fringes obtained in the resulting interference.pattern. 

Case-I : 1\vo Point Sources in a Line placed parallel to Screen 

Figure-6.60 shows a cardboard with two holes in a line and a 
screen placed in front and parallel to it. When a light beam 
incident on the board and illuminate the two holes, these will 
act like two point sources and interference pattern is obtain~d 
on the screen due to the light from these two sources. We can 

. see that the shape of fringes obtained on screen is hyperbolic. 
This is because hyperbola is a locus of points on a plane wh_ich 
have constant difference in distances from two points in space. 

Figure 6.60 

Case-II: 1\vo Point Sources in a Line placed normal to the 
Screen 

Figure-6.6 l shows two point coherent sources S1 and S2 along 
a line normal to which at some distance a screen is placed. Iri 
this situation if we consider a point on screen at a distance x 
from center of screen then due to point sources in the circle of 
radius x with center at C, the path difference in light waves 
reaching at P remain constant thats why alternate bright and 
dark circular fringes are obtained. 

Figure 6.6_1 

Case-Ill: 1\vo rectangular Slit Sources in plane parallel to 
Screen (YDSE Setup}· 

Figure-6.62 shows the fringe pattern obtained in YDSE setup in 
which the light waves from two slit sources S1 and S2 interfere 

Waveoii!§J 

on screen. Due to length I oftl\e slits at the middle region of 
screen fringes are straight and parallel but after a distance from 
screen center along the length of slits the shape of fringes will 
be approximately hyperbolic due to the reason mentioned in 

'Case-I' above. 

Straight fringes 
at centre Hyperbolic fringes 

on sides 

Figure 6.62 

# Illustrative Example 6.24 

Figure-6:63 shows a glass lens is coated on one side with a 
thin film of magnesium fluoride (KgF2) to reduce reflection 
from the lens surface. The refractive index of MgF2 is 1.38 and 
that of glass is 1.50. What is the least coating thickness that 
eliminates (via interference) the reflections at the middle ofthe 
visible spectrum (A. = 5500A) ? Assume that the light is 
approximately perpendicular to the coating surface. 

Solution 

µ1= I MgF2 

µ,~ 
1:38 

Glass 
µ3 = 1.5 

Figure 6.63 

In the situation given the air-MgF2 and MgF2-glass both act 
as boundary of denser medium, so for destructive interference 
in reflected light, we use 

A. 
2µ,t = (2n- I)2 

A. 
t=(2n-J)-

4µ2 
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For least value of thickness, n = I and µ
2 

= 1.38. 

=> 
, ( I) (550xl0-

9
) ,-.= zx I- x ~---'-

4xl.38 

=996A 

# Illustrative Example 6.25 

Find the minimum thickness ofan oil film in air that gives an 

interference maxima in reflected light for wavelength 5360A at 

normal incidence. Take µ
0

il = 1.34. 

Solution 

Path different of two waves in reflected beam for normal 

incidence is 

µ 

A 
i\.=2µt- -

2 

IJ2 
2µ1 

T 
I ___ .,,__ ____ l 

Figure 6.64 

For maximum reflection, reflected beams should interfere 

constructively so for minimum thickness of film, we use 

A 
2µt- - =O 

2 

A 5360xI0-' 0 

t= - = ---- I0-7m 
4µ 4xl.34 

# Illustrative Example 6.26 

A wedge ofangle 0.5° is illuminated with sodium light whose 

two lines corresponds to the wavelengths 5890A and 5896A. 
Find the distance from the apex at which the maxima due to the 

two wavelengths first coincide when observed in the reflected 

light. (the wedge contains air). 

Solution 

If the thickness of the wedge at the point where the maximums 

of both coincides be t then for constructive interference in 

reflected light, we have 

A 
2µt =(2n+ 1)2 

~---~~373~ 

l+--------x------+l 

Figure 6.65 

As fl,;,= I, we consider one maxima of one wavelength will 
coincide with the next order maxima of the lower wavelength 

so we use 

and 

A1 
2t=(2n+l)-

2 

. Az 
21=(2n+3)2 

According to given condition, we can write 

(2n+ 1)).1 (2n+3)A2 

2 2 
=> (2n+ 1)(5896)=(2n+3)(5890) 

=> 

and 

=> 

=> 

n = 1499 (whole number) 

A1 
t=(2n+ 1)4 

I= (2 X 1499 + ]) X 5896 X 10-IO 

4 

t=0.004cm. 

Let x be the required distance from the apex, then we use 

t 

=> 

- =tan0=0 
X 

t 
x=-

0 

x= 
0.004 

7t 
0.Sx-

180 

# Illustrative Example 6.27 

4.58cm 

A broad source oflight of wavelength 6800A illuminates two 
glass plates 120 mm long normally. These glass plates meet at 

one end and are separated by a wire 0.048 mm in diameter at the 

other end as shown in figure-6.66. Find the number of bright 
fringes formed over the distance of 120 mm. 

[ 
Figure 6.66 
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Solution 

In this case of wedge shaped film we use fringe width is given 

as 

Here 

'i.. 
~= 2µ0 

tan 0 = 0= l'. 
I 

Let N be the number of fringes formed over a given length I 
then we use 

/=~ 

~I /= N( 2-) 
2µ0 

I 
2µ/0 

N=- Figure 6.67 
'i.. 

2µy 
(As 0= l'.) ~ N=-

'i.. I 
For air we useµ= I 

~ 

2xlx0.048x!0-3 

N=-----=141 
680x 10-9 

i 
. I Web Reference atwww.physicsgalaxy.com 
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Section- OPTICS 
1 Topic- Nature of Light and Interference 

Moduli: Number- 39 to 47 
.. -

Practice Exercise-6.2 

(i) A glass plate ofrefractive index 1.5 is coated with a thin 
layer of thickness I and refractive index 1.8. Light of 
wavelength 'i.. travelling in air is incident normally on the layer. 
It is partly reflected at the upper and the lower surfaces of the 
layer and the two reflected rays interfere. Write the condition 
for their constructive interference. ID. = 6480A , obtain the 
least value of I for which the rays interfere constructively. 

). 3l. ). 
[t= 7.2'7.2' ··· 1minimn=7.2 = 900A] 

(ii) Most ofour discussion of the techniques for determining 
constructive and destructive interference by reflection from a 
thin film in air has been confined to rays striking the film at 

,nearly normal incidence. Assume that a ray is incident at an 
angle of 45° (relative to the normal) on a film with an index of 
refraction of ..fi.. Calculate the minimum thickness for 
constructive interference if the light is sodi_um light with a 
wavelength of6000A. 

[122.4 nm] 

- --· --· - --;i 
- - --- wave optics 

(iii) A soap film of thickness 0.00 I I mm appears dark when 

seen by reflected light of wavelength 5800 A. What is the 
refractive index of soap solution ifit is between 1.2 and 1.5. 

[µ = 1.318] 

(IV) A wedge-shaped film of air is produced by placing a 

fine wire of diameter D between the ends of two flat glass 

plates oflength L = 20 cm, as shown in the figure-6.68. When 

the air film is illuminated with light of wavelength 'i..= 5500A, 

there are 12 dark fringes found per centimeter on the wedge. 

Find the wire diameter D. 

T 
D 

l 

1.------L----->1 

Figure 6.68 

[6.6 x 10-s m] 

(v) A thin soap film of thickness 3 x 10-7 m andµ= 1.5 is 

spreaded on a glass surface. When white light is normally 

incident on this sheet, find the colour which will be reflected 

strongly by the film. 

"[45DDAl 

(vi) A ray of light of intensity I is incident on a parallel 

glass-slab at a point A as shown in the figure-6.69. It undergoes 

partial reflection and refraction. At each reflection 20% of 

incident energy is reflected. The rays AB and A'B' undergo_ 

interference. Find the ratio I.,.Jlmm· 

B 
B' 

ER 

E 

Figure 6.69 

[81 : 1] 
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(vii) A point source S emitting light of wavelength 6000A is 

_placed at a very small height h above the flat reflecting surface 

AB as shown in figure-6.70. The intensity of the reflected light 
is 36% of the incident intensity. Interference fringes are 

observed on a screen placed parallel to the reflecting surface 
at a very large distance D from it. 

----~r;---r,--- screen 

: D 
I 
' h : 
' A B 

Figure 6.70 

(a) What is the shape of the interference fringes on the 

screen? 

(b) Calculate the ratio of the minimum to the maximum 

intensities in the interference fringes formed near the point P 
shown in the figure-6. 70. 

(c) If the intensities at point P corresponds to a maximum, 

calculate the minimum distance through which the reflecting 

surface AB should be shifted so that the intensity at P again 

becomes maximum. 

[(a) Circular; (b) 1/16; (c) 300oAJ 

6. 6 Diflraction of Light 

When the light passes through edges of an obstacle, it flares 

out in the shadow zone after the obstacle. This bending/flaring 

of light around the edges of obstacle is called 'Diffraction'. 

The diffraction effects are significantly observed when the 

dimensions of obstacles is of the order of wavelength of light. 

We will also analyze and study that for large sized objects 

diffraction effects are negligible and light follows almost 

rectilinear propagation of light and its analysis is done by 

phenomena studied in geometrical optics. 

Figure-6. 71 shows a light passing through a narrow slit of width 

'b'. If width of slit is large _it almost passes undeviated and 

follows rectilinear propagation. If the width of slit is reduced to 

an extent that it is in the rarige of wavelength oflight, the light 

flares out in the side regions as shown in figure-6.7l(b) and if 

slit width is decreased to a value even lesser than light 

wavelength then the flaring is maximum in side zones as shown 

in figure-6. 71 ( c ). In later sections we will mathematically analyze 

this behaviour oflight. 

ii 
b 

11 
b>>').., 

(a) 

b < 1-

(c) 

Figure 6.71 

' ' ' ' 

i ~ 
' ' ' 

' ~ ~ 
' , , 
' ' 
b~J-

(b) 

~7_5: 

' ' ' ' ' ' ' ' ' ' 
, 

' 
, 
' ' 

6.6.1 Explanation of Diffraction by Huygen's Wave Theory 

Figure-6. 72(a) shows a plane light beam incident on a broad slit 

in a plane. As already discussed according to theory wavefront 
propagation the secondary point sources of wavefront which 

are in the region of slit produce their spherical secondary 
wavefronts and new common tangential plane of these 
secondary wavefronts is considered as next position of the 
travelling wavefront. If the slit width is large then the light 

flaring in side region of the slit will be negligible compared to 
the light propagating straight so the diffraction effects are not 
significantly perceptible. 

' 

' ' ' ' ! ! : 

(a) (b) 

Figure 6.72 
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Figure-6.72(b) shows a narrow slit through which due to very 
small dimensions of the slit, the secondary sources in the 
incident wavefront in the region of slit producing spherical 
wavefronts further behaves almost like a line source of light 
and produces effectively cylindrical wavefront in the region 

after slit. 

6.6.2 Types of Diffraction of Light 

There are two ways in which analysis of diffraction oflight is 
done which are given below. 

(i) Fresnel Diffraction : 

When diffraction oflight is analyzed for a light source at finite 
distance from the diffracting device and point ofobservation or 
screen is also located at finite distance from the device as shown 
in figure-6. 73, then in such conditions mostly the diffraction 
analysis is done with some specific methods called as 'Fresnel's 

Diffraction'. 

---------
s::-=~==-----------

1<----D,,---!---D,.--~ 
Screen 

Figure 6.73 

(ii) Fraunhoffer Diffraction : 

When diffraction is analyzed for a source at very large distance 
from the diffracting device and point of observation or screen 
is also at very large distance from the device as shown in 
figure-6. 74, then in such conditions mostly the diffraction 
analysis is done with some specific methods called as 
'Fraunhojfer Diffraction'. 

Source is located 
for away Screen at large 

. separation 

Figure 6-.74 

___ . _ ----·---'W.:..a:::.v;.:;e_O;cPccfcclC-'-'S j 
In this book we will cover mainly some specific cases of 
Fraunhoffer Diffraction in detail. 

6.6.3 Diffraction of Light by a Single Slit 

In figure-6.75 a parallel beam oflight is incident on a narrow slit 
through which light gets diffracted and at distance far away 
from the slit we calculate the intensityoflight/(0) at an angular 
displacement 0 from the central line or axis of the slit as shown. 

Figure 6.75 

To analyze the light intensity /(0) at an angular position 0 from 
the center line, look at the figure-6.76 which shows the magnified 
view of the slit in figure-6. 75. This figure shows the secondary 
sources of the incident light in the slit zone and we consider 
light waves due to all these secondary sources in the direction 
0 and find the resulting intensity /(0) due to the interference of 
all these waves from the secondary sources in this direction. 

1(8) is the resulting 
,,.,..,,, , \ intensity due to 

_,-- ,/ , : \ interference of 

l
~%::::_:;;;;_;::::- .~'::g~~:::: 

---- 1/ /% / / , ,, 
----b 0 ----

-~ 
Figure 6.76 

In this analysis ofFraunhoffer diffraction as the distances are 
large, it becomes practically very difficult to see the light 
intensity on ·a screen placed far away from slit as intensity 
decreases with square of distance from slit. In laboratory 
experimental setups practically distances are also finite due to 
limitation of space so we use convex lenses for analysis of 
diffraction and to overcome above problems in practical 
conditions as shown in figure-6.77. A source is kept at the focal 
point of a convex lens by which refracted rays becomes parallel 
and used as incident light on the slit. After the slit also we use 
a convex lens to focus the parallel light rays from all secondary 
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sources of wavefront on screen to obtain the diffraction pattern 
on screen at far away point. 

fo---/ Screen 

Figure 6.77 

6.6.4 Analysis of Diffraction of Light by a Single Slit 

The analysis of diffraction oflight by a single slit is done in the 

way explained in article-6.6.3 by considering the interference of 
all the light waves by secondary sources in slit zone in a specific 
direction. To analyze the same we number these secondary 
sources I, 2, 3 ... N in the slit as shown in figure-6.78(a) such 
that the separation between the two adjacent sources is d and 
we can use (N- l}d= band for N-> inf we use Nd= b.At an 
angular direction 0, we consider the oscillating displacements 
due to these sources are taken asy1, y2

,y
3 

••• YN· 

(a) 

I /y1 =Asinoot 

1k /Yi-A sin(rot-$) T ,, 
d ;a, 
1 2 • /112 y3 =Asin(wt-24') ,, ' 

'-' ' •ay.,,1 - . 
3 '::::::,..-.--- 613 -2612 

(b) 

Figure 6.78 

Figure-6.78(b) shows the magnified view of a portion of slit 
with secondary sources in which we can see that in the direction 
0, wave from secondary source 2 is travelling an extra path D 
given as 

L\ 12 =dsin fl .. '. (6.94) 

Similarly the path difference in the light waves from sources 1,3 
and 1,4 and so on can be given as 

L\ 13 =2dsinfl 

L\ 14 = 3dsin fl 

... (6.95) 

... (6.96) 

Using the above relations we can find the phase difference in 
the waves from sources 2, 3, 4 ... from the wave from source I as 

2,c 
~ =-dsinfl=~ 

12 "- . 

2,c 
~ = - (2dsin 0)=2~ 

- 13 "- • 

2,c 
~14 = ~ (3dsin 0)=3~ 

With the above phase differences with can write the equation 
for displacements' due to the waves from secondary sources. If 
A is taken as the amplitude due to each secondary source at a 
point on screen then these displacement equations can be 
written as 

y 1 =A sin OJI 

y2 =Asin(rot-~) 

y2 =Asin(Oll-2~) 

yN=A sin(Oll-(N- IH) 

By the superposition principal, the resulting displacement at 
point Pon screen shown in figure-6.42 can be given as 

yR=y1+y,+y3+ ··· +yN 

~ yR=A sin rot+ A sin (rot-~)+ A sin (rot- 2~) + ... + 
A sin(rot-(N-1)~) 

Y,' [ A::f ;~ l ],;. ( ~ 
Above equation-(6.94) can be written as 

yR=R. sin (rot-fl) 

[ at a large distance from slit or at a point P on screen with 
convex lens] · 

where the amplitude of wave in angular direction fl is given as 

... (6.97) 
A sin(~~) 

R=--.;--.,c-'-

sin(1) 
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The intensity in angular direction 8 is given as I(8) = kR2 where 
R is the resulting amplitude given by equation-(6.97) which 
gives 

[ 
(N$)]' Asin -

1(8)=k 
2 

sin(t) 

In above expression we multiply numerator and denominator 
both by N2 gives 

Asin 2 N' 

[ 
(N$)]' 

I(8)=k sin(t) x N' 

As for smaU angle$ we use sin ( ¾) "' ¾, thus we have 

HS~• [(NA('.:;)¥ l J . ... (6.98) 

As in the slit the secondary sources are considered in same 
wavefront of incident light, we consider the amplitude of the 
wave is equally divided among all sources so if A0 is the 
amplitude of incident light on slit then we can useA0 = NA so if 
I

0 
is the light intensity due to slit in front of it then we can use 

I0 = kAJ = kN1 A2 

Thus from above equation-(i) we have 

=> 

Where 

sin'(¥) 

I(8)=/o ( :$ r 
sin2 p 

/(8)=Io7 

R=-=- -dsm8 N$ N (2,r . ) 
" 2 2 "-

For N ~ oo we can use Nd"' b thus 'we have 

,rbsin 8 
P= A, 

... (6.99) 

... (6.100) 

With the value ofb given byequation-(6.100), equation-(6.99) 
gives the value of intensity I(8) in the angular direction 8 from 
the slit. 

6.6.S Diffraction Minima due to Single Slit 

As we analyzed in the previous article then intensity in angular 
direction 8 is given byequation-(6.99), in this equation we can 

____ Wave Optics·i 

see that at 8 = 0, p = 0 and we get 

lim sinp 
~->D _p_ = 1 

Thus equation-(6.99) gives I(O) = /0 which is the maximum 
intensity in direction 8 = 0 which is called 'Central Diffraction 
Maxima' on the screen. 

Similarly for p = m,r, we have sin p = 0 for which /(8) = 0 which 
is the minimum intensity in direction 8 and it is a condition of 
'Dijji-action Minima' on the screen. From equation-(6.100) we 
use 

,rbsin 8 
nm= A 

=> bsin8=m1. ... (6.101) 

Thus the above expression in equation-(6.101) withm= 1, 2, 3 •.. 
gives the values of 8 at which intensity is zero or the points 
corresponds to difti-action minima on the screen. 

Here we can see form'." I (First Minima) from equation-(6.101), 
angular position of first minima is given as 

A. 
sin8 =-

1 b 

=> 8 1=sin-1 
(~) 

The figure-6.79 below shows the central maxima and the mini mis 
on both sides of the central maxima. 

,,...· i'd minima (m = 2) ------

-----
1"1 ,/,-/:, .. I" minima (m = I) u ,-'{ll, ______ _ 

.. ~f:::-1~----------8 = 0 (Central maxima)---

~ 

Figure 6.79 

In above figure the angular width of central diffi-action maxima 
can be given as 

t.8 =28 =2sin-1 (~) 
C I b 

6.6.6 Diffraction Minima due to Single Slit 

In above figure-6.79 the angular positions of diffi-action minima 
can be given by the condition of equation-(6. 101) and to find 
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the angular positions of diffraction maxima other than central 

maxima we differentiate equation-(6.99) and equate it to zero. 

d/(8) [32 ([3sin [3cos [3)-(sin [3)(2[3) 
~-=-"---',:__:__::"--'---'--'--''"--='-"--'--'-'-'-=0 

df3 13• 

tan[3=[3 ... (102) 

In equation-(! 02), [3 = 0 corresponds to central maxima and for 

all values ofb satisfying this equation will correspond to higher 

order diffraction maxima in the diffraction pattern which can be 
calculated graphically by finding the intersection point of curves 

y= tan[3 andy= [3 as shown in figure-6.80 below. 

1 second 
maxima 

maxima 

' : ?rst 
: maxima 

' ' ·, 
' 

Figure 6.80 

second 

In above figure we can see that successive higher order maxima 

are not located at the mid points ofall the minima's. 

6.6. 7 Observing Single Slit Diffraction Pattern on a Screen 

Figure-6.81 shows an experimental setup with highly magnified 

view 9fthe slit. In this setup the screen is placed at a distance 

equal to the focal length of the lens placed in front of the slit 

and lens focuses all light waves from secondary sources from 

slit onto the screen and diffraction pattern is obtained on the 
screen. 

p · 2 A _._ • 8 
1=10 ~-f),=~ 

~2 • )., 

/= 0 at 0 =0 1 (First minima) 

4<$i~&''.._lft-----+J0 (Central maxima) 

J=Oat0=0 1(Firstminima) -

I 
Figure 6.81 

In above pattern the width of central bright fringe formed due 
to diffraction·can be given as 

379 

. .. (6.103) 

For higher values of b we can use the width of central maxima as 

2/'J.. 
wc=-b- ... (6.104) 

The angular positions of dark fringes in the diffraction pattern 

are given by the angles given by equation-(6.101) as 

0 . = sin-I (mA) 
m,n b ... (6.105) 

If we find out the intensities at different diffraction maxima then 

for higher order maxima using the values of [3 obtained 

graphically in equation-( 6. 99), we will see that it decreases by a 

large extent as shown in figure-6.82. 

Intensity 

I, 

}" t ( 

~ ~ ·,· . 
: ! l . 

i.l ' . ~ .., "! 

Figure 6.82 

. ' ' . I • 
' I 

6.6.8 Difference between Double Slit Interference and Single 
Slit Diffraction Patterns 

Figure-6.83(a) and (b) shows the intensity distribution curves 

of double slit interference pattern and single slit diffraction 

patterns and with these patterns we can distinguish main 

differences in the two patterns. 

1. In interference pattern all fringes are of same width but in 

diffraction patte~ fringe width decreases as we move away 

from center. 

2. In interference pattern all fringes are having same 

brightness whereas in diffraction pattern brightness decreases 

as we move away from center. 

3. Double slit interference is produced by interference of two 

monochromatic coherent light sources (slits) whereas diffraction 

pattern is produced by interference of several monochromatic 

coherent secondary light sources in the slit. 
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Intensity 

(a) 

,- ·1 
·, : ' ' 

(b) 

Figure 6.83 

6.6.9 Illumination Pattern due to Diffraction by a Single Slit 

As we have already analyzed that the first minima in the single 

slit diffraction pattern is obtained at an angle given as 

... (6.106) 

On the above angle given in equation-(6.106) which gives the 

edges of central diffraction maxima which is most prominent in 
the illumination pattern of single slit diffraction. Now for different 
wavelengths and slit widths we can see different cases and the 

resulting illumination pattern as given below. 

Case-I: Whenb>>"' 

When slit width is very large compared to wavelength oflight 

then in equation-(6.106) we can use 

Which results in rectilinear propagation oflight as light does 
not flare out of the region beyond 0 = 0. This is shown in 

figure-6.84 below in which the central maxima will just be the 
projection oflight on screen which is of width equal to that of_ 

the slit. 

Wave Optics I 

-[ ______ ---------- IT---------------

b>i 

Figure 6.84 

Case-II: When b >"' 

When slit width bis more than the wavelength oflight then first 
minima and other higher order minima and maxima can also be 
seen as discussed in article-6.6.6 with first minima positions 
given by equation-(6. I 06) 

Case-ill: Wbenb=A 

In this case we can see from equation-(p) we get 

1t 
0

1 
= sin-1 (I)= 2 

Thus the central maxima will spread on the whole screen as 
shown in figure-6.85 and as we move away from center of screen 
the intensityoflight gradually decreases with the function given 
byequation-(6.99) 

-- /,' 
,S!l __ 

-
Figure 6.8S 

Case-IV: When b <"'. 
When slit width is less than the wavelength oflight then from 
equation-(6.106) we can see that no minima is obtained 
anywhere and on screen there will be almost uniform illumination 
near to the center of screen. 

6.6.10 Diffraction by a Small Circular Aperture 

Figure-6.86 shows a circular aperture of diameter din a card 
board. C is the center ofaperture and O is a point on the screen 
in front of point C. Due to diffraction oflight through the circular 
aperture, alternative bright and dark circular fringes are obtained 
on screen as shown in figure. Similar to the case of diffraction 
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bya single slit, in this case also the central bright disc is having 

maximum intensity and the intensities ofhigher order fringes is 
very less. 

In the diffraction pattern due to a circular aperture consists ofa 
bright circular disc as central maxima which is called Airy's disc. 

The angular position offirst dark fringe at the outer edge of the · 
Airy's disc is given as 

1.221'. 
e,=-d-

ifr0 is the radius oftheAiry's disc then we use 

... (6.107) 

.. . (6.108) 

Similar to the case of diffraction due to a rectangular slit, ifhere 
we increase the aperture diameter then the radius of the central 

bright disc decreases and at large aperture, central disc size 
approaches to the size ofaperture by rectilinear propagation of 
light. 

---
6 e,, ________ _ 

--~========--··1 __ _ 

-
Figure 6,86 

#Illustrative Example 6.28. 

A parallel beam of monochromatic light of wavelength 4500A 
is allowed to incident on a long slit of width 0.2mm. Find the 

angular divergence in which most of the light is diffracted. 

Solution 

As we've studied that in diffraction through a single slit, most 

of the light is diffracted in central maxima, i.e. between the two 
first minima. The angnlar spread of first order minima is given 
by the relation 

bsin0=1'. 

. 0 'A 
Sill = ±-

b 

. 0-+4500xto·10=+225 10·3· =>sm-
3 

_,x rad 
· 0.2xto· 

For small angles we can use sin 0 = 0 

~ 0 =±2.25 X 10-3rad 

Thus angular spread is 20 = ± 4.5 x 10·3 rad 

# Illustrative Example 6.29 

381] 

Angular width of central maximum in the Fraunhofer diffraction 

pattern ofa slit is measured. The slit is illuminated by another 
wavelength, the angular width decreases by 30%. Calculate 

the wavelength of this light. The same decrease in angular 
width of central maximum is obtained when the original 
apparatus is immersed in a liquid. Find the refractive index of 
the liquid . 

Solution 

For diffraction minima on screen, we use 

bsin 0= n1'.wheren= 1, 2,3, ... 

Angular width of central maxima is 20 for n = l 

~ bsin0=1'. 

For small 0, we use 

Screen 

Figure 6,87 

~ Angular width of central maxima is given as 

21,. 
P=20=-

b 

2x6000xt0·' 0 

b 
When the wavelength is changed the angular width of central 
maxima is reduced by 30%. Thus new angular width_is given as 

Angular width after reduction= p - 0.3 p = 0. 7 p 
21'.' 

~ 0.7p=b 
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=> 

=> 

A.' =.Q.7 X 6QQQ X 10-!0=42QQ X J0-10 m 

:\.'=4200A 

When the setup is submerged in a liquid then also the angular 
width of central maxima decreases by 30% which indicates that 
the wavelength oflight decreases by 30%. which gives 

=> 

A. 
'>:= -

µ 

o.n = 6000A = 6000 x 10-
10 A 

µ µ 

6QQQxJO-IO 
=> 0.7 X 6QQQ X JO-IO = µ 

I 
=> µ= 0.7 = 1.43 

#-Illustrative Example 6.30 

A convex lens of diameter 8.0 cm is used to focus a parallel 
beam oflight of wavelength 62OOA. Ifthe light be focused at a 
distance of2O cm from the lens, what would be the radius of 
the central bright spot formed? 

Solution 

The angular spread of central bright spot is given as 

1.22:\. 
sin0= -d-

1.22 X 620 X J0-9 

=> sin 0 = 
0

_
08 

=> sin 0 =9.455 x !(}"rad. 

Since 0 is small, so we can use 

. sin-0 = 0 = 9.455 x .JO-< rad 

--- 6 ---- ---------
~-------- --- 10, -------

-
Figure 6.88 

From the figure-6:88, we use 

=> 

=> 

=> 

R 
0=-

D 
R 
-=945xJ(J" 
D . . . 

,~~, ... ox 1c,oxo.2O 

R = 1.89 x JC,Om. 

- -, -
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Practice Exercise-6.3 

(i) A narrow slit of width 0.025 mm is illuminated by a parallel 
beam of light. The diffraction pattern is observed through a 
telescope. It is found that to reach the first minimum, the 
telescope has to be rotated through I 024' from the direction of 
the direct ray. Calculate the wavelength ofiight used. 

[6100 AJ 

(ii) A slit is located 'at infinity' in front ofa lens of focal 
length Im and is illuminated normally with light of wavelength 
6OOOA. The first minima on either side of the central maximum 
of the diffi-action pattern observed in the focal plane of the 
lens are separated by4 mm. What is the width of the slit? 

[O.J mm] 

(iii) From large distance microwaves fall on a long slit of 
width 5cm. lfthe first diffi-action minima is obtained at an angle 
30° from the direct vision slit line then find the wavelength of 
the microwaves. 

[2.5 cm] 

(iv) A parallel beam of monochromatic light of wavelength 
59OOA falls normally on a convex lens of diameter 10cm which 
focusses the light on a flat normal screen located at a distnace 
of2Ocm from the lens. What would be the radius of the central 
bright spot formed on the screen ? 

6. 7 Polarization of Light 

Light is an electromagnetic wave in which electric and magnetic 
fields vibrate perpendicular to each other and to the direction 
of propagation. As already discussed earlier that in light wave, 
the sensarion of visibility due to light- is considered to be 
produced by the electric field component of the wave. Thus the 
oscillations of electric field are mainly considered in 
understanding of polarization oflight. Figure-6.89(a) shows a 
general electromagnetic wave with oscillating electric field 
oscillating in xz plane and magnetic field oscillating inyz plane 
and the wave is propagating in z direction. In figure-6.89(b) 
shows only the oscillations of electric field in the same 
electromagnetic wave for which we define the planexz as plane 
of oscillations of the wave. 
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(a) 

z 

y 

(b) 

Figure 6,89 

An ordinary light source consists of a very large number of 
particles which emit light and every particle emits light in different 
oscillation planes. An electromagnetic wave as shown in 
figure-6.89 can have many different oscillations plane when it 
propagates. Figure-6.90 shows different waves which have 
differeni oscillation planes. 
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Figure 6.90 
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As shown in figure-6.90 a light wave can have infinite different 
oscillation planes and from an ordinary light source when light 
is emitted, it has electric field vectors oscillating in all possible 
planes as wave propagates and ordinary light-wave is 
represented by figure-6.91 in its cross section which shows 
that in ordinary light field vectors oscillates in all planes and 
such a light is called 'Unpolarized light'. lfweconsider a light 
wave which consist ofonly one plane ofoscillation and no field 
vector exist in any other planes as shown in figure-6.89(b) or 
figure-6.90(a), (b), (c) and (d) then such a light wave is called 
'Polarized light' or 'Linearly Polarized light'. 

Unpolarized 
light 

Figure 6.91 

The optical phenomenon by which an unpolarized light is 

transformed to polarized light is called 'Polarization of Light'. 
In other words we can also state "Restricting the oscillations 

of field vectors in a light only in one plane is called 
Polarization of Light and the plane of oscillations in polarized 
light is called Plane of Polarization". 

6. 7.1 Representation of Unpolarized and Polarized Light 

As discussed in previous article polarized light consist of only 

one plane in which field vector oscillate as wave. propagate and 

in unpolarized light field vectors oscillate in all possible planes 

of polarizations as ordinary light is emitted by lot of atomic 

emitters in a light source and waves are emitted with different 

planes ofoscillations. Figure-6.92(a) shows the representation 
ofunpolarized light on paper. In this diagram we represent all 

oscillation planes of field vectors having two mutually 

perpendicular components, one along the plane of paper which 
is represented by vertical arrow and other in the direction normal 

to the plane of paper which 1s represented by dots at the center. 

f f f f f 
I I I I I 

OR 

Unpolarized light 
Polarized light 

(a) (b) 

Figure 6.92 
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Figure-6.92(b) above shows the representation of polarized light 
which consist of field vectors oscillating only in one plane 
either in the plane of paper or normal to the plane of paper. 
Figure-6:93(a) shows a light which is partially polarized which 
mainly consists of os.cillations of field vectors in the plane of 
paper but also having some oscillations in normal direction. 
Similarly figure-6.93(b) also shows a partially polarized light 
which is having oscillations of field vectors in the direction 
normal to the paper and having some oscillations in the plane 
of paper also. 

I I I I I I I 
(a) 

I I I I 
(b) 

Figure 6.93 

6. 7.2 Circularly and Elliptically Polarized Light 

In a circularly or elliptically polarized light i:s electric field vector 
continuously rotates in a plane normal to the direction of 
propagation either clockwise or anticlockwise. Figure-6.94(a) 
shows a circularly polarized light in which the tip of electric 
field vector revolves at any point in space in a circle in a plane 
normal to direction of propagation oflight. Figure-6.94(b) shows 
an elliptically polarized light in which the tip of electric field 
vector revolves in elliptical path. 

(a) 

X 

(b) 

Figure 6.94 

. ______ Wave Optics,! 

6.8 Methods of Polarizing an Ordinary Light 

There are various ways by which a linearly polarized light can 

_be obtained from unpolarized light. Some of these methods 

which we will discuss in detail are given here. 

(i) Polarization by Reflection 

(ii) Polarization by Refraction 

(iii) Polarization by Double Refraction 

(iv) Polarization by Dichroism 

(v) Polarization by Scattering 

6.8.1 Polarization by Reflection 

It was observed in several experiments during late nineteenth 
century t_hat reflected light from a surface gets polarized and 

polarization of light depends upon the angle of incidence of 
light and the refractive index of the medium. Figure-6.95 shows 

an l!npolarized light incident on the surface ofa glass slab. On 
analysis of reflected light it was observed to have more of the 

component of field vectQr which is parallel to the reflecting 

surface and the reflected light gets partially polarized as shown 
in the figure. It was also observed and analyzed that on changing 

the angle ofincidence the extent of polarization in the reflected 

light changes. 

Figure 6.95 

On changing the incidence angle_in above case it is observed 

that at a specific angle of incidence 0Pthe reflection of other 
component of field vector which is not parallel to reflecting 

surface goes completely off and reflected beam is totally linearly 

polarized as shown in figure-6.96. This angle 0Pis called the 

polarizing angle. 
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Figure 6.96 

This method of polarization by reflection is not popularly used 
as the portion oflight reflected is very small and most oflight is 
transmitted into the medium. 

6.8.2 Brewster's Law 

Based on several experiments on polarization of light by 
reflection, Sir David Brewster found.that the polarizing angle 
depends upon the refractive index of the medium. These series 
of experiments revealed that the reflected light gets completely 
polarized when the reflected and refracted light rays from the 
point of incidence are mutually perpendicular as shown in 
figure-6.96. By Snell's law we can relate these angles as 

... (6.l09) 

If the reflected and refracted light rays are mutually 
perpendicular then we can use 8 P + r = 90°. Thus from above 
equation-(i) we get 

=> 

sin 8p=µsin(90°-8p) 

sin Sp=µ cos 8P 

µ=tan ep ... (6.IIO) 

With above relation we can state "The tangent of the angle at 
which polarization is obtained by reflection is numerically 
equal to the refractive index of the medium" and this is called 
'Brewster's Law'. Aller this the polarizing angle 8 Pis also known 
as 'Brewster Angle'. Light reflected from any angle other than 
Brewster angle is partially polarized and light reflected at Brewster 
angle is polarized in c;rection normal to the plane ofincidence. 

6.8.3 Polarization by Refraction 

As studied in the previous article-6.8.2 when unpolarized light 
is reflected at Brewster angle gets linearly polarized with field 
vector oscillations normal to the plane ofincidence and refracted 
light partially polarized with more oscillations in the plane of 
incidence and less in the plane normal to that of incidence 
plane. If an unpolarized light is passed through a stack of glass 

plates as shown in figure-6. 97 placed at Brewster angle then at 
each plate the reflected light will be containing the field vector 
components normal to the plane of incidence and due to these 
successive reflections the field vector components normal to 
plane of incidence get filtered and ultimately the transmitted 
ray consists of the oscillation in the plane of incidence. 

Unpolarized 
Light '-------r-----' 

Parallel Glass Plates 

Figure 6.97 

Nearly Polarized Light 

With the above method the polarized light obtained in transmitted 
light beam affer several refractions, the degree of polarization 
increases as we increase the number of glass plates. However 
this method ofobtaining polarized light is also not very effective 
as a large portion of the light is lost in so many reflections. 

6.8.4 Polarization by Double Refraction 

There are some specific crystals like Calcite, Quartz, Tourmaline 
etc on which when natural light is incident then after refraction 
the light splits into two refracted rays which have different 
properties. This phenomenon of splitting ofrefracted rays by a 
crystal is called 'Birefringence' or 'Double Refraction' and such 
crystals are called 'Birefringent'. 

The two rays produced in double refraction are observed to be 
linearly polarized having field components oscillating in 
perpendicular directions. Out of the two rays one ray is 
observed to follow the laws ofrefraction and this is called 'O-Ray' 
or 'Ordinary Ray' and the other ray does not follow the laws of 
refraction and it is called 'E-Ray' or 'Extraordinary Ray'. The 
ordinary ray obeys the Snell's law and gets refracted into the 
crystal medium at an angle given by the refractive index of the 
medium but the extraordinary ray refracts into·themedium for 
which we cannot define a specific refractive index according to 
Snell's law. 

There are two types of Birefringent crystals which behave 
differently for the E-Rayand O-Raywhen a light gets refracted 
into these. Figure-6.98(a) shows a case when a light splits into 
the two rays with E-Ray has a lesser value of refractive index 
then O-ray thats why O-Ray is closer to the normal to the 
boundary. Such crystals are called 'Negative Birefringent 
Crystals' and figure-6.98(b) shows a case when after refraction 
E-Ray is closer to the normal to boundary and having higher 
refractive index ofmedium than O-Ray, such crystals are called 
'Positive Birefringent C1ystals'. 
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(a) 

E-Ray 

(b) 

Figure 6.99 

Figure-6.100 shows a calcite crystal which is a negative crystal. 
If an observer sees a source of light through this crystal as 
shown in figure then he will see two images of the object, one 
due to the E-Ray and other due to O-Ray. If we rotate the crystal 
about an axis along the direction oflight propagation then as 
shown in figure the observer will see that the image produced 
by the O-Ray will move in a circle around the image produced 
by the E-Ray .. lfthe crystal is replaced bya positive crystal like 
quartz then image produced oy E-Ray will rotate around the 
image produced by O-Ray on rotating the crystal. 

Light Source E-Ray 

' 5---------~;:1 --- --::---- ".->i----~0--R-a_y_ 

Calcite Crystal 

Figure 6.100 

Wave Optics j 

Figure-6. I 01 shows a 'Nicole Prism' which is made from calcite 
(negative crysial). Two trihedral prisms of calcite are cemented 
by a transparent cement called canada balsam as shown in the 
figure. The refractive index of calcite for the O-Ray is l.66 and 

that for E-Rayis 1.48 and that of canada balsam cement is l.55. 
Due to lower refractive index of canada balsam for O-Ray, it 
gets internally reflected at a specific angle and £-Ray passes 
on through the canada balsam and emerges out from th·e Nicol 
Prism as linearly polarized light. Nicole prisms are widely used 
polarizers and analyzers in various experiments. 

Calcite Prisms 

0-Ray 

Figure 6.101 

6.8.5 Polarization by Dichroism 

Canada Balsum Cement 

In early Nineteenth century it was discovered that some mineral 
crystals absorb oscillations offield.vector.oflight in a specific 
direction as lfght penetrates through such crystals and allow 
the field vector iµ direction normal to the absorbed components. 
In such crystals after some distance of penetration one direction 
component offield vector is completely absorbed and the light 

will contain only the perpendicular component and will get 
linearly polarized as shown in figure.6.102. This property of 
crystals of absorbing field vector oscillations only in one 
direction is called 'Selective Absorption' or 'Dichroism' and 
such crystals are called 'Dichroic Crystals'. Commonly used 
polaroid glasses are made of such dichroic crystals. 

Figure 6.102 

6.8.6 Polarization by Scattering 

When unpolarized light incident on a medium containing 
microscopic suspended particles then the incident light on these 
particles is scattered in different direction which is partially 
polarized. The degree of polarization in scattered light depends 
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upon the angle of scattering. It is observed that the beam of 
light scattered at 90° with respect to the incident direction is 
linearly polarized and the light in the direction of incident 
direction and other directions is partially polarized as shown in 

figure-6.103. In three dimensional space the actual directions in 
which the linearly polarized lights will scatter will depend upon 
the orientation of the suspension particles in space. 

y 

Polarized Light 

Figure 6.103 

6.8. 7 ¥al us' Law 

Partially 
Polarized light 

When an unpolarized light incident on a polarizer, the light 
transmitted through the polarizer is linearly polarized and if this 
polarized light again incident on an analyzer (another polarizer) 
the transmitted intensity varies with the angle between the 
transmission axes of the polarizer and analyzer. 

Figure-6.104 shows that the angle between the transmission 
axis of polarizer and analyzer is 0 and when the polarized light 
incident on the analyzer, only that component of the electric 
field vector passes through the analyzer which is along the 
transmission axis ofanalyzer. If A is the amplitude of the field 
vector then in figure we can see that Acos0 is the component 
along the transmission axis ofanalyzer which passes through it 
and other perpendicular component A sin0 is blocked by it. 

U:ipolarized 
Light 

Polarizer 

I, 

Polarized 
Light 

Figure 6.104 

If /0 is the intensity of polarized light after first polarizer then we 
can use 

J0 = kA 2 

then the intensity of the light after analyzer can be given as 

lp= k(A cos 0)2 

Ip=/0 cos2 0 ... (6.111) 

From theaboveequation-(6.111) we can state"Whenapolarized 
light is passed through an analyzer then the intensity of light 

transmitted through it is proportional to the square of the 
cosine of angle between the plane of transmission of the 
analyzer and the plane of transmission of the polarizer", this 
is called Mal us' law. So if an analyzer is kept after a polarizer 

with its transmission axis perpendicular to the transmission 
axis of polarizer then no light will pass through it as shown in 
figure-6.1 0S(a) and ifboth the polarizer and analyzer are kept 
with their transmission axis parallel then full intensity of polarized 
light will pass through the analyzer as shown in figure-6. JOS(b ). 

Unpolarized 
Light 

Unpolarized 
Light 

Polarizer 

Polarizer 

I, 

Polarized 
Light 

(a) 

I, 

Polarized 
Light 

(b) 

Figure 6.105 

Analyzer 

' ' 

' ' TransmiSsion axis · 
Perpendicular to polarize~ 

Analyzer 

6.8.8 Intensity of Polarized light through a Polaroid 
(Polarizer) 

As already discussed, an unpolarized light has field vector 
oscillations in all directions perpendicular to the direction of 

propagation of light as shown in a cross sectional plane in 
figure-6.106. When this unpolarized light is passed througl) a 
polaroid then components of all oscillating field vectors in the 
direction along the transmission axis of polaroid will pass 
through it and components perpendicular to transmission axis 
are blocked. 

A cos 8 

' ' ' ' ' ·---:--__ : Polarized Light 

J Unpolarized Light 

Figure 6.106 

If we consideran oscillation amplitude A shown bya bold arrow 

in above figure which is at an angle 0 to the transmission axi~ of 
the polaroid then its component A cos0 will pass and its 
component A sin0 will be blocked. The resulting amplitud,:,of 
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the polarized light after transmission through the polaroid will 
be sum of all A cos0 for all the oscillations of the field vector in 
unpolarized light with value of0 varying from 0 to2n_ Ifintensity 
of unpolarized light is 10 then the intensity of the transmitted 
light can be given as 

I,= k(0f Acos0)

2 

0=0 

As at all angles 0 in unpolarized light, the amplitude of 
oscillation can be considered same with equal probability so 
we can write the above expression as 

l,= (10 cos2 e) 
average from 0=0 10 2n 

L =I (cos2 e) 
T O average from 8=0 to 2rt 

As av.erage value of square of cosine of an angle varying from 

0to2nisgivenas (cos2 e) = ½-

J=J(.!.)=~ 
T O 2 2 ... (6.ll2) 

With the result obtained in above equation-(6.112) we can state 
"The intensity of zmpolarized light after passing through a 
polarizer reduces to ha/fin polarized light". 

6.8.9 Optical Activity of Substances 

Some specific transparent substances have property to rotate 
the plane of polarization ofa polarized light when the light is 
passed through it, such substances are called 'Optically Active' 
substances and this ability of substances to rotate the plane of 
polarization oflight is called 'Optical Activity'. Quartz and 
Cinnabar are common examples of optically active crystals and 
substances which are optically active in both solid and liquid 
state are Sugar and Camphor. Figure-6. l 07 shows an optically 
active substance on which a polarized light is incident with the 
field vector oscillations in a plane which is in the plane of paper 
which is the plane of polarization. We can see in figure, as the 
light passes through the substance, the plane of polarization 
rotates and the light which comes out of the material remain 
linearly polarized but its plane of polarization gets rotated. 

Figure 6.107 

There are two ways in which optically active substances are 
divided based on the direction of rotation of plane of 

polarization. When the emerging light is observed from the 
direction opposite to the direction of propagation oflight then 
the substances which rotates the plane of polarization in 
clockwise direction (toward right) are called 'Dextrorotatory 
Substances' and those which rotate the plane of polarization of -
light in anticlockwise direction (toward left) are called 
'Laevorotatory Substances'. 

The optical activity of a substance is analytically measured in 
terms of 'Specific Rotation' ofa substance which is defined for 
a given wavelength of light as the rotation produced by one 
decimeter long column of the solution containing unit 
concentration (I gm/cm3) of the substance. !fa polarized light 
passes through a solution of optically active substance having 
concentration C (in gm/crri3) and oflength I (in decimeter) and 
the angle by which plane of polarization oflight gets rotated by 
0 then specific rotation of the substance is given as 

0 
S'=

i. IC 

# Il/11strative Example 6.31 

The axes ofa polarizer and an analyzer are oriented at 30° to 
each other. 

(a) Jfu~polarized light of intensity 10 is incident on them, 
what is the intensity 6fthe transmitted light? 

(b) Polarized light of intensity 10 is incident on this polarizer
analyzer system. If the amplitude of the light makes an angle of 
30° with the axis of the polarizer, what is the intensity of the 
transmitted light? 

Sol11tio11 

(a) Half the light passes through the polarizer, so the intensity 
of the polarized light incident on the analyser is 

I 
l = 2 1., and the intensity/' of the light passingh through the 

. I 
analyzer 1s /'=: cos2 0 = 2 10 cos2 30° = 0.3751

0
. 
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(b) After passing through the polarizer the intensity is 

I= /0cos2 0 = /0 cos2 30° = 0. 75 /0• This light is now polarized at 

30° to the axis of the analyzer, so the intensity of the light 

passingh through the analyzer is 

/'= I cos2 0 = 0.75 /0 cos2 30° = 0563/0. 

# Illustrative Example 6.32 

A beam of plane polarised light falls normally on a polariser 

( cross-sectional area 3 x I 0-4 m2) which rotates about the axis 

of the ray with an angular velocity of3 I .4 rad/s. Find the energy 

of light passing through the polariser per revolution and the 

intensity of the emergent beam if flux of energy of the incident 
ray is 10-3 W. 

Solution 

If / 0 is the intensity of plane polarised light incident on the 

polariser, then intensity of emerging light is given by 

I= / 0 cos2 0 

The average value of/ over one revolution can be calculated 

as: 

. 1 21t 

I =-Jld0 
~ 2n 

0 

I 2rr 

I = -J /0 cos
2 0d0 

~ 2n 
0 

Io 
/~ 2 

Intensity is given by 

and 

Power 
/=--
0 area 

10-3 I 0 
I = --- = - W/m2 
o 3x!0-4 3. 

/ 0 5 
I = - = - W/m2• 
av 2 3 

The energyoflight passing through the polariser per revolution 

2n 
E=I xAx T=I xA x -

av av (0 

5 2n 
= - X (3 X 10-4) X --

3 31.4 

= 1Q-4J 

:fail~ 

# Illustrative Example 6.33 

The axes of a polarizer and an analyzer are oriented at right 

angles to each other. A third Polaroid sheet is placed between 

them with its axis at 45° to the axes of the polarizer and analyzer. 

(a) If unpolarized light of intensity /0 is incident on this 
system, what is the intensity of the transmitted light? 

(b) What is the intensity of the transmitted light when the 
middle Polaroid sheet is removed? 

Sollltion 

(a) The lightthat passes through the polarizer has an intensity 

I 
of 2 /0 and is polarized at 45° to the middle sheet. Thus the 

light that passes through the middle sheet has the intensity 

I 
I= 2 10cos2 45° = 0.2510 and is polarized 45° to the axis of the 

analyzer. Thus the intensity of the light passing through the 
analyzer is/'=/ cos2 45° =0.125/

0
. 

(b) Ifthe middle Polaroid sheet is removed, we have a crossed 
polarizer-analyzer and no light gets through. 

..... ------------
. Web Reference at,www.physicsgalaxy.com 
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Practice Exercise-6.4 

(i) (a) Ordinary light incident on one Polaroid sheet falls 

on a second Polaroid whose plane of vibration makes an angle 
of30° with that of the first Polaroid. Ifthe Polaroids are assumed 

to be ideal, what is the fraction of the original light transmitted 
through both Polaroids? 

(b) If the second Polaroid is rotted until the transmitted 
intensity is IO percent of the incident intensity, what is the new 
angle? 

[(a) 3/8; (b) 63.4°] 

(ii) Three nico!s prisms are placed such that, first and third 
are mutually perpendicular. Unpolarised light is incident on 
first nicol's prism, the intensity of light emerges from third 

nicol's prism is 1/16 the intensity of incident light. Find the 
angle between first and second nicol's prisms. 

[22.5°] 
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(iii) Polarized light of intensity I0 is incident on a pair of 
-Polaroid sheets. Let 0 1 and 02 be the angles between the _ 
incident amplitude and the axes of the first and second sheet, 
respectively. Show that the intensity of the transmitted light is 

I= I0 cos2 0 1 cos2 (0 1 - 02).° 

(iv) A mixture of plane polarised and unpolarised light falls 
normally on a polarising sheet. On rotating the polarising sheet 
about the direction of the incident beam, the transmitted 
intensity varies by a factor 4. Find the ratio ofthe intensities IP 
and I

0 
respectively of the polarised and unpolarised 

components in the incident beam. Next the axis of polarising 
sheet is fixed at an angle of 45° with the direction when the 

___ - __ Wave Optic?l 

transmitted intensity is maximum. Then obtain the total intensity 

of the transmitted beam in terms of I0. 

[ l 51, l 
2' 4 

,- .. --· ... ----------------~ 
Advance Illustrations Videos at www.physicsgalaxy.com 

Age Group-Advance Illustrations 

Section -OPTICS 
Topic-Wave Optics 

l Illustrations -.22: In-depth Illustrations Videos , __ -- -~- --~----------------' 
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Discussion Question 
Q6-1 Why does an aeroplane flying at a great altitude not 
case a shadow on the earth ? 

Q6-2 When sun rays pass through a small hole in the foliage 

at the top of a high tree, they produce an elliptical spot oflight 
on the ground. Explain why. When will the spot be a circle? 

Q6-3 If a mirror reverses right and left, why doesn't it reverse 
up and down? 

Q6-4 Is it possible to photograph a virtual image? 

Q6-5 Is is possible for a given lens to act as a converging lens 
in one medium, and as a diverging lens in another? 

Q6-6 A camera lens is marked// 1.8. Wbat is the meaning of 
this mark? 

Q6-7 If these are scratches on the lens of a camera, they do 

not appear on a photograph taken with the camera. Explain. Do 
the scratches affect the photograph at all ? 

Q6-8 The sun seems to rise before it actually rises and it seems 
to set long after it actually sets. Explain why. 

Q6-9 Does the focal length ofa lens depend on the medium in 
-which the lens is immersed? Is it possible for a lens to act as a 

conversing lens in one medium and a diverging lens in another 
medium? 

Q6-10 Explain why the use of goggles enables an underwater 
swimmter to see clearly under the surface ofa lake. 

Q6-11 Some motor cars have additional yellow headlights. 
Why? 

Q6-12 Why does a column of smoke rising above the roof of 

houses seem blue against the dark background of the 
surrounding objects, and yellow or even reddish against the 
background of a bright sky? 

Q6-13 What are primary colours? Why are they so called? 

Q6-14 A beam of white light passing through a hollow prism 
gives no spectrum. ls this true of false ? 

Q6-15 Ordinary paper becomes transparent when it is oiled. 
Explain whey. 

Q6-16 Whey does the moon, purely white during the day, 
have a yellowish hue after sunset? 

Q6-17 What is the best position of the eye for viewiing an 
object through a microscope? 

Q6-18 What is the function of the circular stop at the focal 
plane of the objective of a telescope? 

Q6-19 Why is the objective ofa telescope oflarge focal length 
and large aperture? 

Q6-20 Can the optical length between two points even be 

less than the geometrical path between these points? 

' 
* * * * * 
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. Conceptual MCQs Single Option Correct 
6-1 A parallel monochromatic beam oflight is incident normally 
on a narrow_ siit. A diffraction pattern is formed on a screen 
placed perpeIJdicular to the direction ofincident beam. At the 
first minima of the diffraction pattern, the phase difference 
between the rays coming from the edges of the slit is : 

(A)_ 0 

(C) " 

• " (B) 2 

(D) 2it 

6-2 In Fraunhofer diffraction experiment, L is the distance 
between screen and the obstacle, b is the size of obstacle and 
"}.. is wavelength of incident light. the general condition for the 
applicability ofFraunhofer diffraction is : 

b' b' 
(A) ->>I (B) -=I 

L"}.. L"}.. 

b' b' 
(C) -<<I (D) -at! 

L"}.. L"}.. 

6-3 In a Fraunhofer diffraction experiment at a single siit using 
a light ofwavelerigth 400 nm, the first minimum is formed at an 
angle of30°. The direction 0 of the first secondary maximum is 

given by: 

(A) . -1 (2) sm -
3 

(B) sin-'(¾) 

(D) sin-
1 (¾) 

6-4 Ifwe observe the single slit Fraunhofer diffraction with 
wavelength"}.. and slit width b, the width of the centrai'maxima 
is 20. On decreasing the slit width for the same"}..: 

(A) 0 increases 
(B) 0 remains unchanged 
(C) 0 decreases · 
(D) 0 increases or decreases depending on the intensity of 
light 

6-5 In diffraction from a single slit, the angular width of the 
central maxima does not depend on : 
(A) "}.. oflight used 
(B) Width of slit 
(C) Distance of slits from screen 
(D) Ratio on and slit width 

6-6 The critic~! angle of a certain medium is sin-1 ( ¾) . The 

polarizing angle of the medium is : 

(A) tan-1 
( ~) 

(C) tan-1 
( ¾) 

(B) tan-1 
( ¾) 

(D) tan-1 
( 1) 

6-7 \Yhich of the following cannot be polarized? 
(A) Ultraviolet rays (B) Ultrasonic waves 
(C) X-rays (D) Radiowaves 

6-8 An unpolarised. beam of intensity I0 falls on a polariod. 
The intensity of the emergent light is: 

(A) I; (B) I0 

(C) ~ 
4 

(D) Zero 

6-9 Which of the following is a dichroic crystal? 
(A) Quartz (B) Tourmaline 
(C) Mica (D) Selenite· 

6-10 An unpolarised beam ofintensity I0 is incident on a pair 
ofNicol's prisms making an angle of60° with each other. The 
intensity oflight-emerging from the pair is : 

(A) I0 (B) I,/2 
(C) I,j4 (D) I,j8 

6-11 When an unpolarized light ofintensity I0 is incident on a 
polarizing sheet, the intensity of the light which does not get 
transmitted is : 

1 
(A) 2Io 

(C) Zero 

6-12 An optically active compound: 
(A) Rotates the plane polarised light 
(B) Changing the direction of polarised light 
(C) Do not allow plane polarised light to pass through 
(D) None of the above 

6-13 A 20 cm length ofa certain solution causes right handed 
rotation of38°. A30 cm length ofanother solution causes left 
handed rotation of 24°. The optical rotation caused by 30 cm 
length ofa mixture of the above soluiions in the volume ratio 
1: 2 is: 
(A) Left handed rotation of 14° 
(B) Right handed.rotation 0(14° 
(C) Left handed rotation of) 0 

. 

(D) Right handed rcitation.of3° 
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6-14 Specific rotation of sugar solution is 0.5 deg m2/kg. 
200 kgm-3 of impure sugar solution is taken in a smaple 
polarimeter tube oflength 20 cm and optical rotation is found 
to be 19°. The percentage of purity of sugar is : 
(A) 20% (B) 80% 
(C) 95% (D) 89% 

6-15 Two polaroids are placed in the path ofonpolarized beam 
of intensity /0 such that no light is emitted from the second 
polaroid. If a third polaroid whose polarization axis makes an 
angle 0 with the polarization axis of first polaroid, is placed 
between these polaroids, then the intensity oflight emerging 
from the last polaroid will be : 

(A) ( /; }in
2 

20 (B) ( ~ }in
2 

20 

(C) (; }os
4 

0 (D) /0 cos4 0 

6-16 Two light waves arrives at a certain point on a screen. 
The waves have the same wavelength. At the arrival point, 
their amplitudes and phase differences are : 
(I) 2a0, 6a0 and it rad (II) 3a0, 5a0 and it and 
(Ill) 9a0, 7a0, and 3n rad (IV) 2a

0
, 2a

0 
and 0. 

The pair/s which has greatest intensity is/are: 
(A) I (B) II 
(C) 1i III (D) iN 

6-17 Two beams oflight having intensities land 4 Jinterfere to 
produce a fringe pattemon the screen. Phase difference between 

the beams is "i at point A and it at point B. The difference in 

intensities ofresulting light at points A and B is : 
(A) 31 (B) 41 
(C) 51 (D) 61 

(A) 
b2 b2 

d' bd 

(C) 
b2 b2 
--
2d' 3d 

b2 b2 
(B) d' 4d 

b2 b2 
(D) 2d' 4d 

6-20 Ratio of intensities between a point A and that of central 
fringe is 0.853. lfwe consider slits are of equal width then path 
difference between two waves at point A will be : 

(A) 1-.. 
2 

(C) 1-.. 
8 

(B) .?: 
4 

(D) 1-.. 

6-21 Two waves of same intensity produce interference. If 
intensity at maximum is 41, then intensity at the minimum will be: 
(A) 0 (B) 21 
(C) 31 (D) 41 

6-22 Intensity of central bright fringe due to interference of 
two identical coherent monochromatic sources is I. If one of the 
source is switched off, then intensity of central bright fringe 
becomes: 

(A) I 
2 

(C) I 
4 

(D) I 

6-23 In an experimentto demonstrate interference offlight using 
Young's slits, separation of two slits is doubled. In order to 
maintain same spacing of fringes, distance D of screen from 
slits must be changed to : 

(A) D 

6-18 A plane eiectromagnetic wave of frequency w
0 

falls 
normally on the surface of a mirror approaching with a (C) 2D 
relativisitic velocity v. Then frequency of the reflected wave 

will be ( given J3; ~): 

(I+ j3)w0 

(C) (J-j3) 

J+J3 
(B) (l-J3)Wo 

(I - 13) 
(D) (I+ J3)w

0 

6-19 White light is used to illuminate two slits in Young's double 
slit experiment. Separation between the slits is band the screen 
is at a distanced(>> b) from the slits. Then wavelengths missing 
at a point on the screen directly in front ofone of the slit are: 

6-24 In Young's double slit experiment, 12 fringes are obtained 
to be formed in a certain segment of the screen when light of 
wavelength 6000A is used. If wavelength oflight is changed to 
4000A, number of fringes observed in the same segment of the 
screen is given by : 
(A) 18 
(C) 30 

(B) 24 
(D) 36 · 

6-25 In Young's double slit experiment, interference pattern is 
found to have an intensity ratio between bright and dark fringes 
as 9. Then amplitude ratio will be: 
(A) I (B) 2 
(C) 9 (D) 3 
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6-26 If A is the amplitude of the waves coming from a point 
source at distance rthen which of the following is correct: 
(A) A cc r·2 (B) A cc ,-1 

(C) A cc r2 (D) A cc ,-1 

6-27 If A is the amplitude of the wave coming from a line source 
at a distance r, then : 
(A) Acer 
(C) A cc r·2 

(B) A cc ,.-112 

(D) A oc.,-112 

6-28 Phase difference between two coherent light waves 
having same amplitude A is 2,r/3. If these waves superpose 
each other at a point, then resultant amplitude at the point of 
superposition will be : 
(A) 2A 
(C) A 

(B) 0 
(D) A' 

6-29 Ratio ofamplitudes of the waves coming from two slits 
having widths in the ratio 4 : l will be 
(A) 1 : 2 (B) 2: I 
(C) 1:4 (D) 4: l 

6-30 Two slits S
1 

and S2 illuminated by a white light source 
give a white central maxima. A transparent sheet ofrefractive 
index l.25 and thickness I 1 is placed in front of S1• Another 
transparent sheet ofrefractive index 1.50 and thickness 12 is 
placed in front of S2• If central maxima is not effected, then ratio 
of the thickness of the two sheets will be: 
(A) I : 2 (B) 2: I 
(C) 1:4 (D) 4: I 

6-31 !fa thin film of thickness I and refractive indexµ is placed 
in the path oflight coming from a source S, then increase in 

length ofoptical path is : 
(A) µt (B) µ/1 
(C) (µ-1)1 (D) None of these 

6-32 In the adjacent diagram, CP represents a wavefront and 
AO and BP, the corresponding two rays. Find the condition on 
0 for constructive interference at P between the ray BP and 
reflected ray OP: 

R 

A 

B 

Figure 6.108 

21,, 
(A) cos 0= -

2d 
,_ 

(C) sec 0 - cos 0 = d 

- -- - --·1 

_ W~v~_9Eti~~ I 
,_ 

(B) cos0= -
4d 

41'. 
(D) sec 0-cos 0 = d 

·5.33 -In a young double slit experiment, D equals the distance 
of screen and dis the separation between the slit. The distance 
of the nearest point to the central maximum where the intensity 
is same as that due to a single slit, is equal to : 

D1'. 
(A) d 

D1'. 
(C) 3d 

6-34 In the given figure-6. l 09, ifa parallel beam of white light 
is incident on the plane of the slits then the distance of the 
white spot on the screen from O is [Assumed<<D, 1'.< <d]: 

(A) 0 
(C) d/3 

i 

~D 

Figure 6.109 

(B) d/2 

(D) d/6 

6-35 In YDSE (as shown in the figure-6. l 10), a parallel beam 
oflight is incident on the slit from a medium ofrefractive index 
n

1
• The wavelength oflight in this medium is 1'.1• A transparent 

slab of thickness 't' and refractive index n3 is put infront ofone 
slit. The medium between the screen and the plane of the slits 
in n

2
• The phase difference between the light waves reaching 

point 'O' (symmetrical, relative to the slits) is: 

Figure 6.110 

2n 
(B) -(n -n )1 ,_ 3 2 

I 

* * * * * 
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NumericalMCQsSingle Options Correct 
6-1 In a Young's double slit experiment, angular width of a 

fringe formed on a distant screen is 0.1°. If wavelength oflight 
used is 6000 A , then distance between the slits will be : 
(A) 0.241 mm (B) 0.344 mm 

(C) 0.519mm (D) 0.413mm 

6-2 In a Young's double slit experiment two narrow slit 0.8 mm 

apart are illuminated by the same source of yellow light of 

wavelength 5893 A. If distance between slits and screen is 2m 

then separation between adjacent bright lines will be : 

(A) 14.73mm (B) 14.73cm 

(C) 1.473mm (D) 147.3mm 

6-3 Two stars are situated at a distance of8 light year from the 

earth. These are to be just resolved by a telescope of diameter 

0.25 m. If the wavelength of light used is 5000 A, then the 
distance between the stars must be : 

(A) 3 x 1010 m (B) 3.35 x 1011 m 

(C) 1.95 x 1011 m (D) 4.32 x 1010 m 

6-4 A beam oflight of wavelength 6000A from a distant source 

falls on a single slit I mm wide and the resulting diffraction 

pattern is observed on a screen 2m away. The distance between 
the first dark fringes on either side of the central bright fringe 
is: 
(A) 1.2cm 

(C) 2.4cm 
(B) 1.2mm 

(D) 2.4mm 

6-5 A single slit of width dis illuminated by violet light of 

wavelength 4000A and the width of the central maxima is 

measured as y. When half of the slit width is covered and 

illuminated by yellow light of wavelength 6000A., the width of 
the central maxima is: 
(A) The pattern vanishes 
(B) y/3 

(C) 3y 

(D) None of the above 

6-6 A beam of natural light falls on a system of5 polaroids, 
which are arranged in succession such that the pass axis of 
each polaroid is turned through 60° with respect to the 

preceding one. The fraction of the incident light intensity that 

passes through the system is : 

(A) 64 (B) 32 

(C) 512 

6-7 When the angle of incidence on a material is 60°, the 

reflected light is completely polarized. The velocity of the 

refracted ray inside the material is (in ms·1): 

(A) 3 x I 08 (B) [1]x!0
8 

(C) .fj X 108 (D) 0.5 x 108 

6-8 'A double slit experiemnt is done with monochromatic light 

of wavelength 6000 A. Slits are 2 mm apart and fringes are 

observed on a screen placed 10 cm away from the slits. If a 

transparent plate of thickness 0.5 mm is placed in front of one of 

the slit, interference pattern shifts by 5 mm. Then refracti',e 

index oftransparent plate should be : 

(A) 1. 1 (B) 1.2 

(C) 1.3 (D) 1.5 

6-9 A ray of light is incident on a medium boundary at 

polarising angle such that its deviation is 24°, then angle of 

incidence is : 
(A) 24° 

(C) 66' 
(B) 57° 

(D) 90' 

6-10 Ifthe polarizing angle ofa piece of glass for green light is 

54.74°, then the angle of minimum deviation for an equilateral 

prism made of same glass is: 

[Given: tan 54.74°= 1.414] 

(A) 45° 

(C) W' 
(B) 54.74° 

(D) 30° 

6-11 In Young's double slit experiment the light emited from 

source has'),,,= 6500A and the distance between the two slits is 

1 mm. Distance between the screen and slit is 1 metre. Distance 

between third dark and fifth birth fringe will be : 

(A) 32mm (B) 1.63mm 

(C) 0.585mm (D) 2.31 mm 

6-12 In Young's double slit experiment, if the widths of the slit 

are in the ratio4: 9, ratio of intensity of maxima to intensity of 
' minima will be: 

(A) 25: I 

(C) 3: 2 
(B) 9:4 

(D)8!:16 

6-13 A light source approaches the observer with velocity 

0.5 cm. Doppler shift for light of wavelength 550 A is: 
(A) 616A (B) 1833 A 

(C) 5500A (D) 6160A 
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6-14 A plane monochromatic light fulls normally on a diaphragm
with two narrow slits separated by a distance d = 2.5 mm. A 

fringe pattern is formed on the screen placed at D = I 00 cm 
behind the diaphragm. If one of the slits is covered by a glass 

plate of thickness lOµm, then distance by which these fringes 

will be shifted will be: 

(A) 2mm 
(C) 4mm 

(B) 3mm 

(D) 5mm 

6-15 In a sngle slit diffraction pattern the angular width of a 
central maxima is 30° when the slit is illuminated by light of 
wavelength 6000 A. Then width of the slit will be approximately 

given as: 

(A) 12 x IO-Om 
(C) J2x]o-8m 

(B) ]2 X ]0--7 m 

(D) J2 X J0--9 m 

6-16_ Light of wavelength 6000A is incident on a single slit. 

First minimum is obtained at a distance of0.4 cm from the centre. 
If width of the slit is 0.3 mm, then distance between slit and 

screen will be : 

(A) l.Om 
(C) 2.0m 

(B) 1.5m 
(D) 2.3m 

6-17 If velocity ofa galaxy relative to earth is 1.2 x 106 ms-2 

then percentage increase in wavelength oflight from galaxy as 

compared to the similar source on earth will be: 

(A) 0.3% (B) 0.4% 
(C) 0.5 % (D) 0.6 % 

6-18 Light of wavelength 5000 A is incident normally on a slit. 

First minimum of diffraction pattern is formed at a distance of 
5 mm from the central maximum. If slit width is 0.2 mm, then 

distance between slit and screen will be: 
(A) Im (B) 1.5m 
(C) 20m (D) 2.Sm 

6-19 Doppler shift for the light of wavelength 6000 A emitted 
from the sun is 0.04 A. Ifradius ofthe sun is 7 x 108 m then time 

period ofrotation of the sun will be : 
(A) 30 days (B) 365 days 

(C) 24 hours (D) 25 days 

6-20 On introducing a thin mica sheet of thickness 2 x I 0--,; m 
and refractive index 1.5 in the path of one of the waves, central 
bright maxima shifts by n fringes. Wavelength of the wave used 

is 5000 A, then n is : 
(A) I 

(C) 5 

(B) 2 

(D) 10 

- ------·----, 
-~·~·-<2.e!i~ 

6-21 A radar operates at wavelength 50.0 cm. If the beat 
freqency between the transmitted singal and the singal reflected 
from aircraft (Av) is I kHz, then velocity of the aircraft will be: 
(A) 800 km/hr (B) 900 km/hr 
(C) IOOOkm/hr (D) 1032km/hr 

6-22 A parallel beam of light of wavelength 6000 A gets 
diffracted by a single slit of width 0.3 mm. The angular position 
of the first minima of diffracted light is: 
(A) 6 x 10-3 rad (B) 1.8 x 10-3 rad 
(C) 3 x 10-3 rad (D) 2 x 10-3 rad 

6-23 A spectral line of wavelength 0.59 mm is observed in the 
directions along the opposite edges of the solar disc along its 
equator. A difference in wavelength equal A'/c = 8 pm is observed. 
Period of Sun's revolution around its own axis will be about 
(Radius of sun= 6.95 x 108 m): 
(A) 30 days 
(C) 25 days 

(B) 24 hours 
(D) 365 days 

6-24 Iflight with wavelength 0.50 mm falls on a slit of width 
JO.mm and at an angle 0 = 30° to its normal. Then angular 
position of first minima located on any sides of the central 
Fraunhoffer's diffraction will be at: 
(A) 33.4° (B) 26.8° 
(C) 39.8° (D) None of these 

6-25 Angular width of central maximum in the Fraunhciffer's 
diffraction pattern is measured. Slit is illuminated by the light of 
another wavelength, angular width decreases by 30%. 
Wavelength oflight used is : 
(A) 3500A 
(C) 4700A 

(B) 4200A 
(D) 6000A 

6-26 A parallel beam of white light falls on a thin film whose 
refractive index is 1.33. Ifangle ofincidence is 52° then thickness 
of the film for the reflected light to be coloured yellow 
('/c = 6000 A) most intensively must be: 
(A) 14(2n+l)m (B) 1.4(2n+l)m 
(C) 0.14(2n+l)m (D) 142(2n+l)m 

6-27 Ligh\ of wavelength 6000 A is normally incident on a slit. 
Angular position of second minimum from central maximum us 
30°. Wi_dth of the slit should be: 
(A) J2x!0--5 cm (B) ]8xJ0--5 cm 
(C) 24x I0--5 cm (D) 36x J0--5cm 

6-28 Interference fringes from sodium light of wavelength 
5890 A in a double slit experiment have an angular width 0.20~. 
To increase the fringe width by I 0%, wavelength oflight used 
should be: 
(A) 5892A 
(C) 8000A 

(B) 4000A 
(D) 6479A 
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6-29 In Young's double slit experiment, using monochromatic 
light, fringe pattern shifts by a certain distance on the screen 
when a mica sheet ofrefractive index 1.6 and thichness 1.964 mm 
is introduced in the path of one of the two waves. Jfnow mica 
sheet is removed and distance between slit and screen is 
doubled, distance between successive maximum or minimum 
remains unchanged. The wavelength of the monochromatic light 
used in the experiment is : 
(A) 4000A 
(CJ 5892A 

(BJ 5500A 
(D) 6071 A 

6-30 In a YDSE setupwith monochromatic light, fringes are 
obtained on a screen placed at some distance from the slits. If 
screen is moved by 5 x I 0-2 m towards the slits, then change in 
fringe width is 3 x I 0-5 m. !fthe distance between slits is I 0-3 m 
then wavelength of the light used will be: 
(A) 4000 A (B) 6000 A 
(CJ 5890 A (D) 8000 A 

6-31 Monochromatic light of wavelength 5000 A is incident 
on two slits separated by a distance of5 x J0-4 m. Interference 
pattern is seen on the screen placed at a distance of I m from 

· theslits.Athinglassplateofthickness 1.5 x Ja-,;mandrefractive 
index 1.5 is placed between one of the slits and the screen. If 
intensity in the absence of plate at center of screen was I0 then 
new intensity at the centre of the screen will be: 
(A) 0 (B) I0 

(C) Io 
2 

) 
3Io 

(D -
4 

6-32 In Young's double slit experiment, separation between 
the slits is 2 x I 0-3 m and distance of the screen from the slit is 
2.5 m. Light in the range of2000-8000 A is allowed o fall on the 
slits. Wavelength in the visible region that will be present on 
the screen at 10-3 m from the central maxima will be: 
(A) 4000 A (B) 5000 A 
(CJ 6000 A (D) sooo A 

6-33 A double slit experiment is immersed in a liquid ofrefractive 
index 1.33. Separation between the slits is 1.0 mm and the distance 
between slit and screen is 1.33 m. If slits are illuminated by a 
parallel beam oflight whose wavelength is 6300 A, then fringe 
,vidth will be: 
(A) 6.3mm (B) 63mm 
(C) 0.63 mm (D) None of these 

6-34 In a YDSE arrangement, incident yellow light is composed 
of two wavelength 5890 A and 5895 A. Distance between the 
slits is I mm and the screen is placed I m away. Order upto 
which fringes can be seen on the screen will be : 
(A) 384 (B) 486 
(C) 512 (D) 589 

-- . - -:-, 
. - - . .1!l!.J 

6-35 When light is incident on a soap film of thickness 

5 x I 0-5 cm, wavelength which is maximum reflected in the visible 

region is 5320 A. The refractive index of the film will be: 

(A) 1.22 (B) 1.33 

(C) 1.51 (D) 1.83 

6-36 A rayofunpolarised light is incident on a glass plate of 
refractive index 1.54 at polarising angle, then angle ofrefraction 

IS: 

(A) 33° 

(C) 57° 

(B) 44' 
(D) 90' 

6-37 First diffraction minima due to a single slit of width 
1.0 x 10-5 cm is at 30°. Then wavelength oflight used is: 

(Al 400A (Bl 50oA 
(CJ 600 A (D) 700 A 

6-38 Light of wavelength 6328 A is incident normally on a slit 

of width 0.2 mm. Angular width of the central maximum on the 

screen will be: 

(A) 0.9' 
(C) 0.54° 

(B) 0.18' 
(D) 0.36° 

6-39 Light of wavelength 1,, is incident on a slit. First minima of 

the diffraction pattern is found to lie at a distanceof6 mm from 

the central maximum on a screen placed at a distance of2 m from 

the slit. If slit width is 0.2 mm, then wavelength of the light used 

will be: 
(A) 4000A 

(CJ 1000A 
(BJ 6000A 
(D) 7400A 

6-40 A slit 5 cm wide when irradiated by waves of 
wavelength 10 mm results in the angular spread of the central 

maxima on either side ofincident light by about : 
(A) 1/2 radian (B) 1/4 radian 

(C) 3 radian (D) 1/5 radian 

6-41 In Young's double slit experiment, ten slits separated by a 
distance of! mm are illuminated bya monochromatic light source 
of wavelength 5 x I 0-7 m. If the distance between slit and screen 
is 2 metre, then separation of bright lines in the interference 

pattern will be : 

(A) 05mm 
(C) 15mm 

(B) 1.0mm 

(D) 1.75mm 

6-42 A star is moving away from earth and s~ift in spectral line 
of wavelength 5700 A is 1.90 A. Velocity of the star is : 
(A) 50 km s-1 (B) 70 km s-1 • 

(C) 80kms-1 (D) IOOkms-1 
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6-43 In two separate set ups ofYoung's double slit experiment, 
fringes of equal width are observed when lights of wavelengths 
in the ratio I : 2 are used. If the ratio of slit separation in two 
cases is 2 : I, then ratio of distances between the plane of slits 
and the screen in the two set ups is : 
(A) I : 2 (B) 2: I 
(C) I : 4 (D) 4: I 

6-44 In a young's double slit experiment, two slits are illuminated 
byamixtureoftwowavelengths 12000Aand IOOOOA. At6.0mm 
from the common central bright fringe on a screen 2 m away 
from the slits, a bright fringe ofone interference pattern coincides 
with the bright fringe ofother. Distance between the slits should 

be: 
(A) 1.0mm 
(C) 2.0mm 

(B) 1.5mm 
(D) 2.5mm 

6-45 In a young's double slit experiment, slits are illuminated 
by a monochromatic source of wavelength 6000A and fringes 
are obtained. If screen is moved by a distance of5 cm towards 
slits, change in fringe width is 3 x 10-5 m. Then separation 
between the slits will be : 
(A) Imm 
(C) 1.5mm 

(B) 12mm 
(D) 1.63mm 

6-46 An unpolarized beam oflight is incident on a group of 
three polarizing sheets which are arranged in such a way that 
plane ofrotation of one make an angle of60' with the adjacent 

one. The percentage of incident light transmitted by first polarizer 
will be: 
(A) 625% 
(C) 50% 

(B) 12.5% 
(D) None of these 

6-47 80 gm of impure sugar when dissolved in a litre of water 
gives an optical rotation of9.9' when placed in a tube oflength · 
20 cm. If concentration of sugar solution is 75 gm/litre then 
specific rotation of sugar is : 
(A) 44' 
(C) 66' 

(B) 55° 
(D) 73° 

6-48 In a YDSE setup interference fringes are obtained by 
sodium light of wavelength 5890A. On screen the fringes have 
an angular width 0.20°. Now the wavelength oflight is changed 
and it is found that fringe width increases by I 0%, the new 
wavelength ofincident light is: 
(A) 5896A 
(CJ 6300A 

(BJ 7321A 
(D) 6479A 

6-49 In a Young Double Slit Experiment, 12 fringes are obseryed 
to be formed in a certain segment of the screen when light of 
wavelength 600 nm is used. lfthe wavelength oflight is changed 
to 400 nm, number of fringes observed in the same segment of 
the screen in given by : 
(A) 12 
(C) 24 

(B) 18 
(D) 30 

* * * * * 
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Advance MCQs with One or More Options Correct 
6-1 If one of the slits of a standard Young's double slit 
experiment is covered by a thin parallel sided glass slab so that 

it transmits only one half the light intensity of the other, then,: 
(A) The fringe pattern will get shifted towards the covered slit 

(B) The fringe pattern y;ill get shifted away from the covered 
slit 

(CJ The bright fringes will become less bright and the dark 
ones will becomes more bright 

(D) The fringe width will remain unchanged 

6-2 To observe a stationary interference pattern formed by 
two light waves, which of the following is not a necessary 
condition: 

(A) Same frequency (B) Same amplitude 

(CJ Constant phase difference (D) Same intensity 

6-3 In YDSE setup when white light is used then which of the 

following statements are correct for the interference pa(tern 
obtained. 

(A) The fringe next to the central maxima will be Reddish white 
(B) Central maxima will be white in colour 

(CJ The fringe next to the central maxima will be Bluish white 

(D) There will be no fringe which is perfectly dark 

6-4 In an interference arrangement similar to Young's 

double-slit experiment, the slits S1 and S2 are illuminated with 

coherent microwave sources, each of frequency I 06 Hz. The 

sources are synchronized to have zero phase difference. The 
slits are separated bya distanced= 150.0 m. The intensity 1(0) 

is measured as a function of0, where 0 is defined as shown, If 
/ 0 is the maximum intensity, then I (0) for O '.£ 0 '.£ 90° is given 
by: 

Il s, 

d/2 

9 

d/2 

s, 
ll 

Figure 6,111 

(A) /(0)=//2 for 0=30° 
(B) 1(0) = 1/4 for 0 = 90° 
(CJ 1(0) = 10 for. 0 = 0° 
(D) /(0) is constant for all values of0 

6-5 In a given YDSE setup if the wavelength oflight beam 
incident on slit plane is decreased then which of the following 
statments is/are correct: 
(A) The intensity of bright fringes will decrease 

(B) Fringe pattern will shrink 

(CJ Total number of bright fringes appearing on screen will 

mcrease 
(D) Only central fringe intensity will increase 

6-6 Figure-6. I 12 shows plane waves refracted from air to water 

using Huygen's principle a, b, c, d, e are lengths on the diagram. 
The refractive index of water w.r.t air is the ratio: 

B 

:witler _________ --- : --------- ---------------'----··-----~ - -_ -,--- -~~--_-_-_-_-_-_ 
- - --_-,·;_-,-,_-,----_ -_--:-··"-
- - - -- -· - ·-· - - - - - - - - - - -· ·-- """ - -- -~ ·- - -- - - -

Figure 6.112 

(A) ale 
(CJ bid 

(B) ble 
(D) dlb 

6-7 Figure shows a thin film on which a monochromatic light 
falls normally. The thickness offilm is equal to the wavelength 

oflight in the medium of film. Which of the following statements 
is/are correct: 
(A) Reflected light will be maximum if µ

1 
< µ

2 
< µ, 

(B) Reflected light will be maximum if µ
1 
< µ, > µ, 

(C) Transmitted light will be maximum if µ
1 
< µ, < µ, 

(D) Transmitted light will be maximum if µ1 < µ, > µ
3 

6-8 A light wave is travelling along -Y direction. For this light 
wave, which of the following equations of planes may represent 
its wavefront. 
(A)x=6 
(C)y=9 

(B) X + y + 2z=8 
(D)z=2 

6-9 In a single slit diffraction pattern obtained on a screen, if 
the slit width is gradually decreased, which of the following 
statement~ is/are correct: 
(A) Fringe pattern will expand 
(C) Fringes may disappear 

(B) Fringe pattern will shrink 
(D) No effect on fringe pattern 
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6-10 Two coherent light waves each having intensities /0 

interfering at a point in space where resulting intensity observed 
is I/2, the phase difference between the two waves at the point 
of interference can be: · 

(A) rr/3 
(C) 41113 

(B) 21113 
(D) Srr/3 

• • 

··---~ 
Wave or~"~ 

6-11 In a series ofpolaroids placed in such a way that optical 
axis of each polaroid makes same angle with the next one. 
When unpolarized light falls on first and ifno light is coming -
out from the last polaroid then by using how many number of 

polaroids in series this can be achieved: 
(A) 3 (B) 4 
(C) 5 (D) 6 

• • • 
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Unsolved Numerical Problems for Preparation of NSEP, INPhO & IPhO 
For detailed preparation of INPhO and IPhO students ca11 refer advance study material 011 www.physicsgalaxy.com 

6-1 A prism ha·1ing angleA0 (which is very small) is placed in 
front of a point source S at a small distance d. A screen is 
placed at a large distance Das shown in the figure-6.113. Find 
the fringe width of interference pattern given that source is 
emitting light of wavelength 1c and refractive index of prism 

IS J.L 
A 

s ~1>--~-~-------v.o 

D). 

l+--d->! 

~----D-------+!V, 

Figure 6.113 

Ans. [(µ-!)Ad] 

6-2 A thin glass plate of thickness t and refractive indexµ is 
inserted between screen & one of the slits in a Young's 
experiment. If the intensity at the center of the screen is I, what 
was the intensity at the same point prior to the introduction of 
the sheet. 

Ans. [/0 = J sec2 [ n(\-lt]] 

6-3 Ayoung's double-slit arrangement produces interference 
fringes for sodium light (1c = 5890A) that are 0,20° apart. What 
is the angular fringe separation if the entire arrangement is 
immersed in water (refractive index of water is4/3). 

Ans. [O. I 5°J 

6-4 Two coherent narrow slits emitting light of wavelength 1c 
in the same phase are placed parallel to each other at a small 
separation of21c. The light is calculated on a screen S which is 
placed a distance (D >> 1c) from the slit S1 as shown in 
figure-6.114. Find the distancex such that the intensity at Pis 
equal to the intensity at point 0. 

p 

f 
X 

~--g~------------------- l s, s, 0 
f+------1>-----+<S 

Figure 6.114 

Ans. [ ,/JD ] 

6-5 In Young's doubled slit experiment the slits are 0,5 mm 
apart and the interference is observed on a screen at a distance 

of! 00 cm from the slit. It is found that the 9th bright fringe is at 
a distance of 7.5 mm from the second dark fringe from the 
center of the fringe pattern on same side, Find the wavelength 
of the light used. 

Ans. [5000 A] 

6-6 Light of wavelength 520 nm passing through a double slit,. 
produces interference pattern of relative intensity versus 
deflection angle (J as shown in the figure-6.115, Find the 
separation d between the slits. 

2 3 0(degrees) 

Figure 6.115 

Ans. [l.99 x 10-2 mmJ 

6-7 The distance between two slits in a YDSE apparatus is 
3mm. The distance of the screen from the slits is Im. Microwaves 
of wavelength I mm are incident on the plane of the slits 
normally. Find the distance of the first maxima on the screen 
from the central maxima. 

Ans. [35.35cm app., 5] 

6-8 One radio transmitter A operating at 60.0 MHz is 10.0 m 
from another similar transmitter B that is 180° out of phase with 
transmitter A. How far must an observer move from transmitter 
A towards transmitter B along the line connecting A and B to 
reach the nearest point where the two beams are in phase? 

. Ans. [1.25m] 

6-9 The central fringe of the interference pattern produced by 
the light of wavelength 6000 A is found to shift to the position 
of 4th bright fringe after a glass sheet of refractive index 1.5 is 
introduced. Find the thickness of the glass sheet. 

Ans, [ 4.8 µm] 

6-10 A board source oflight of wavelength 680 nm illuminates 
normally two glass plates 120 mm long that meet at one end 
and are separated by a wire 0.048 mm in diameter at the other 
end, Find the numberofbright fringes formed over the 120 mm 
distance. 

Ans. [141] 
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6-11 Two microwave coherent point sonrces emitting waves 
of wavelength A are placed at 5A distance apart. The interference 
is being observed .on a flat non-reflecting surface along a line 
passing through one sonrce, in a direction perpendicular to 
the line joining the second source (refer figure-6.116) 
Considering A as 4 mm, calculate the positions of maxima and 
draw shape ofinterference pattern. Take initial phase difference 
between the two sonrces to be zero. __________ 

11

s, __ Observation_ 

surface 

si 

s, . 

Figure 6.116 

.\ns. [48, 21, 
3;.~o. m.m; ~l 

6-12 In a YDSE with visible monochromatic light two thin 
transparent sheets are used in front of the slits S1 and S2• 

µ1 = 1.6 and µ2 = 1 .4. If both sheets have thickness t, the central 
maximum is observed at a distance of 5 mm from center 0. Now 
the sheets are replaced by two sheets of same material of 

re;active index µ1 ; µ2 but having thickness t1 & t2 such tha; 

~+~ - . . . 
t = -

2
-. Now central maximum 1s observed at a distance of 

8mm from center O on the same side as before. Find the 
"thickness /1 (inµ m) [Given: d= 1 mm. D= 1 m). 

Figure 6.117 _ 

Ans. [33] 

6-13 In a two slit experiment with monochromatic light, fringes 
are obtained on a screen placed at some distance from the slits. 
If the screen is moved by 5 x 10-2 m towards the slits, the 
change in fringe width is 3 x 10-5_ If the distance between the 
slits is 10-3 m, calculate the wavelength of the light used. 

Ans. [6000 A] 

6-14 A source Sis kept directly behind the slit S1 in a double 
slit apparatus. What will be the phase difference at P, ifa liquid 

_ . -~~ ·_:-_-_--_-::w:_a~v-e:_o-:_p~ti-c~s~! 

ofrefraction indexµ is filled: (wavelength oflightin air-is A due 
to the sonrce, assume/>> d, D>> d). · 

r-'lT, -~ ~ 
s,, f---------i 

~' D--->111 
Screen 

Figure 6.118 

(a) Between the screen and the slits. 
(b) Between the slits & the sonrce S. In this case, find the 
minimum distance between the points on the screen where the 
intensity is half the maximum intensity on the screen. 

6-15 In a YDSE, a parallel beam oflight of wavelength 6000 A 
is incident on slits at angle ofincidence 30°. A & Bare two thin 
transparent films, each ofrefractive index 1.5. Thickness of A is 
20.4 µm. Light co~ing through A & B have intensities I & 41 
respectively on the screen. Intensity at point O which is 
symmetric relative to the slits is 3/. The central maxima is 
above 0. 

1/1+-~ -Im--ol 

Figure 6.119 

(a) What is the maximum thickness of B to do so? Assuming 
thickness-of B to be that found in part (a) answer the 
following parts : 

(b) Find fringe width, ma-Jmum intensity & minimum intensity 
on screen. 

( c) Distance ofnearest minima from 0. 

(d) Intensity at 5 cm on either side of 0. 

Ans. [(a) 18 = 120 µm; (b) p = 6 mm; /max= 91, ]min=/; (c) J3/!5 = I mm 

(d) / (at 5 cm above 0) = 91] 
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6-16 A central portion with a width of d= 0.5 mm is cut out of 
a convergent lens having a focal length of20 cm. Both halves 
are tightly fitted against each other and a point source of 
monochromatic light (A = 2500 A) is placed in front of the lens 
at a distance of l 0 cm. Find the maximum possible number of 
interference bands that can be observed on the screen. 

Ans. [5] 

6-17 A plastic film with index ofrefraction l.80 is put on the 
surface of a car window to increase the reflectivity and thereby 
to keep the interior of the car cooler. The window glass has 
index ofrefraction l.60. 

(a) What minimum thickness is required, iflight of wavelength 
600 nm in air reflected from the two sides of the film is to 
interfere constructively? 

(b) It is found to be difficult to manufacture and install coatings 
as thin as calculated in part (a). What is the next greatest 
thickness for which there will also be constructive interference? 

Ans. [(a) 8.33 x to·• m; (b) 2.5 x 10·7] 

6-18 Two coherent monochromatic sources A and B emit light 

of wavelength A. The distance between A and Bis d= 41'... 

A 

iD 
' ' ' ' ' ' ' ' ' ' ' ' ' B -----------------\-----
' E ' ' ' :c 

Figure 6.120 

(a) !fa light detector is moved along a line CD parallel to AB, 
what is the maximum number of minima observed? 

(b) If the detector is moved along a [ineBE perpendicular to 

AB and passing through B, what is the number of maxima 
observed ? 

Ans. [(a) 8, (b) 4] 

6-19 A beam oflight consisting of two wavelengths, 6500 A 
and 5200 A is used to obtain interference fringes in a Young's 
double slit experiment. Find the distance of the third fringe on 
the ~~reen from the central maximum for the wavelength 6500A. 
What is the least distance from the central maximum at which 
the bright fringes due to both wavelengths ~oincide? The 
distance between the slits is 2 mm and the distance between 
the plane of the slits and the screen is 120 cm. 

Ans. [1.17 mm, 1.56 mm] 

6-20 In an experiment using Fresnel biprism, fringes of width 
0.185 x 10-3 m are observed at a distance of 1 m from the slit. 

Images are of the coherent sources are then produced at the 

same distance from the slit by placing a convex lens at a distance 

of0.3 m from the slit. The images are found to be separated by 
0. 7 x 10-2 m. Calculate the wavelength of the light used. 

Ans. [5550 A] 

6-21 Two identical monochromatic light sources A and B of 

intensity 10-15 W/m2 produce wavelength oflight 4000./3 A. 

A glass of thickness 3 mm is placed in the path of the ray as 
shown in the figure-6.121. The glass has a variable refractive 

index n= l + Fx wherex (in mm) is distance of plate from left 
to right. Calculate resultant intensity at focal point F of the 

lens. 

F 

Figure 6.121 

Ans. [4 x I 0- 15 W/m2] 

6-22 Two fine slits are placed very close to each other and 
they are illuminated by a strong beam of light of wavelength 
5900 A. Fringes are obtained at a distance of0.3 m from the 
slits. The fringe width is found to be 5.9 x l o-5 m. Calculate the 

distance between the slits. 

Ans. [3 x 10-3 m] 

6-23 Biprism fringes are produced with the help of sodium 
light (A= 5893 A). The angle of the biprism is l 79.5° and its 
refractive index l .5, If the distance between the slit and the 
biprism is 0.4 m and the distance between the bi prism and the 
screen is 0.6 m, find the distance between successive bright 
fringes.Also calculate the maximum width ofthe slit for which 
the fringes will still be sharp. 

Ans. [3.376 x ]Q----4 m, I 12 µm] 

6-24 A glass plate l.2 x 10-6 m thick is placed in the path of 
one of the interfering beams in a biprism arrangement using 
monochromatic light of wavelength 6000 A. ff the central band 
shifts by a distance equal to the width of the bands, find the 
refractive index of glass. 

Ans. [I.SJ 

6-25 A monochromatic light of intensity I is incident on a 
glass plate. Another identical glass plate is kept close to it. 
Each glass plate reflects 25 per cent of the light incident on it 
and transmits the rest. find the ratio of the maximum and 
minimum intensities in the interference pattern formed by the 
two beam obtained after reflection from each plate. 

Ans. [49 : !] 
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6-26 A plane light wave of wavelength A.= 700 nm fulls normally 
on the base of a biprism made of glass (µ = 1.560) width 

refracting angle 0 = 5°. A plate is placed behind the bi prism and 
the spacebetween them is filled with a liquid ofrefractive index 

(µ'= 1.500). Find the fringe width on a screen behind the biprism. 

Figure 6.122 

Ans. [66.8 µm] 

6-27 In a biprism experiment, the angular width of fringes 

was 0 = 2 '. calculate the separation between the slits if the 

wavelength of the incident light was A.= 700 nm. 

Ans. [J.2 mm] 

6-28 In a biprism experiment, calculate the intensity oflights 
on the screen at a point 5[3/6 away from the central fringe in 

terms of the intensity of the central fringe, which is/0• Here fl is 
the fringe width. 

Ans. [3/0/4] 

6-29 Two parallel beams of light P and Q (separation d and 

mutually coherent) are incident normally on a prism as shown. 

if the intensities of the upper and the lower beams, immediately 
after transmission from the face AC, are 4/ and/ respectively, 
find the resultant intensity at the focus of the lens which brings 

them into focus. 

A 

'.l~, 
B 

Figure 6.123 

Ans. [9/] 

6-30 Two point sources are d = n1c apart. A screen is held at 
right angles to the line joining the two sources at a distance D 
from the nearer source. Calculate the distance of the point on 

the screen where the first bright fringe is observed. Assume 

D>>d 

[ 
/2D(D + nJ.) ] 

Ans. V n 

--- --- -·---1 
y_v_av_e Optics I 

6-31 Two point coherent sources are d= 41c apart. Two light 
detectors are moved - one along the line parallel to the line 
joining the sources and the other along the line perpendicular 
to this line and passing through one of the sources. Find the 
maximum numper of maxima registered by each detector. 

Ans. [9, 9] 

6-32 In a Young's arrangement, the distance between the slits . 

is 1.5 mm and the distance of the screen from the slits is 2m. At 
what minimum distance from the central fringe will red and 
violet bright fringes coincide if the slit is illuminated with white 
light? The wavelength range in white light is from 420 nm to 

690nm. 

Ans. [12.88 mm] 

6-33 A double-slit apparatus is immersed in a liquid of 
refractive index 1.33. It has slit separation ofl mm, and distance 
between the plane of slits and screen is 1.33 m. The slits are 
illuminated by a parallel beam oflight whose wavelength in air 

is63ooA. 

(a) Calculate the fringe-,vidth, (b) one of the slits of the 
app~ratus is covered by thin glass sheet of refractive index 
1.53. Find the smallest thickness of the sheet to bring adjacent 

minimum on the axis. 

Ans. [0.633 mm, 1.58 mm] 

6-34 In a Young's double slit experiment, the separation 
between the slits is 2 x 1 o-3 m whereas the distance of screen 
from the slits is 2.5 m. A light of wavelengths in the range of 
2000 A - 8000 A is allowed to fall on the slits. Find the 

wavelength in the visible region that will be present on the 
screen at 1 o-3 m from the central maximum. Also find the 
wavelength that will be present at that point of the screen in 
the infrared as well as in the ultraviolet region. 

Ans. [8000 A, 4000 A 2666.7 A ... 8000 A (infmed), 2666. 7 A 
(ultraviolet)] 

6-35 A narrow slit of width 0.025 mm is illuminated by a parallel 
beam oflight. The diffraction pattern is observed through a 
telescope. It is found that to reach the first minimum, the 

telescope has to be rotated through I 0 24' from the direction of 
the direct my. Calculate the wavelength oflight used. 

Ans. [6100 A] 

6-36 Angular width of central maximum in the Fraunhofer 
diffraction pattern of & slit is measured. The slit is illuminated 
by another wavelength, the angular width decreases by 30%. 
Calculate the wavelength of this light. The same decrease in 
angular width of central maximum is obtained when the original 
apparatus is immersed in a liquid. Find the refractive index of 

the liquid. 

Ans. [4200 A, µ ~ 1.43] 
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6-37 In a Young's double slit set up the wavelength oflight 
used is 546 nm. the distance of screen from slits is Im. The slit 
separation is 0.3 mm. 

(a) Compare the intensity at a point Pdistant IO mm from the 

central fringe where the intensity is /0• 

(b) Find the number ofbright fringes between Pand the central 
fringe. 

Ans. [(a) 3.0 ·x ID-' m; (b) 3.0 x ID-' /
0

] 

6-38 In a double slit pattern(;\.= 6000 A), the first order and 

tenth order maxima fall at 12.50 mm and 14.75 mm from a 

particular reference point. Jf;\_ is changed to 5500 A, find the 
position of zero order and tenth order fringes, other 

arrangements remaining the same. 

Ans. [ 12.25 mm, 14.55 mmJ 

6-39 An interference is observed due to two coherent sources 
S1 placed at origin and S2 placed at (0, 3;\., 0). Here;\. is the 
wavelength of the sources. A detector Dis moved along the 
positive x-axis. Find x-coordinates on the x-axis (excluding 

x = 0 andx= oo) where maximum intensity is observed. 

Ans. [ 1.25A, 41.] 

6-40 A Young double slit apparatus is immersed in a liquid of 
refractive index µ 1• The slit plane touches the liquid surface. A 

parallel beam of monochromatic light of wavelength;\. (in air) in 
incident normally on the slits. 

Figure 6.124 

(a) Find the fringe width 

(b) If one of the slits (say S2) is covered by a transparent slab 
of refractive index µ2 and thickness I as shown, find the new 
position of central maxima. 

(c) Now the other slit S
1 

is also covered by a slab of same 
thickness and refractive index µ

3 
as shown in figure-6.124 due 

to which the central maxima recovers its position find the value 
ofµ3• 

(d) Find the ratio of intensities at O in the three conditions (a), 
(b) and (c). 

)J) (µ,-\)ID '{n(µ,-1)1} 
Ans.[(a) µ,d ; (b) d ; (c) µ 1 µ2; (d) I :cos ). : I] 

405 

6-41 In a Young experiment the light source is at distance 

11 = 20 µm and 12 =40 µm from the slits. The light of wavelength 
;\. = 5000A is incident on slits separated at a distance l 0 µm. A 
screen is placed at a distance D = 2 m away from the slits as 

shown in figure-6.125. Find 

s I I -----------
,, . 'F-i•~"::_____ , 

s2~+•-----,,_ ____ ., 

Figure 6.125 

(a) The values of0 relative to the central line where maxima 
appear on the screen ? 

(b) How many maxima will appear on the screen? 

(c) What should be minimum thickness ofa slab ofrefractive 

index 1.5 be placed on the path ofone of the ray so that minima 
occurs at C? 

Ans. [(a) sin-1[2(;
0
-1)]; (b) 40; (c) 5000A] 

6-42 A screen is placed 50 cm from a single slit, which is 

illuminated with 6000 A light. If distance between the first and 
third minima in the diffraction pattern is 3.0 mm, what is the 
width of the slit? 

Ans. [ 0.2 mm ] 

6-43 In a double slit experiment the distance between the slits 

is 5.0 mm and the slits are 1.0 m from the screen. Two interference 

patterns can be seen on the screen one due to light with 
wavelength 480 nm, and the other due to light with wavelength 
600 nm. What is the separation on the screen between the third 
order bright fringes of the two interference patterns? 

Ans. [0.072 mm] 

6-44 In a Young's double slit experiment using monochromatic 

light the fringe pattern shifts by a certain distance on the screen 
when a mica sheet of refractive index 1.6 and thickness 1.964 
microns is introduced in the path of one of the interfering 
waves. The mica sheet is then removed and the distance 
between the slits and screen is doubled. It is found that the 
distance between successive maxima (or minima) now is the 
same as observed fringe shifi upon the introduction of the 
mica sheet. Calculate the wavelength of the monochromatic 

light used in the experiment. 

Ans. [589 nmJ 
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6-45 Two very narrow slits are spaced 1.80 µm apart and are 

placed 35.0 cm from a screen. What is the distance between the 

first and second dark lines of the interference pattern when the 

slits are illuminated with coherent light oC\.= 550 nm? 

(Hint: The angle 0 is not small) 

Ans. [12.6 cm] 

6-46 In a Young's double slit set up the wavelength oflight 

used is 546 nm. The distance of screen from slits is Im. The slit 

separation is 0.3 mm. 

(a) Compare the intensity at a point P distant IO mm from the 

central fringe where the intensity is 10. 

(b) Find the number of bright fringes between P and the central 

fringe. 

Ans. [(a) 3.0 x I0-4 /
0

; (b) 5] 

6-47 Interference pattern with Young's double slits 1.5 mm 

apart are formed on a screen at a distance 1.5 m from the plane 

of slits. In the path of the beam ofone of the slits, a transparent 

film of IO-micron thickness and of refractive index 1.6 is 

interposed while in the path of the beam from the other slit a 

transparent film of 15 micron thickness and the refractive index 

1.2 is interposed. Find the displacement of the fringe pattern. 

Ans. [3 mm] 

6-48 A glass plate (n = 1.53) that is 0.485 µm thick and 

surrounded by air is illuminated by a beam of white light normal 

to the plate. 

(a) What wavelengths (in air) within the limits of the visible 

spectrum (1c = 400 to 700 nm) are intensified in the reflected 

beam? 

(b) What wavelengths within the visible spectrum are 

intensified in the transmitted light? 

Ans. [(a) 424 nm, 594 nm; (b) 495 nm] 

6-49 An oil film covers the surface of a small pond. The 

refractive index of the oil is greater than that of water. At one 

point on the film, the film has the smallest nonzero thickness 

for which there will be destructive interference in the reflected 

light when infrared radiation with wavelength 800 nm is incident 

normal to the film. When this film is viewed at normal incidence 

at this same point, for what visible wavelengths, if any, will 

there be constructive interference? (Visible light has 

wavelengths between 4000A and 7000A) · 

Ans. [5330A] 

6-50 A ray oflight is incident on the lefl vertical face of the 

glass slab. lfthe incident light has an intensity I and on each 

- ----- Wave Opt§i} 

reflection the intensity decreases by90% and on each refraction 

the intensity decreases by I 0%, find the ratio of the intensities 

of maximum to minimum in reflected pattern. 

Figure 6.126 

Ans. [361] 

6-51 A convergent lens with a focal length off= IO cm is cut 
into two halves that are then moved apart to a distance of 

d= 0.5 mm (a double lens). Find the fringe width on screen at a 

distance of 60 cm behind the lens if a point source of 
monochromatic light (1c = 5000 A) is placed in front of the lens 

at a distance ofa = 15 cm from it. 

Ans. [0.1 mm] 

6-52 In the Young's double slit experiment a point source of 

1c = 5000 A is placed slightly off the central axis as shown in the 

figure-6.127. 

T 5mm ! s 
Imm • ----'-"r'---->----I,------L....llo 

10mm 

. s, 
l+--lm4-2m,----+<! 

Figure 6.127 

(a) Find the nature and order of the interference at the point P. 

(b) Find the nature and order of the interference at 0. 

(c) Where should we place a film ofrefractive indexµ= 1.5 
and what should be its thickness so that maxima of zero order 

is obtained at 0. 

Ans. [(a) 701h order maxima; (b) 20 th order maxima; 

(c) I= 20 µm,. in front of S1] 

6-53 A convex lens of focal length/= 25 cm was cut along the 
diameter into two identical halves and was again set leaving a 

thin gap of width a= 0.10 cm. A narrow slit, emitting 
monochromatic light of wavelength 1c = 0.60 µm was placed at 
the focus of the lens. A screen was placed behind the lens at a 

distance b = 50 cm. Find the width of the fringes on the screen 

and the possible number of fringes_. 

Ans. [1.5 x 10-4 m, 13] 
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6-54 Lighiofwavelength A= 500 nm falls on two narrow slits 

placed a distance d = 50 x I 04 cm apart, at an angle ~ = 30° 
relative to the slits as shown in figure-6.128. On the lower slit a 

3 
transparent slab of thickness 0.1 mm and refractive index 2 is 

placed. The interference pattern is observed on a distance 

D = 2m from the slits. Then calculate : 

L 

rs 
Imm 

l------·;·7077,777;;-·---------- 0 
Mirror C 

'4-5cm----+f4-5cm-.f+-190cm-
M 

I -- ~ -- "t """ 
d 

11-+------~c 

··n==-D----+1 
Figure 6,128 

(a) Position of the central maxima? 

(b) The order of maxima at point C of screen? 

(c) How many fringes will pass C, if we remove the transparent 
slab from the lower slit? 

Ans. [(a) Al 0 ~ 30° below C; (b) 50; (c) 100] 

' 
6-55 A double-slit arrangement produces interference fringes 

for.sodium light (1. = 5890 A) that are 0.20° apart. What will be 
the angular fringe separation if the entire arrangement is 

immersed in water(µ= 1)? 

Ans. [0.15°] 

6-56 In a double-slit pattern (1. = 6000 A), the zero-order and 
tenth-order maxima fall at 12.34 mm and 14.73 mm from a 

particular reference point. Ift. is changed to 5000 A, find the 

position of the zero order and tenth order fringes, other 
arrangements remaining the same. 

Ans. [Zero-order at the same position but tenth-order maxima at 

14.53 mm] 

6-57 The distance between a slit and a bi prism of acute angle 

2° is IO cm. Find the fringe width and the width of the entire 
band when observation is made on a screen at a distance of 
90 cm from the bi prism. The refractive index of the material of 
the bi prism is 1.5 and A= 5890 A. 

Ans. [0.168 mm, 31.5 mm] 

4.07 ! 

6-58 In the YDSE the monochromatic source of wavelength A 

is placed at a distance !!_ from the central axis (as shown in the 
2 

figure-6.129), where dis the separation between the two slits 
S1 and S2• 

s I 

··r··------ . --- , ~--------
d12 
1 s s,, 

~D1 = l.5m,-,._ __ D2=2m1--->ll 

Figure 6.129 

(a) Find the position of the central maxima 

(b) Find the order ofinterference formed at 0. 

(c) Now Sis placed on centre dotted line. Find the minimum 
· thickness of the film of refractive index µ = 1.5 to be placed 

3 . 
in front of S2 so that intensity at Obecoines 4th of the maximum 

intensity. Take A= 6000 A; d= 6 mm 

Ans. [(a) 4 mm above 0; (b) 20; (c) 2000 A] 

6-59 Fringes are produced bya Fresnel's biprism in focal plane 
of a reading microscope which is I 00 cm from the slit. A lens 
inserted between the biprism and the eyepiece gives two 
images of the slit in two positions of the lens. In one case the 

two images of the slit are 0.45 mm apart in the other case 2.90 mm 
apart. If sodium light of wavelength 5893 A used, find the 

width of the interference fringes. If the distance between the 

slit and bi prism is IO cm and refractive index of the material of 
the biprism is LS, calculate the angle in degrees which the 
inclined faces of the biprism makes with its base. 

Ans. [2.91 or 1.73 mm] 

6-60 In a bi prism experiment with sodium light (1. = 5893A), 
the micrometer reading is 2.32 mm when the eyepiece is placed 

at a distance of I 00 cm from the source. If the distance between 
two virtual sources is 2 cm, find the new reading of micrometer 
when the eyepiece is moved such that 20 fringes cross.the 
field of view. 

Ans. [2°] 

6-61 In two slit experiment with monochrmoatic light, fringes 
are obtained on screen placed at some distance from the slits. 
If the screen is moved by 5 x 10-2 m towards the slits, the 

change in fringe-width is 3 x 10-5 m. If the distance between 
the slits is I o-3m, calculate the wavelength of the light used. 

Ans. [6000 AJ 
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6-62 In a Young's double slit experiment, the separation 

between slits is 2 x I o-3 m whereas the distance of screen from 

the slits is 2.5 m. A light of wavelengths in the range of 
2000-8000 A is allowed to fall on the slits. Find the wavelength 

in the visible region that will be present on the screen at I 0-3 m 
from the centrai'maxima. Also find the wavelength that will be 
present at that point of screen in the infrared as well as in the 

ultraviolet region. 

Ans. [2000 A (ultraviolet)] 

6-63 A double slit apparatus is immersed in a liquid ofrefractive 

index 1.33.lt has slit separation of I mm, and distance between 
the plane of slits and screen is 1.-33 m. The slit is illuminated by 

a parallel beam oflight whose wavelength in air is 6300 A. 

(a) Calculate the fringe-width 

(b) One of the slits of the apparatus is covered by a thin glass 

sheet of refractive index 1.53. Find the smallest thickness of 

the sheet to bring the adjacent minimum of the axis. 

Ans. [(a) 0.63 mm; (b) 1.575 µm] 

6-64 The Young's double slit experiment is done in a medium 
ofrefractive index 4/3. A lighi of6000A nm wavelength is falling 

on tlie slits having 0.45 mm separation. The lower slit S2 is 
covered by a thin glass sheet of thickness I 0.4 µm and refractive 
index 1.5. The interference pattern is observed on a screen 

placed 1.5 m from the slits as shown in figure-6.130 

s 
s~ 
' 

y 

* h~-----------lo 

s,~ 

Figure 6.130 

(a) Find the location of the central maximum (bright fringe 

with zero path difference) on they-axis. 

(b) Find the light intensity at point O relative to the maximum 

fringe intensity. 

(c) Now, if6000Anm light is replaced bywhite light ofrange 
4000 to 7000A, find the wavelength of the light that form maxima 
exactly at point 0. [All wavelengths in this problem are for the 
given medium ofrefractive index4/3. Ignore dispersion] 

Ans.[(~) 4.33 mm; (b) 
0
0.75 /mll; (c) 1300A, 650A, 443.34A, 260A] 

6-65 A screen is at a distance D = 80 cm from a diaphragm 
having two narrow slits S1 and S2 which are 2 mm apart. Slit S1 

is covered by a transparent sheet of thickness 11 = 2.5 µm and 

w~v_e_-oj,ti~s] 

S
2 

by another sheet of thickness 12 = 1.25 µm as shown in 

figure-6.131. Both sheets are made of same material 

I 
-ioill+- ----------------

s, 

Screen 

Figure 6.131 

having refractive indexµ= I .40. Water in filled in space between 
diaphragm and screen. A monochromatic light beam of 
wavelength 1,, = 5000 A is incident normally on the diaphragm. 

Assuming intensity of beam to be uniform and slits of equal 

width, calculate ratio ofintensity at Cto maximum intensity of 

interference pattern obtained on the screen, where C is foot of 
perpendicular bisector of S1 S2• Refractive index of water 

µ., =4/3. 

3 
Ans. [ 4 ] 

6-66 In a Young's experiment, the upper slit is covered by a 

thin glass plate of refractive index I .4 while the lower slit is 

covered by another glass plate, having the same thickness as 
the first one but having refractive index I. 7. Interference pattern 

is observed using light of wavelength 5400 A. It is found that 

the point Pon the screen where the central maximum (n= 0) fall 
before the glass plates were inserted now has (3/4) the original 

intensity. It is further observed that what used to be the fifth 
maximum earlier, lies below the pointPwhile the sixth maximum 
lies above P. Calculate the thickness of the glass plate. · 

(Absorption oflight by glass plate may be neglected). 

Ans. [9.3 x 10-6 m} 

6-67 In Young's experiment, the source is red light of 
wavelength 7 x w-1 m. When a thin glass plate ofrefractive 

index 1.5 at wavelength is put in the path of one of the 
interfering beams, the central bright fringe shifts by I0-3m to 

the position previously occupied by the 5th bright fringe. Find 
the thickness of the plate. When the source is now changed to 
green light of wavelength 5 x I0-7 m, the central fringe shifts to 
a position initially occupied by the 6th bright fringe due to red 

light. Find the refractive index of glass for green light. Also 
estimate the change in fringe width due to the change in 

wavelength. 

Ans. [1.6, 5.7 X 10-5 m] 

* * * * * 
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Atomic Physi~s 409 

ANSWER & SOLUTIONS 

CONCEPTUAL MCQS Single Option Correct 

1 (D) 
4 (B) 
7 (A) 

10 (A) 
13 (A) 
16 (B) 
19 (A) 
22 (C) 
25 (C) 
28 (C) 
31 (A) 

2 (D) 
5 (A) 
8 (D) 
11 (B) 
14 (D) 
17 (D) 
20 (C) 
23 (A) 
26 (B) 
29 (B) 

NUMERICAL MCQS Si,,gle Option Correct 

1 (CJ 
4 (BJ 
7 (A) 
10 (B) 
13 (B) 
16 (D) 

19 (D) 

22 (A) 
25 (B) 

28 (A) 
31 (C) 
34 (B) 

37 (DJ 
40 (A) 
43 (DJ 
46 (A) 
49 (A) 

2 (A) 
5 (D) 
8 (B) 

11 (BJ 
14 (C) 
17 (B) 

20 (D) 

23 (C) 
26 (CJ 
29 (C) 
32 (D) 

35 (DJ 
38 (BJ 
41 (8) 
44 (A) 

47 (DJ 

ADVANCE MCQs One or More Option Correct 

1 (D) 
1 (All) 
4 (A, C, DJ 
7 (A, D) 
10 (A, C, D) 

13 (A) 
16 (BJ 
19 (A, B, C) 

22 (DJ 
25 (BJ 
28 (A, B, D) 

2 (D) 
2 (B, C) 
5 (All) 
8 (A, C) 
11 (B, C) 
14 (A, B, C) 
17 (B, C, D) 

20 (C, D) 
23 (A, C, DJ 
26 (A, CJ 
29 (A, DJ 

3 (C) 
6 (B) 
9 (A) 

12 (C) 
15 (D) 
18 (A) 

21 (B) 
24 (A) 
27 (B) 
30 (B) 

3 (D) 
6 (C) 

9 (D) 

12 (CJ 
15 (BJ 
18 (8) 

21 (B) 
24 (D) 
27 (C) 

30 (BJ 
33 (CJ 
36 (B) 
39 (D) 
42 (A) 

45 (CJ 
48 (C) 

3 (C) 
3 (A, D) 
6 (A, D) 
9 (B, C) 
12 (A, C) 

15 (B) 
18 (8, D) 

21 (A, BJ 
24 (A) 
27 (A, C) 
30 (B, D) 

Sol11tions of PRA CT/CE EXERCISE I, I 

(i) As 

=> 

=> 

(ii) As 

r oc 112 
n 

lj (1)' 
1io = 10 
,.10= 100 x 1.06= 106A 

r oc i:._ we use 
n Z. 

=> 

(iii) As 

(I)' 
112 = -x4 => nB,=2 Be ] 

z' 
En oc -

2 
we use 

11 

C4J2 / 
EB, /(2)2 

En = (I¼' . 
(I)' 

4 

(iv) E=-3.4 eV is forn = 2 state and we use 

I 

(v) As 

=> 

=> 

(vi) As 

(vii) As 
=> 

V OC -
n 11 

V v=-, 2 

z' En oc -
2 

we use 
11 

KE = KZe
2 

TE = _ KZe
2 

n 2rn n 21;., 

KEn=-TEn 
KE=+3.4eV 

Solmions of PRACTICE EXERCISE 1.2 

(i) Minimum wavelength is corresponding to transition from 
oo---+ I hence 

,,, = 12431 A 
min 13.6 
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and maximum wavelength is for transition 2 -t I 

(ii) We use 

(iii) (a) We use A,= 12431 114.26 

13.6(3)2 (!_.!.) 
. I 9 

(b) From n = 3 total spectral lines are 3C2 = 3 

(w) We use 

=> 
KEinh= I 

and 

(v) We use 

M'= 13.6Z2 ( ¼-½) 

Z2= 68x36 = 36 5xl3.6 

Z=6 
is KE1 =+ 13.6Z2=489.6eV 

"'= 12431 . 25.39A 
13.6x36 

12431 12431 

10.2 2.55Zf 

Z=2 
Energies of first four levels of X are 

E
1 
=-13.6 x 4= -54.4eV 

E2 =-3.4 x4= -13.6 eV 

E
3 

=-1.51 x4= -6.04eV 

E
4

=-0.85 x4= -3.4eV 

If for this atom is+ E1 = 54.4 eV 

(vi") Giventhat E.-E2=10.2+17.0=27.2eV 

and E. -E3 =4.25 +5.95= 10.2eV 

=> E
3
-E1=27.2-10:2=17eV 

=> 1.89Z2=17eV 

=> Z=3 

Nowweuse· 27.2=13.6t2(¼- : 2) 

=> n=6 

.. I "d h. E i 2431 10 2 V (vn) nc1 ent p oton energy = 1218 = - e 

_ - At_?_m_ic Physic~ 

When six wavelength are emitted that means electrons are 
excited ton= 4 and by absorption of 10.2 eV ifelectrons excite 

. from 11 1 to n2 = 4 we use 

10.2 = 13.6 Z2 ( :,2 -/6) 

for Z = I this is not possible 
for Z=2 we get n1 = 2 
for Z = 3 onward this is not possible 
Thus Z = 2 and transition is from n 1 = 2 to n2 = 4. 
Minimum wavelength (maximum energy) emission-is for 
transition 4 -t l 

"' = 12431 243.74A 
min 12.75x4 

Maximum wavelength emission is for transition 4 -t 3 

12431 
\""'= 0_66 x4 4708.71A. 

Solutions of PRACTICE EXERCISE 1.3 

· (i) Frequency if e- revolution in nth orbit is 

4rr2K2Z2e4m 
I,,= n3 h3 

for transition from n ton - I orbit radiation frequency is given 

by 

v= M_ = 21t2K2z2e•m (--'---') 
h h' (n-1)2 n2 

v= 2rc2K
2
Z

2
e

4
m ( Zn-I J · 

h' ,,2(11-!)2 

for large n we can use 2n- I =2n and n-1 =n 

4rr2 K2 Z2e4m 
v= J J -tf,,. 

nh 

(ii) First line ofBalmer series ofH-atom is 

I ( I I) mn 
"-H =R 4-9 x m,+mn 

first line of Balmer series for T-atom is 

= ~ [(m,+mH)mT-(m,+mT)m11 ] 
SR mHmT 
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!Atomic Physics 

36 9.109xl0-31 x2xl.67xl0-27 
---,---,-,~----,-,,, X 

5 X 10967800 3 x (1.67 X 10-27 ) 

=2.387 A 

Wavelength of incident photon is 

12431 . 
;\,= 

5
.4

852 
=2266.28A 

Photon momentum is 
h 

P=-
;\,' 

By conservation of energy we use 

- - --- -- - ---411 1 
- ----- -~-- ---~ 

(iv) For inelastic collision H-atom must at least exile from n = 1 

ton= 2 by absorbing 10.2 eV energy. In given situation initial 

momentum is zero thus maximum possible energy loss can be 

I 
2 x 2 mv2 so we use 

=> 

mv2= I0.2eV 

v= 
10.2x l.6x 10-19 

l.67x 10-27 =3.13 x 104 m/s 

h 
(v) (a) We use mvr= 

2
" for n= I 

and 

h v=--
2nmr 

mv2 

-- =evB 
r 

m (-h )=eB r 2nmr 

_ 1 2 I 2 
M-: 2 m,v1 + 2mu v2 ... (!) =>· -,-

Byconservation ofmomentum we use 

mev1 = mLi v2 sin 0 

and 

Squaring adding (2) and (3) we get 

h2 
m2v2+- =m2.v2 

el')..,2 L,2 

From equation-(!) we use 

... (2) 

'.' (3) 

2 2 mu 2 h 1 2 M= --v2 - -- + -mrv2 

V = 2 

2m, 2m ,.,2 2 ' 
e 

( ) 

= 14.2m/s 
mli mL; +1 
2 me 

from equation-(3) we use 

=> 

h 
cos 9= -- =0.0178 

A.muvz 

9 =88.9' 

. nh mvi 
(.b) Usmg mvr= -

2 
and -- = evB we get 

n r 

(c) 

,,;;;
r= v2nell 

h [IeB 
11o.= 2 ,,;;;- = v~ 

nmv2nell 

v is maximum when n = 1 

Z'e 
+)-----!V+------

(vi) m 
b 

,., 

' ' '8 
\ 

------ ---------------(±) 
Ze 

By angular momentum conservation we use 
mvb=mvo' 

by energy conservation we· use 

I I I ZZ'e2 

-mv2= -mv 2+ -----
2 2 o 4nE0 s 

Sabtituting value ofv0 from (I) to (2) we get 

' .. (1) 

... (2) 
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.!.,,,v2 = .!.,,,(vb)
2 

+_I_. ZZ'e
2 

2 2 S 411 Eo S 

=> .!_ mv' (i -.!c) = _l_. ZZ 'e
2 

2 ,s2 41t Eo s 

for b=Oweget 

I 2ZZ'e2 

s=--· 
41tEo mv2 

(vii) Using force on mass m_is conservative field 

dU 
F=--=mb2r 

dr 

for circular orbit of particle 

mv2 

mb2r=-
r 

... (I) 

Atomi~ Phjs~.:>] 

Sol. 5 (A) In Rydberg's formula the wave number is directly 
proportional to Z2 and Balmer series of hydrogen atom is 
corresponding to the transition of electron from any level to 
n = 2. Shortest wave lengih for the spectrum of hydrogen like 
atom for transition ton= 4 level will be inversely proportional 
to n2 and ifit matches with that of the.Balmer series ofhydrogen 
atom then we use 

=> 

=> 

z' z' 
-=.....Ji.. 
n2 n2 

B 

12 
Z2 =-x42 =4 

2' 
Z=2 

Sol. 6 (B) Balmer series in the hydrogen atom has wavelength 
of most of its lines lying in the visible region of the 
electromagnetic specturm and some are in infra red region. 

and 
nh 

mvr=-
211 

nh 
m(br)r= -

21t 

,;;,;
r= ~~ 

... (2) Sol. 7 (A) It has already been discussed in theory that by the 
wave nature of electron and its DeBroglie wavelength we analyze 
for formation of stationary waves in an orbit the orbit 
circumference should be an integral multiple of the wavelength 
so for consistancy of quantization postulate option (A) is 
correct. 

Solutions of CONCEPTUAL MCQS Single Option Correct 

Sol. I (D) As energy in nth Orbit ofhydrogen atom is given as 

21t2K2Z 2e4
11; Z 2 

E =------x-,, h2 ,,2 
hence option (D) is correct. 

Sol. 2 (D) As radius of nth orbit of hydrogen atom is given as 

h1 n1 

r=----x
n 4n1Ke1m Z 

hence option (D) is correct. 

Sol. 3 (C) As already studied that due to difference in masses 
of nuclei we consider the effect of reduced mass of electron 
which is different in hydrogen and deuterium because of which 
energies of the energy levels slightly vary in the two that cause 
the difference in the spectrum. 

Sol. 4 (B) The total energy of electron in hydrogen atom is 
given as 

1 KZe2 

E =----
n 2 r,, 

hence option (B) is correct. 

Sol. 8 (D) Transition A is corresponding to infinity to n = I 
which is the last line(series limit) ofLyman series, transition B 

is from n = 5 ton= 2 which is third line of Balmer series and 
transition C is from n = 5 to n = 3 which is second line of 
Paschen series. 

Sol. 9 (A) In lower energy levels kinetic energy is higher and 
potential energy and total energy is lesser hence option (A) is 
correct. 

Sol. 10 (A) In Bohr's Model the kinetic energy of electron in 
nth orbit is given as 

K = .!.mv' = .!. KZe' 
11 2 11 2 r

11 

and total energy is given as 

hence option (A) is correct. 

Sol. 11 (B) In Bohr's model the speed of the electron in nthorbit 
is given as 

211Ke1 Z v=---x
_n h n 

hence option (B) is correct. 
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. Sol. 12 (C) 
I e2 

We use -- - = mv2 
4n Eo a0 

Sol. 13 (A) In nth orbit maximum nu.mber of electrons can be 

2n2 hence the possible electrons in energy levels I, 2, 3 and 4 

are 2, 8, 18 and 32 of which the sum is2 + 8 + 18 + 32 = 60. Hence 
option (A) is correct. 

Sol. 14 (D) Because of the energy level differences in the 

hydrogen atom which explained that the energy level difference 

decreases as we go away from nucleus which explained the 
hydrogen specturm which other models by that time couldn't 
explain hence option (D) is correct. 

Sol. 15 (D) A quantum number gives the state ofan electron 

in extranuclear part ofan atom so according to Pauli's exclusion 
principle no two electrons can have same set of quantum 
numbers, hence option (D) is correct. 

Sol. 16 (B) From the figure we can see that /1£
3 
= /1£

1 
+ 1',.£

2 
hence option (B) is correct as M = he/'/,., 

Sol. 17 (D) At room temperature all atoms of hydrogen gas 

are in ground state in which only radiation ofultraviolet region 

can be absorbed to excite atoms from n = I to higher energy 

levels so visible light cannot excite any atom in ground state 
hence option (D) is correct. 

Sol. 18 (A) The angular momentum of electron in hydrogen 

atom is quantized and according to Bohr's second postulate for 
nth energy level it is given as nh/2n so for two successive orbits 
option (A) is correct. 

Sol. 19 (A) Hydrogen atoms at room temperature are in ground 

state and can only absorb radiation of ultraviolet region to 

excite from n = 1 to higher energy levels due to which in 

absorption specturm of hydrogen gas only Lyman series is 
obtained hence option (A) is correct. 

Sol. 20 (C) a-particle scattering occurs due to Coulomb 

repulsion of nucleus on incident a-particle hence option (C) is 
correct. 

Sol. 21 (BJ In any given orbit angular momentum ofelectrons 

are same as given by Bohr's second postulate and energies of 
electron in any hydrogen like ion is directly proportional to Z,. 
hence option (B) is correct. 

413. 

Sol. 22 (C) In case of electron we have studied that during 
collision it can transfer almost its complete energy to the particle 
it is colliding hence e; is the minimum required energy for 
ionization of hydrogen atom. In case of hydrogen and helium 

ion as helium is more massive than hydrogen it transfers less 
energy during inelastic collision compared to the case when 
hydrogen is colliding hence option (C) is correct. 

Sol. 23 (A) The wavelength emitted is inversely proportional 
to the energy radiated hence option (A) is correct. 

Sol. 24 (A) To excite the hydrogen atom the kinetic energy of 
neutron must be more than 20.4 eV so that in case of perfectly 
inelastic collision the energy loss which is half of the total 
kinetic energy ( 10.2 eV) mayexite the hydrogen atom so in case 
ifkientic energy ofneutron is less than 20.4 eV then collision 
must be perfectly elastic hence option (A) is correct. 

Sol. 25 (C) As during de-excitation it is emitting six 
wavelengths that means the atom is excited to n

2 
= 4 and the 

emitted energies have less, equal or more than the excitation 
energies then only option (C) can be correct. 

Sol. 26 (B) Due to the effect of mass of nucleus we consider 
reduce mass of electron in analyzing the energies of energy 
levels of the atoms and due to this the binding energy of 
deuterium is more than that ofhydrogen in ground state hence 
option (B) is correct. Bohr's model is valid for all one electron 
systems (hydrogen like) and some of the lines of Balmer series 
lie in infra red region thats why options (A) and (C) are not 
correct. 

Sol. 27 (B) Balmer series is corresponding the de-excitation 
of electrons in hydrogen atom ton= 2 state hence option (B) is 
correct. 

Sol. 28 (C) By using Rydberg's formula we can calculate the 
values of wavelengths emitted in above four cases and 
considering same value of Zfor hydrogen and deuterium and 
will not consider the effect of nucleus as in given options we 
need to check for approximate relations, option (C) is correct. 

Sol. 29 (B) As the total energy of electron in hydrogen atom 
is given as 

E =- _I_ KZe
2 

n 2 r
11 

hence option (B) is ·correct. 
f 

Sol. 30 (B) 12. IeV is the difference in energies ofn = 1 and 
n = 3 for hydrogen atom so the electron is excited ton= 3 state 
hence the angular momentum will become 3h/2n from h/2n hence 
the increase in angular momentum is given in option (BJ. 
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Sol. 31 (A) In hydrogen atom the magnetic moment due to the 

motion of electron in nth orbit is given as 

M = enh 
n 4nm 

hence option (A) is correct. 

Solutions of NUMERICAL MCQS Single Options Correct 

Sol. 1 (C) We use )..= 
1~i.~ 1 

= 1218.72A 

Sol. 2 (A) We use 

. V nh 
frL=- xrx-

2rcr 2rc 

for Bohr's model we have 

ke' . 
v= - x2rc 

nh 

nhv 
= 4rc2 

nh ke2 ke2 

frL= --2 x - x2rc=-
4rc nh 2rc 

· ke2 ke2n° 
frL=-=-- ~ x=0 

2rc 2rc 

Sol. 3 (D) For first line ofBalmer series 

f =R(¼-¼) = ;~ 

for second line ofBalmer series 

f =R(¼-1~) = ~: 

From equaion-(1) &(2) 

)..'. ½6 
~ = ½'6 

)..'= 20).. 
27 

Sol. 4 (B) We know 
[R] =L-1 

=.!.=_I_ =c-1,1 
L cT 

... (I) 

... (2) 

Sol. 5 (D) All the transitions given in options (A), (B) and (C) 
give photons of energy more than by transition from n = 4 -> 3. 
Hence none ofthe transitions given in options (A), (B) and (C) 

give out infrared radiation. 

_ Atomic Physici] 

Sol. 6 (C) First excitation energy of this atom is given as 

eV=RhC (_!__...!...) = lRhC 
12 22 4 

Thus ionization energy of this atom is 

RhC= 
4

V 
3 

z' Sol. 7 (A) As we have E oc -
2 n 

Sol. 8 (B) First line ofLymen series 

12431 
)..1 = 102 = 1218.7 A 

last time ofLymen series 

,,_ = 12431 = 914 A 
13.6 

hence option (B) is correct. 

Sol. 9 (D) velocity of nth orbit is inversely proportional to n 

hence the excited state orbit is n = 3 and radius of nth orbit is 

directly proportional to square ofn hence option (D) is correct. 

h h h 
Sol.10 (B) We use)..= - = -- ~ 

P -J2mE ~2m(Vq) 

Thus for higher value of m and q; A will be smaller and for an 
'a' particle; both 'm' and 'q' are higher hence lesser is the 

wavelength. 

As, we known (penetrating power) oc Energy oc f 
From above; penetrating power of an a-particle is more than 

that of a proton, hence option (B) is correct. 

Sol. 11 (B) Time period ofrevolution is directly proportional 

to n3 hence option (B) is correct. 

Sol. 12 (C) Radius of nth orbit is proportional to n2 hence the 

radius offirst excited state (n = 2) will be four times that of the 
ground state hence its area will be 16 times that of ground state. 

I (I I) 9 
Sol. 13 (B) We use i = R 16- n' = 400 R 

Solving we get n = 5. 
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Sol. 14 (C) By the incident radiation electron will excite to 
n = 3 from which during de-excitation number of spectral lines 
will be 3C2 = 3 lines. 

Sol. 15 (B) Speed of electron is inversely proportional ton so 
for excitation fromn = I to_n = 2 the velocity will reduce to half. 

Sol. 16 (D) After removal of one electron it becomes one 
electron system from which energy required to remove the 
second electron will be I 3 _6(2)2 = 54.4e V so total energy required 
to remove both electrons will be 54.4 + 24.6= 79.0 eV. 

Sol. 17 (B) The H like atom is in the third excited state i.e. 
n=4. 

~ Energy corresponding to this wave length 

= 12431x51 =I0 2 V 
62000 · e 

This is the £ 2 -£1 for H and £
4 
-£

2 
for He+ 

we get Z = 2 for 4--+ 2 radiation 
. Hence the atom is Helium ion_ 

Sol. 18 (B) Let u be the speed of neutron before collision 

Q---+u 
m 0 

4m 

At end of the deformation phase (when the kinetic energy of 
(neutron+ He+) system is least) 

Q---+u""' 0-,u,m 
m 4m 

Where u,m is velocity of centre of mass. From conservation of 
momenrum 

mu u 
ucm= m+4m = 5 

The loss of kinetic energy 

It K is the kinetic energy of neutron then the maximum loss in 
K.E. of system is 

or 

4 
5K=l2_75x4=51eV 

K= 
51

;
5 

=63.75eV 

Sol. 19 (D) For equilibrium of oil drop 

3.2xIO-MxJ0=(NxJ.6xJ0-19)x 1200 
6x 10--3 

N=IO 

Sol. 20 (D) We use 

472= L89Z2 
Z=5 

H-atom 

Sol. 21 (B) --() 
Case-I 

H-atom 

-® 
E, 

-------o----> 

Case-II 

In the first case K.E. ofH-atom increases due to recoil whereas 
in the second case K.E. decreases due to recoiL 
~ E

2
>E

1 

I 
Sol. 22 (A) Linear momentum ~ mv a -

n 

andangularmomentum ~ mvran 
~ product oflinear momentum and angular momentum an° . 

Sol. 23 (C) For a Bohr atom velocity is proportional to Zin 
hence option (C) is correct. 

Sol. 24 (D) We use the concept of reduced mass so we have 

and 

By (I) and (2) 

Ke2 m -- = -ro2 r 
r 2 2 

C\ -ev+e 
m nh -(ror)r=-· 
2 211: 

n
2
h

2 
( n

2
h

2 
) 

r= 2n2mKe2 = 4rr2mKe2 x 2 

r=(0.529 A) x 2n2 

For first excited state n = 2 

r=8x 0.529A 

r=4-232A 

Sol. 25 (B) We use, kinetic ene~gy = ½ m ( ro~-)' 

K= _!_ m·ro2r2 = Ke
2 

2 · 4 4r 

. -. (I) 

... (2) 

Ke2 l3.6eV 
K= 4x(0.529Ax2) = -4- = 3.4eV 
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l (' I ) Sol. 26 (C) We use i = R 1-7 . 

I n 2 -l 
=} ')..R = 7 
=} n 2 =(n2 -l)')..R 

')..R 
=} n2=--

')..R-1 

=} n= ~ 
Sol. 27 (C) Energy of electron in hydrogen atom in n"' state is 

inversely proportional to n2 hence option(C) is correct. 

Sol. 28 (A) To get six spectral lines electron must be excited to 

n =4fromn= I forwhichphoton energy needed is 12.75 eVof 

which wavelength is given as 

12431 
')..= 12.75 =975A 

Sol 29 (C) The maximum energy difference is for n = 2 ton = I 

hence opiton (C) is correct. 

GmMp mv' 
Sol. 30 (B) We use 2 r r 

and 
nh 

mvr=-
21t 

from ( l) we have 

GmMp 

r 

nh 
v=--

21tmr 

=m(_!!l!__)' 
21tmr 

... (I) 

... (2) 

Sol. 31 (C) Radius of nth orbit is proportional to n2 hence 
option (C) is correct. 

Sol. 32 (D) Energy of nth sate in Hydrogen is same as energy 
of3n th state in u++. 
=} For 3 ~ I transition in H would it give same energy as the 
3 x 3 ~ I x 3 transition in Li++. 

Sol. 33 (C) Total momentum of system is Ohencemaximum 

possible energy loss can be 10.5 eV out of which 10.2 eV can be 
absorbed hence option (C) is correct. 

~tOmi'? .fhysi@ 

For completely inelastic collision both come to rest after collision 

and net energy of 4E + E = 10.5 eV is lost. But electron in 
ground state ofH-atom can accept only an energy of I 0.2 eV. 
Hence the collision maybe inelastic but it can never be perfectly 

inelastic. 

Sol. 34 (B) Momentum of photon is given as 

h hv E 
p= i = -;=-;; 

( 13.6-y} l.6xl0-19 

p = 3x!08 

p = 6.45 x I 0-27 kg mis. 

Sol. 35 (D) As the electron returns to ground state after 

emitting six different wavelengths in emission spectrum, there 

must be a difference of '2' between the ground and excited 

states. Also the ground state should be n = 2. 
Hence n1 = 4, n2 = 2. 

Sol. 36 (B) Longest wavelength corresponding to the 
transition from n = 2 ton= I for which we use 

t =4RZ' (t-¼) 
I 

')..=--
3RZ2 

Sol. 37 (D) For 200 line ofBalmer seires in hydrogen specturm 

t=R(l)(;,-:,) = t6R 
For Li2+ 

which is satisfied by only (D). 

Sol. 38 (B) We use force on electron 

and 

dU mv2 

F=-=Kr=--
dr r 

mv'=Kr1-

rh 
mvr=-

21t 

( /K J nh mr ~-;;r = 27t 

Energy of nth orbit is 

E = Kr
2 

+ Kr
2 

=Kr1-
n 2 2 

E _ Knh _ nh /K 
" - 2it..J Km - 2it '-J-;;; 
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Sol. 39 (D) We use 

£ 3 -£2 
V2-VI = h =V3 

As v 1 = kv2; 

",=v2 (1-k)= (¼-i)v, 

Hence the only incorrect option is v = k2v2. 

Sol. 40 (A) For an electron with kinetic energy Ewe use 

h 
1,,=--

.J2mE 
and for a photon we have 

;\,= he 
E 

=:, Ratio= ; . .J2:E = 1272 

-- _- 4171 

Also for both n = I we have 

h 
L =L =-

' 2 2,c 

Hence option (A) is correct. 

Sol. 47 (D) First line of Lyman series wavelength is 

"' = 12431 A 
I 10.2 

first time of Paschen series wavelength is 

"'• 0.66 7 
"'' = 10.2 = !08 

Sol. 48 (C) ti.E oc. 22 

Thus it is maximum for Li++ and minimum for H. 

Sol. 49 (A) As radius of nth orbit is inversely proportional to 
the mass of electron for mesonic atom we use reduced mass of 

Sol. 41 (B) Maximum energyofradiation incident on H-sample electron as 
= KEm"" ofelectron + 13.6 eV = 5leV this energy corresponds 
to the transition n = 4 ~ n = 1 in Helium 
For electrons of the He to get excited ton= 4 

12431 
i=-- =243A 

51 

Sol. 42 (A) For lower value of n the energy and hence the 
frequency is higher. Hence (A) . 

Sol. 43 (D) In the process of collision, the electron (because 
of very low mass in comparison to hydrogen atom) can loose 
upto IO eV. IO eV is sufficient to ionise the hydrogen atom nr 
excite to higher excited state from first excited state. 
Hence, the collision can be elastic, inelastic or perfectly inelastic. 

Sol. 44 (A) Potential energy= 2 Total energy 
=:> =2X-21.76xI0-'9 

=-43.52 X ]0-19 J. 

Sol. 45 (C) The photon's with energies equal to that required 
for upward transition A ~ X, A ~ B and A ~ C would be 
absorbed, hence only lines I, 2 and 3 will be present in 
absorption spectrum. 

Sol. 46 (A) Doubly ionised positively lithium ion is a hydrogen 
like atom so we use 

L=mvr= nh 
2,c 

As 

mp(207m,) 
µ= 

mp +207m, 

mp= 1840m, 

1840x207 
µ= 1840+207 · m, 

=:, µ= 186m, 
Thus radius of first orbit ofmesonic atom is 

0.53 X J_o-lO 
r= ---~ =2.85xJ0-13 m 

186 

ADVANCE MCQs One or More Option Correct 

Sol. 1 (All) The potential energy in ground state is-27.2 eV 
and that in first excited state is-6.8 eV so the potential energy 
offirst excited state is 20.4 eV higher than that of ground state 
so option (A) is correct. The kinetic energy of electron in first 
excited state is 3.4 eV so total energy becomes 23.8 eV hence 
options (B) and (C) are correct. In ground state total energy will 
be the kinetic energy which is 13.6 eV so option (D) is also 
correct. 

Sol. 2 (B, C) In higher energy level Kinetic energy decreases 
hence speed or angular speed also decreases. 

Sol. 3 (A, D) Time period of electron in an orbit is directly 
proportional to the cube of the quantum number hence options 
(A) and (D) are correct. 
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Sol. 4 (A, C, D) Wavelenths emitted in the two cases are 

12431 
and 132 = 1.89eV 

=> 
t.32 10.2 27 

a=-=--=-
1.21 1.89 5 

Momentum ratio of photons is 

X,2 s 
b= 1./ = 27 

/t.21 

Energy ratio of photons is 

he/ 
/t.32 5 1 

c=--=-=-
hc/ 27 a 
/t.21 

Hence options.(A), (C) and (D) are correct. 

Sol. 5 (All) Energy of electron in nth orbit is 

2n2 K 2Z2e4m 
·E=- e 

n2h2 

Momentum:of electron in nth orbit is 

where r is given as 

nh 
P=mV=-

n 2nr 

r= 2ir.KZe2m, 

from above relations all options (A), (B), (C) and (D) are correct. 

Sol. 6 (A,D) WeuseM3=M1 +M2 
hv3=hv1 +hv2 

=> v3=v1+v2 . 

=> 

=> 

C C C 
-=-+
A3 "1 ,_, 

"1"2 
":J = "1 +1., 

Hence option (A) and (D) are correct. 

2ir.KZe2 

V=--
rh 

Hence option (A) and (C) are correct. 

_ _ _ )\tomfc Physics) 

Sol. 9 (B, C) Any orbit the angular momentum of electron is 

an integral multiple of h/2nso for any transition it can change 

by a factor integral multiple of h/2nhence options (B) and (C) 

are correct. 

Sol. 10 (A, C, D) In radiation A incident beam passes from 

which some of the wavelengths will be absorbed by the 

hydrogen gas hence option (A) is correct. Due to absorption of 

ultraviolet radiation electrons get excited and during reverse 

transition different spectral series of hydrogen atom are emitted 

in radiation B hence option (C) and (D) are correct. 

Sol. 11 (B, C) Whenever a photon is emitted in Balmer series, 

it will be corresponding to the transition of electron to n = 2 

state from where it will further transit to ground state and emit a 

· line corresponding to the transition of n = 2 ton= I in Lyman 

series of which the wavelength can be given ast.= 1243 l/10.2eV 

., 122nm hence options (B) and (C) are correct. 

Sol. 12 (A, C) It is already been studied in spectral series of 

hydrogen atom that some ofthe lines of Balmer series are also 

lying "outside the visible region hence options (A) and (C) are 

correct. 

Sol. 13 (A) As already studied in basic theory that by collision 

of a physical particle any fraction of maximum possible energy 

loss can be absorbed by the atom for excitation so here only 

option (A) is correct. For inelastic collision(by excitation) is 

possible only when the maximum possible energy loss is more 

than the energy required for excitation of electron to first excited 

state to n = 2 level. 

Sol. 14 (A, B, C) As we know 

r oc n2 
n 

Sol. 7 (A,D) EnergyofHe+ionisZ2=4timesihatofhydrogen => 
atom for a given orbit so all transitions where square ofn2 and 

A ocn4 
n 

/. oc .J.... n 1 is a multiple of 4 for He+ ion, it will mat_ch with some transition and 
ofhydrogen atom hence option (A) and (D) are correct._ 

=> 
Sol. 8 (A, C) From Bahar Model we have 

=> 

n n' 

T ocn3 
b 

rn =n2. An =n4. fn = .J..... 
r4 ' A1 ' Ji.. n3 

Thus options (A), (B) and (C) are correct. 
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Sol. 15 (B) Among above options only option (B) is correct 

because for I H
2 due to slightly heavier mass of nucleus the => 

binding energy is more ifwe consider the mass of nucleus in 
calculation of total energy of electron by taking the reduced 

I I I 
-=-+-·-
Ao A1 A2 

he he he he 
-=-+-+-mass oforbiting electron. and 
Ao A1 A2 A3 

Sol. I 6 (B) Due to quantum nature, photon is absorbed only 

if its energy is eqaual to any of the transition energies other => 
wise it will not be absorbed hence option (B) is correct. 

I I I I 
-=-+-+
Ao A1 Az A3 

Sol. 17 (B, C, D) With the standard data for kinetic energy, 
potential energy and angular mom en tum we can see that opitions 
(B), (C) and (D) are correct. 

Sol. 18 (B, D) We use the given potential energy for 
calculation of force electron as 

dU 3 Ke2 

F=-=-
dr 2 ,-4 

I . 3 Ke2 

KE-ml-=--
2 4 ,-3 

nh 
Using Bohr's II Postulate mvr = 

2
" we get 

and 

( 
nh )

2 

m 2nmr 
3 Ke2 

=---
2 2it 

I 
roc

n2 

rcx::m 
hence option (B) and (D) are correct as energy is inverssely 
proportional to?. 

Sol. 19 (A, B, C) For a hydrogen atom in second orbit the 

total energy of electron is-3.4eV hence options (A), (B) and 

(C) are correct. 

Sol. 20 (C, D) As we know that radius of nth orbit r,, oc]/Z, 

. velocity of electron in nth orbit v" oc Zand energy of electron in 
nth orbit En oc Z2 so options (C) and (D) are correct. 

Sol. 21 (A, B) Using the Rydberg's Forrnula for the given 
transition 

_I =R [_!_ __ I] 
Ao 12 ,,2 

solving we get n = 4. Thus electron can come to ground state 
by emitting two or three photons such that the sum of energies 
of each transition remain same so we can use 

he he he 
-=-+-
Ao A1 A2 

hence options (A) and (B) are correct. 

Sol. 22 (D) From the given information we use Rydberg's 

formula for hydrogen atom and the hydrogen like atom 'X' as 

13.6 [f-¾] = 13.62
2 (¾- ~2) 

From the given options only option (D) is correct. 

Sol. 23 (A, C, D) Binding energy of hydrogen like atom is 

given as • 

z2 
E =-13.6 -

2 
=- 122.4 eV 

ll . 

For n = I we get Z= 3 so option (A) is correct .. 

Excitation energy of this hydrogen like atom for excitation from 

11 = I to n = 2 is given as 

M 12 = 10.2 Z2= 10.2 x 9 = 91.8 eV 

Thus option (C) is correct. 

When an electron of 125eV collides with this atom, 122..4 eV 

energy is absorbed by the atom for ionization of electron and 

remaining energy2.6eV will get converged to kinetic energy of 

the ejected electron hence option (D) is correct. 

Sol. 24 (A) Hydrogen atoms at room temperatu_re are all in 

ground state so these can absorb radiation~ orify of Lyman 

series as electrons can excite from n = I to high'er.energy levels 

so in absorption spectrum only Lyman Series is observed . 

Sol. 25 (B) On changing the reference potential energy in 
ground state to be zero, this will not affect the variation of 

energy with the energy levels as well as the difference in 

energies of any energy levels so total energy increases with 

higher energy levels hence statement given in option (B) is 

incorrect. 

Sol. 26 (A, C) As discussed in the basic theory the affect of 

mass ofnucleus is accounted by considering the reduced mass 

of electron in the orbital motion. So considering the effect of 

reduced mass in the expressions of radius and energy we can 

state that option (A) and (C) are correct. 
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Sol. 27 (A, C) For inelastic collisions the maximum possible 
energy loss in a collision should be more than the minimull) 
energy required for excitation of any of the colliding ato:ns 
which in this case is I 0.2 e V for hydrogen atom. As the 

hydrogen atom and neutron are of same mass, maximum kinetic 
energy loss can be the half of initial kinetic energy of the 
colliding particle hence in above case initial kinetic energy 
must be more than or equal to 20.4 eV for inelastic collision 
hence options (A) and (C) are correct. 

Sol. 28 (A, B, D) For Balmer series, 

n1=2, 17i=3,4, ....... . 

(lower) (higher) 

In transition (VI), Photon ofBalmer series is absorbed. 

In transition II 

E2 =-3.4 eV,£4 =-0.85 eV 

M=2.55eV 

1,.=486nm. 

Wavelength ofradiation = 103 nm= 1030 A 

12400 
Ma= I030A 

M:: 12.0eV 

So difference ofenergyshould be 12.0 eV (approx) 

Hence n1= I and n
2

=3 

(-13.6)eV (-1.5l)eV 

For longest wavelength, energy difference should be minimum. 
So in visible portion ofhydrogen atom, minimum energy emitted 
is in transition rv. 

Sol. 29 (A, D) The hydrogen atom is in n = 5 state. 
Thus maximum number of possible photons= 5C2 = I 0. 
To emit photon in ultra violet region, it must jump to n = I, 
because only Lyman series lies in UV region_ Once it jumps to 
n = l photon, it reaches to its ground state and no more photons 
can be emitted. So only one photon in u. v. range can be emitted. 
IfH-atom emits a photon and then another photon of Balmer 
series, option D will be correct. 

Sol. 30 (B, D) Any fraction ofincident electron energy can be 
absorbed by the atom hence minimum energy required for 

·excitation is 10_2 eV hence option (B) and (D) are correct. 

* * * * * 
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1 
I 

I ANSWER & SOLUTIONS 
L-~---·- - ·-------·- ---

CONCEPTUAL MCQS Single Option Correct 

1 (D) 
4 (D) 
7 (D) 
10 (A) 

13 (B) 
16 (C) 
19 (A) 
22 (D) 
25 (C) 
28 (B) 
31 (C) 
34 (A) 
37 (B) 

40 (B) 

43 (D) 

2 (A) 
5 (B) 
8 (A) 
11 (D) 

14 (A) 
17 (D) 
20 (C) 
23 (C) 
26 "(A) 
29 (C) 
32 (D) 
35 (D) 
38 (D) 

41 (A) 

NUMERICAL MCQS Single Optio11 Correct 

1 (B) 
4 (B) 

7 (D) 
10 (C) 
13 (D) 

16 (A) 
19 (C) 
22 (B) 
25 (B) 

28 (B) 
31 (C) 
34 (A) 
37 (B) 
40 (B) 
43 (D) 
46 (B) 
49 (C) 
52 (D) 
55 (B) 
58 (B) 

2 (A) 
5 (B) 

8 (B) 
11 (C) 
14 (B) 

17 (D) 
20 (A) 
23 (A) 

26 (C) 
29 (A) 

32 (A) 

35 (C) 
38 (A) 
41 (B) 

44 (A) 
47 (D) 
50 (A) 
53 (B) 
56 (A) 

59 (C) 

ADVANCE MCQs One or More Option Correct 

1 (B. D) 
4 (A, C) 
7 (All) 
10 (B, C) 
13 (B, D) 
16 (A, B, C) 
19 (A) 
22 (A, B, C) 
25 (A, D) 
28 (A, D) 

2 (B) 
5 (A, C) 
8 (B) 
11 (A, B, C) 
14 (B) 
17 (A, C) 
20 (C) 
23 (A, B) 
26 (B, D) 

3 (D) 
6 (A) 
9 (B) 
12 (A) 
15 (C) 
18 (A) 
2f (D) 
24 (C) 
27 (C) 
30 (B) 
33 (C) 
36 (D) 
39 (B) 

42 (D) 

3 (B) 
6 (B) 
9 (D) 

12 (C) 
15 (C) 
18 (A) 
21 (D) 

24 (B) 

27 (B) 
30 (A) 
33 (D) 

36 (A) 
39 (C) 
42 (A) 
45 (B) 
48 (A) 
51 (B) 

54 (A) 
57 (C) 

3 (B) 
6 (B, C) 
9 (A, D) 
12 (B, C) 
15 (A, C) 
18 (All) 
21 (C) 
24 (C) 
27 (A, B, C) 

Solutions of PRACTICE EXERCISE 2.1 

(I") I "d h 
12431 

o 59 V nc1 ent p oton energy E = 4800 = -· e 

=> KEmax =E-~=2.59-2.30=0.29eV 

12431 
Threshold wavelength;\,= 

2
_
30 

= 5404.78 A 

(ii) We use 
he 
- ="+KE A, 'f max 

hx3x!08 
'---':___:..::..__ ="+3 X 10-19 

3310x]0-IO 'I' 

hx3x]08 

and ="+0.97 x J0-19 
5000x]0-IO 'I' 

solving (I) and (2) we get 

h x 3 x 1018 [-
1
---

1
-] =2 03 x 10-19 

3310 5000 · 

2.03xl0-19 
=> /, = =-"--"-- = 6.634 X 10-J4 J-S 

3.06xl014 

(iii) KEnmx = I 0.4 eV 
=> Incident photon energyisE= ~+ KEmax 

= 1.7+ 10.4 
= 12.1 eV 

. 12431 
Incident wavelength;\,= 12.1 = 1027.35 A 

... (I) 

... (2) 

Energy gap 12.1 eV is corresponding ton= 3 ton= I energy 
level transition in hydrogen atom. 

(iv) CD• 

' ' 

d )·~ 
, , 
' ! 

For circular motion of electrons around the ion we use 

e2 m'v2 
41t Eo . 7-° = d 

e
2 '1 he 

81tE
0 

d = 2mv2= T-~ 

;\,= 81t Eo dhe 

e2 +81t Eo ~d 

(v) (a) To ionize H-atom kinetic energy of photoelectrons must 
beatleast 13.6eV 

12431 
-A.-= 1.7+ 13.6 

12431 
;\,= 153 = 812.48 A 
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(b) To excite H-atom from n = I to n = 2 kinetic energy of 
photoelectrons must be atleast I 0.2 eV 

12431 
-,.- =l.7+10,2 

12431 
)..= 11.9 = 1044.62A 

(c) To emit visible light H-atom must be excited atleast from 
n = l ton= 3 so that in Balmer series it can emit visible light 
thus kinetic energy of photoelectrons must be atleast 12.09 eV 

12431 
-,.- = I. 7 + 12.09 

12431 
)..= 

13
_
79 

=90l.45A 

(iv) Initially we use 
hv=$+ 13.6eV 

later we use 

(
5v) 12431 · 

h 6 =$+ 
1218 

eV=$+ I0.2eV 

using (I).:. (2), gives 

from (I) we get 

hv 
6 =3.4 

3.4X 6 X J.6 X J0-! 9 

v= 
6.63x ,o-34 

=4.923 X JOl5 Hz 

$=hv-13.6eV 

... (I) 

... (2) 

~ $= ((6.63 x 10-34 x 4,923 x-1015) 1.6 x !0-19)-13.6 eV 

~ $=6.80eV 

Soilltions of PRACTICE EXERCISE 2.2 

12431 
(i) Incident photon energy E= 

5896 
= 2.198 eV 

Maximum kinetic energy of photoelectrons KEm., = 0.36 eV 
Work function $= E-KE_ 
~ $=2.108-0.36= l.748eV 

Threshold frequency 
$ l.748xl.6xl0-19 

v=- = 
h 6.63xl0-34 

y=4,2[8 X J014 Hz 

12431 
(ii) (a) Incident photon Energy E= 

2300 
= 5.4 eV 

Maximum kinetic energy of photoelectrons is 
KEmax = 5.4-4.5 = 0.9 eV 

Photo Electric Effect ~--~i[~r-Wave""s] 

If Vis the retarding potential we use 
e(V-0.6) =0.9eV 

~ V=l.5 V 

(b) A. should be such that initial maximum kinetic energy of 

photoelectrons should be 

(iii) 

Work function 

~ 

We use 

KE= =e(l-0.6)=0.4eV 

12431 
)..= 4_5 +o.4 =2536.94A 

KE==eV0=3eV 

6.63xl0-34 x6xl014 

hv = 
,h 1.6" 10-19 

hv th= 2.486 eV 
hv =2.486+3=5.486eV 

5.486x l.6x!0-19 

y= = J.33 X [0 15 Hz 
6.63xl0-34 

("IV) We use KE- =2.5 eV 

12431 
. 1980 =$+2.5 eV 

$=3.78eV 

Threshold frequency 
$ 3.78xl.6x!0-19 

v= - = 
h 6.63 X JO-J4 

V =9.J22 X J014 Hz 

12431 
(v) We use 

6402 
=$+0.54eV 

~ $= l.402eV 
Wben A. changed to 4272 A, we use 

(vi") We use 

and 

12431 

4272 
= 1.402 + KEmax 

KEma< = 1.508 eV 

KEmax 
V0 = -- = 1.508 eV 

e 

he · 
~ =$+1.85eV 

he 
- =$+0.82eV ,., 

Using, (1)-(2) gives 

he(_!_ __ ! ) = 1.03 eV 
,., A.2 

... (!) 

... (2) 
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l.03xl.6xl0-19 3000x4300xl0-IO 
h= --------,-- X -------

3xl08 1300 

h = 5.45 I x 10-34 J-s 

(vii) No of photons incident per second on plate are 

P).. 5x4x10-7 

N= ~ = 6.63xl0-34 x3xI08 

Ne 
Photo current J=-

106 

5x4xl0-7 xl.6xI0-19 
]=---~--...,,---~ 

6.63x!0-34 x3xJ08 x106 

]= 1.6 x Io-6 A 

(viii) (a) Work function of metal is 

he 
~= 6210A 

he he 
We use 4140A = 6210A + 1 eV 

Ix I.6xl0-I~ x4140-x 6210 x 10-10 

h=-----~------
3xl08 x2070 

(b) We use 

h = 6.614 X 10-34 J-S 

v= 
lxl.6xl0-19 x2 

9.109x 10-31 

v=5.917 x ]05 mis 

Solutions of PRACTICE EXERCISE 2.3 

(i) In first Bohr orbit electron speed is 

nh 

deBrogli wavelength is 

v=--
21trnr 

h 
)..=

mv 

(ii) At temperature T, deBrogli wavelength ofanymolecule is 

given as 

4x400 = {f 
2x300 V3 

(iii) Electron momentum initial 

h 6.63 X 10-34 

P1=~= 
10

-10 

p 1 =6.63 x 10-24 J-s 

Find 
h 6.63 x I 0~34 

P, = 1-..2 = 0.5 x 10-IO 

=> p 1=13.26xl0-24 J-s 

Kinetic energy of electron 

P' 
E=-

1m, 

Energy added to electron is 

P2' -Ij' 
M=-"----'-

2me 

[(13.26)2 -(6.63)2 ]xl0,-48 
M=~-~-~~~~--

2!<9.109xl0~31 xl.6x!0-19 

M=452 .. 4eV 

(iv) Force on space. vehicle is 

p .100 
F= - = -- =3.33 x 10-7N 

e 3xJ08 

Acceleration is 
F 3.33xl0-7 

a=-= 
m · 50 

a= 6.66 x 10-9 m/s2 

(v) As 30% light is incident and reflected by mirror, force due 
to reflection oflight on mirror is 

0.3P 0.6P 
F=1x--=--

e e 

To support the weight of mirror, we use 

0.6P 
-e- =mg 

mge 20x10-3 x]Ox3x!08 
P=--=-------

0.6 0.6 

P= 108 watt 

(VI") By conservation of momentum 

hf 
,nv=mv'+

e 

By conservation of energy 

1 I 2 
-mv'+M= -mv' +hf 
2 2 

... (]) 

... (2) 
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-~ 

I ~ 
t:.E=hf- -m(v'-v) 

- 2 

I ("!) t:.E=hf--m(v+v~ -
2 me 

hf 2v 
t:.E=hf-- -(v=v') 

2 C 

When atom as at rest, we can use 
t:.E ='- hfo 

hfo=h1(1-;;) 

f=fo (1+;;) 

(vii) Initial momentum of each particle is 

- h, - h, Pi = -, and Pz = -1 
'-1 '-2 

h - h -v1 = --i and v2 = -----;-J 
m1.1 m1.2 

Velocity of center of mass is gives as 

_ m1v1+m2v2 h (I, I ') V = =- -1+-1 
,m m1 + m2 2m '-1 '-2 

Momentum of particles in frame of center of mass is 

h(l- 1-) ,9' = m(v1 -v,m) = 2 "! ; - '-2 j 

deBrogli wavelength of particles in frame of their centre of 
mass is 

'- = _h_ = -,=2A=1="=2= 
kR /,2,2 

1c V"-1 +,.,_2 

and 

Photo Electric Effect & Matter Waves - - -

Solutions of CONCEPTUAL MCQS Si11gle Optio11 Correct 

Sol. 1 (D) As studied phtoelectric current depends upon the 
intensity of incident light, work funciton of the emitter and the 
condition of its emission is that wavelength of incident light 
has to be Jess than the threshold wavelength ofthe metal hence 
option (D} is correct. 

Sol. 2 (A) As work function of B is more than that of A the 
threshold frequency of B is more hence option (A) is correct. 

Sol. 3 (D) Photoelectric effect starts when incident wavelength 
is less than that of the threshold wavelength of the metal. For 
the given threshold wavelength only ultraviolet wavelengths 
are less than this hence option (D) is correct. 

Sol. 4 (D) Energy of a photon always remain same as in any 
optical phenomenon frequency of light does not change. 

Sol. 5 (B) de-Broglie waves have wavelength inversely 
proportional to the momentum of the particle hence option (B} 
is NOT true for de-Broglie waves. 

Sol. 6 (A) For same speed de-Broglie wavelength is inversely 
proportional to the mass of the particle hence option (A) is 
correct. 

Sol. 7 (D) Photons having same momentum will have same 
de-Broglie wavelengths but photons having same wavelengths 
will have same magnitude of momentum but their directions 
may be different hence option (D) is corerct. 

Sol. 8 (A) For same speed de-Broglie wavelength is inversely 
proportional to the_ mass of the particle hence option (A) is 
correct. 

Sol. 9 (B) As already discussed in theory that the electrons 
when ejected in photoelectric effect may loose their energy 
during emission process in collisions so the emitted electrons 
have their kinetic energy distributed from zero to (hv - hv 0) 
hence option (B) is correct. 

Sol. 10 (A) Photoelectric emission starts only when the 
frequency ofincident light is more than the threshold frequency 
hence option (A) is correct. 

Sol. 11 (D) Photoelectric effect explains the quantum nature 
oflight particles called photons hence option (D) is correct. 

Sol. 12 (A) Once photoelectric emission starts at frequency 
above threshold frequency the current is directly proportional 
to the photon flux in incident light which is proportional to the 
intensity oflight hence option (A) is correct. 
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Photo Electric Effect & Matter Waves 

Sol. 13 (B) Due to collisions electrons may loose energy during 
the ejection process in photoelectric effect so the ejected 

electrons have their energy distributed between zero to the 
maximum possible kinetic energy of ejected electrons hence 

option (B) is correct. 

Sol. 14 (A) Both momentum and energy of a photon an, 
inversely proportional to the waveleng,h of radiation hence 

option (A) is correct. 

Sol. 15 (q From the relativistic relation £ 2= p 2c2+ mJc4 only 
for a photon rest mass m

0 
is zero thus the above relation is only 

valid for a photon hence option (C) is correct. 

Sol. 16 (C) No. of photons emitted per second by a bulb of -

power pwatl is 

P'/,., 
N=

hc 

n, 

Sol. 17 (D) As already studied that in the process of ejection 
photoelectrons loose thier kinetic energy in one or more 

collisions with other electrons hence option (D) is correct. 

Sol. 18 (A) Among all the above options the photoelectric 

current is directly proportional to the inciden light intensity 
hence option (A) is correct. 

Sol. 19 (A) As X-rays have energy (and frequency) more than 
that of ultraviolet light option(A) is correct. 

Sol. 20 (C) As we have studied that the photoelectric effect 

equation obtained in experiment is 

V = (j,_) v- hv,h 
0 e e 

hence option (C) is correct. 

Sol. 21 (D) As during ejection process an electron may loose 
energy in collision process the ejected electron can have kinetic 

energy less than the maximum possible energy (hv - $) hence 

option (D) is correct. 

Sol. 22 (D) As maximum photocurrent in experiment depends 
upon light intensity hence option (D) is NOT true. 

Sol. 23 (C) As energy ofred light is less than that of blue and 

yellow light, no photoelectric emission will occur hence option 

.(C) is correct. 

425 

Sol. 24 (C) At same potential difference, kirletic energy gained 

by both electron and proton will be same but momentum will be 
more that in photon hence its de-Broglie wavelength will be 
less hence option (C) is correct. 

Sol. 25 (C) Kinetic energy of photoelectrons will increase if 
energy ofincident light is increased hence option (C) is correct. 

Sol. 26 (A) Based on experimental analysis studied in theory 

option (A) is correct. 

Sol. 27 (C) As frequency of incident light is kept constant 
maximum kinetic energy of ejected photoelectrons will remain 

constant and intensity is increased which means photon flux is 
increased due to which more number of electrons are emitted 

hence option (C) is correct. 

Sol. 28 (B) Due to increase in both frequency and photon flux 

by a factor of two, light intensity increases by four times. Due 
to doubling the frequency the maximum kinetic energy increases 

by a factor more than two and by doubling the photon flux the 
photo current increases by a factor of two hence option (B) is 

correct. 

Sol. 29 (C) As kinetic energy of photoeiectrons is related to 

wavelength of the incident light by a relation given as 
K =hc/1,.-~ 

max 4' 
hence in this case option (C) is correct. 

Sol. 30 (B) At stopping potential the emitted photoelectrons 
are not able to reach the collecter electrode and repelled back 
and absorbed by the emitter metal again hence option (B) is 

correct. 

Sol. 31 (C) The relation of frequency of light and stopping 

potential is given as 

eV0 =hv-$ 
hence option (C) is correct. 

Sol. 32 (D) As the distance of light source is doubled from 

the photo cell the light intensity which is inversely proportional 
to the distance will become one fourth hence e;,tion (D) is 
correct. 

Sol. 33 (C) By changing the distance between source and 

emitter metal the photon flux changes and stopping potential 
depends upon frequence hence there will be no change in 
stopping potential in this case hence option (C) is correct. 

Sol. 34 (A) As frequency ofradiation is kept fixed there will 
be no change in maximum kinetic energy of the emitted 

photoelectrons hence option (A) is correct. 
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Sol. 35 (D) As photon flux and intensity of incident light is 

inversely proportional to the square of the distance from the 

light source from metal and saturation photocurrent is directly 
proportional to the photon flux, option (D) is correct. 

Sol. 36 (D) The relation of frequency of light and stopping 

potential is given as 
eV0 =hv-~ 

hence option (D) is correct. 

Sol. 37 (B) Due to downward direction of electric field the 

ejected electrons will experience upward acceleration due to 

this field and because of this the total kinetic energy of ejected 

electrons will increase. 

Sol. 38 (D) In photoelectric effect the incident photon is 

absorbed by the free electrons of the metal in conduction band 
and these are emitted ifincident light energy is more than the 

work function hence option (D) is correct. 

Sol. 39 (B) The maximum kinetic energies of the ejected 

electrons from the two photons will be I - 0.5 

0.5eV and 2.5 -0.5 = 2.0eV hence option (B) is correct. 

Sol. 40 (B) As the aperture of the lens is recuced to one fourth 
so photon flux coming out from lens will also become one fourth 
so current will also reduced to one fomth, hence option (B) is 

correct. 

Sol. 41 (A) The relation in stopping potential and wavelength 

for a photoelectric effect experiment is given as 
eV

0
=hcf')...-~ 

using above relation we can see that option (A) is correct. 

Sol. 42 (D) In photoelectric effect electrons are ejected only 
when the photon energy is more than work function of metal 
and if photon energy is less than work function then electron 

will not be ejected no matter how much is the intensity. This 
fact supports the quantum nature oflight hence option (A) is 

correct. 

Sql. 43 (D) A;; studied in the theoryofEienstien's photoelectric 
effect experiemnt, option (D) is correct. 

Solutions of NUMERICAL MCQS Single Options Correct 

Sol. I (B) We use 

he 1240(nm)eV 
eVs= T-~ = ,400(nm) l.9eV 

=> eVs=l.2eV 
=> Vs=l.2V 

Photo Electric Effeci ~ ~~~-W~y~ 

Sol. 2 (A) We have 
hv=eV 

=> 

=> 

eV 
v=h 

l.6x 10-19 x ]Ox 103 

v= 
6.6x 10-34 

V =2.4 X 1018 Hz 

Sol. 3 (B) no. of photoelectron emitted per second are 

l.5x10-3 Wx(I0-3
) 0.48 ,..__,; 

N=------'--~'----=--xlv-
1240(nm)(eV) xe(V 15) e 

400(nm) 

=> Photo current= ne = 0.48 µA 

Sol. 4 (B) Change in momentum due to photon= f 
F = rate of change of momentum 

=> 
h 

F=ni =ma 

nh 
=> a=-

Am 

12431 
Sol. 5 (B) We use ~= 

6000 
e V 

=> ~=2.07eV 
=> ~= 2.07 X ).6 X 10-19 

=> ~=3.315x10-19J 

Sol. 6 (B) Number of photons per second are 

'p')... 

=> 

=> 

N=hc 

IOOx 0.05 x 555 x 10-9 

N= 
6.63x 10-34 x3x 108 · 

N = 1.39 X 10-1• 

Sol. 7 (D) The electron ejected with maximum speed v max are 
stopped by electric field E = 4N/C after travelling a distance 

d= Im. Thus we have 

I -mil- =eEd=4eV 2 max 

Th.eenergyofincidentphoton= 
1
}:

0
1 

=6.21 eV 

From equation of photo electric effect we use 

I -mil- =Im-.!. 2 max 't'o 

Thus the cesium ball can be charged to·a maximum potential of => 
12V. 

<ii, =6.21-4=2.21 eV 
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Sol. 8 (B) The radiation pressure depend on the intensity of 
light used and not on its wavelength and frequency. 
Also, the radiation pressure depends on the nature of the surface 
on which light is falling. Hence (B). 

Sol. 9 (D) The ptoential of anode with respect to the cathode 
must be -5V to repell fastest photoelectrons. 

Sol. 10 (C) The maximum K.E. of ejected photoelectron is 

(KE)ma, = hv-$0 
If the frequency of photon is doubled, maximum kinetic energy 
of photon electron becomes 

(KE)
0 

=2hv--' · max 't'o, 

(KE)~,,. 
=:, 

(KE)max 

Ph 
intensity of beam 

oto current oc hv 

If intensity and frequency both are doubled, the photocurrent 
remains same. 

Sol. 11 (C) Number of photons per second enering human 
eye are 

P). 
N=

hc 

10-10 x660xl0-9 

N= ---=--~ x J0-4 
6.63xI0-34 x3xl08 

N=3.3l x 104 

Sol. 12 (C) At temperature T, average kinetic energy due to 
thermal motion is given as 

I 3 
-mv2= -kT 
2 2 

Momentum is given as 

P=mv= .J3mkT 

de-Broglei wavelength is given as 

h 
).=~== 

.J3mkT 

hC hC 
Sol.13 (D) Energyofaphoton= T =E;E'=0.25E= 

4
1. 

41.-1. 
So percentage change in wavelength= -).- x 100% = 300%. 

Sol. 14 (B) The net force on the plate is due to incidence of 
photons+ due to emission of electrons. 

The number of photons incidents per second on the plate 
= number of electrons emitted per second 

IS 
hv 

427l 
- ' 

The momentum of each photon and electron respectively are 

~ and J2m(hv-$) where m is the mass of the electron. 

Hence the net force exerted on the metal plate is 

Sol. 15 (C) Power percent area of wave is 

P= e 0EJC 
Number of photons falling per unit area are 

P). Eo EJ C). Eo 1.EJ 
N=-=~~~-

hc he h 

Sol. 16 {A) By conservation of momentum we use 

h 
- =mV ). R 

V = _I!_ 
R mA 

Sol. 17 (D) Number of photons striking per second are 

IA 
N= hv 

Area A here is the area perpendicular to the direction ofintensity 
or direction of energy flow. 
Consider a ring ofradiusx and width dx on the disc. Intensity I 

p 
on the ring due to source is I= --2 4nr 

2R 

' ' ,P 
' 

r 

Fsin8 

F 
Fcos8 

now, dA L =dA case 
dA =2,rxdr 

" ~ :a\ 
l \ 

Gives, dA L = (2nrdx) cos 8 

dA 

A photon will exert force Fas shown, only the Foos 0 component 
will remain andF sin 0 will cancel out as we integrate on the ring 

Nh 
F=-

). 

Study Physics Galaxy with www.puucho.com

www.puucho.com



1±?_~--- Photo Electric Effect & Matter Wa~~ 

[ as N photons strike per second and this leads to less of :h => 

momentum p~r second.] as only Fcos0 component of force => 
remains 

2he =4eV 
3A. O 

$= ~~ 

(
IdA1.) h dF= -- x - cos0 
hv "-

F R[ ] . => f dF _ f P x (2rrdxcos0) x !!_ 
o - o 4rr(4R2+x2) (h;)· "- cos0 

[As r = ~4R2 +x2
] 

Solving we get 
p 

F=-
20e 

Sol. 18 (A) We have 

=> 

=> 

"-i =4IOOA 
"'> =4960 A 
"3 =6200A 

12431 · 
E 1= 410 =3eV 

12431 
E2 = 4960 =2.5 eV 

12431 
E

3
= 

6200 
=2eV<$ 

Hence only "-i and ½ can cause photoemission. 
No. of photons of wavelength "-i incident on the sodium surface 

in 1 sec, 

P/3 2.4xl0-3 

Similarly n = -- = --'--~~ 
2 E

2 
2.5e 

2.4xl0-3 

3e 

total no. of photoelectrons emitted in I sec=total no. of photons 

of wavelength A-1 and½ 
=n1 +n2 

photoelectric current/p= (n 1 + n2) e 

=> Jp=2.4xJ0-3 (½+ 2\)A=~mA=l.76mA 

Sol. 19 (C) Threshold wavelength is given as 

12431 
,.= -

4
- =3107.75A 

Sol. 20 (A) We use 

he T =5eV0 +$ 

and 
he · 
-. =eV +~ 
:M, 0 't' 

I he 
Sol. 21 (D) We use 2 mv2= T -$ 

and 
I ,2 he 4he 
2mv = (3A/4) ~$= 3A. -$ 

=> v'> J½v 

Sol. 22 (B) Potential of the sphere at any time 

Qo + Qt 11A-Pet · 
V(t)= = V+ 4rre0R 4rre0Rhe 

PA 
Here we have Qt= hc 11e x I 

Sol. 23 (A) Under the given condition. energy of photon is 
made half the work function of the metal. Hence photo-emission 

shall stop altogether. 

, KE~~x 
Sol. 24 (B) Stopping potential=--. =4V. 

e 

he 
Sol. (B) We use T = $+ 3eV0 

he 
and. 

2
,_ =$+eV0 

Using 3 x (2 )-(I) gives 

he he 
2A = 2$ => $= 4A 

... (I) 

... (2) 

Sul. 26 (C) The energy of incident photons is given by 

hv=eV, +$0 =2+5=7eV 

(V, is stopping potential and $0 is work function) 

1]P 10-5 P 
=> Saturation current= 10-5 A= -h e = -

7
-- e v xe 

Thus P=7W 

Sol. 27 (B) Least detectable intensity for of eye is 

he 
/=5x I04x-

"-

=> 
6.63x 10-34 x3 xl08 

/=5x )Ox 7 5xl0-

=> /= 1.99 x I0-19 W/m2 

Thus eye is more sensitive power detector. 
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Sol. 28 (B) Threshold frequency 

v=.! 
h 

3.3xl.6xl0-19 

6.63 X 10-34 

=7.96 x 1014 Hz 

Hence (B) is most appropriate. 

Sol. 29 (A) Incident photon energy 

12431 
E= 

3000 
=4.14eV 

KEma, =4.14-3.3=0.84eV. 

KEmax 
Sol. 30 (A) Stopping potential= -- = 0.84V. 

e 

Sol. 33 (D) We use 

h 
-=). 
mv 

Sol. 34 (A) We use 

hvl =$+eVI 
and hv, =$+ev, 
Using (2)- (1) gives 

h 
V2 = V1 + - (v2-v1) 

e 

Sol. 35 (C) Incident energy E = hv and we use 

_: 429] 

... (I) 

... (2) 

Sol. 31 (C) Consider a ring of radius x and width dt. Power KEmax =hv-$ 
indicent on the ring 

P Pxdx-nr 
dP = --~-~ . 21t x dx. cos 8 = --~-~~ 

41t[(nr)' +x2
] 2[(nr)' +x2

]
312 

No. of photons falling (perunit time) on the area= d:~,_ 

,. 

momentum given by one photone M' = 2 (hi).) cos 8 
=> force on the ring dF(in the downward direction) 

= dP·A. 2h cos 8 = 2dPcos8 
hC ). . C 

Pn 2r2 ' F= f 2_ Pxdxnr cos8 I xdx => ·-----
· 2[(nr)2 +x2 ]312 C C 

0 
(n2r 2 +x2

)
2

' 

Pn 2r2 p 
=> F=--· 

2C(n2 +I). 2C n2r 2 (n2 +!) 

Sol. 32 (A) Number of photons entering sensor are 

where 

N= P;At 
he 

p 
P. = -- x rr(2d)2 

, . 41tI' 

P).d2 t 
N=--· 

he!' 

(P1-> incident power) 

1 2 

2mvmru< =6.63 x 10-34 x3 x ]0 15 -4x I.6x 10-19 

2xl3.49xl0-19 

=> v= 9.lx!0-31 

= 1.72 x !06 mis 

Sol. 36 (A) We use 

1 
h• =,.+ -m8 2 
01 'I' 2 I 

1 
and hf=$+ -mv2 

2 2 2 

Using (I)- (2) gives 

2h 
v2 ~ v2 = - (f, - f) 

i 2 m I 2 

... (I) 

... (2) 

Sol. 37 (B) The maximum kinetic energy of the electrons 
immediately upon ejection is the difference between the energy 
of the incident photon and the threshold energy. 

he he K=---,_ '-o 
This kinetic energy of ejected electron is converted to 
electrostatic potential energy, !i.U = eEd, as electrons come to 

rest while moving in the direction of electric field. Therefore, 

K=Eed 

and 

Sol. 38 (A) Momentum ofo particle is 

h 6.63xl0-34 

p = - = ---- = 1.66 x 10-21 N-S 
'- 0.004 x 10-10 
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Energy of a-particle is 

=> 

p2 
E=-

2m 

(1.66 X 10-2 ) >2 
E= · eV 

2x4xl.67xlo-21 xl.6x10-19 

=1296.87eV 

Sol. 39 (C) If the source radiates uniformly in all directions, 

the intensity I of the light at a distance r is given by 

Po I.OW I= -- = --'""-~ = 0.32 W/m2 
4itr2 4it(0.5m)2 

ThetargetareaAisit(l.3 x !0-10 m)2 or 5.3 x !0-20 m2,sothat 
the rate at which energy falls on the target is given by 

P= IA= (0.32 W/m2) (5.3 x l0-2"m2) 

=> p = I. 7 X 10-20 ]/S. 

!fall this incoming energy is absorbed, the.time required to 

accumulate energy for the electron to escape is 

/= ( l.SeV ). (l.6x10-19J) =17s. 
l.7xlo-20 Jts leV 

Sol. 40 (B) We use 

Given that 

=> 

We use 

p2 I 
E=-'-=-mv2 

e 2m 2 

h he 
P,=PPh=i andEPh=°i" 

EPh =PPh"c =mvC 

Ee =~ 

EPI, 2C 

Sol. 41 (B) Maximum kinetic energy of photoelectrons is 

I 2 I 9.lx10-3 x(l.8x106
)
2 

KE = -mv = - x ----'-ccc--~-
'""" 2 2 l.6x10-19 

=> KE"""' =9.21 eV 
Stopping potential 

Sol. 42 (A) We use 

and 

=> . 

h 
', = ~2mEp 

'A,_=~ 
Ep 

!:J._ oc .j£; . 
'-2 . 

Photo El~.ct,:i_c .. Ef!ect & Matter Wavesj 

Sol. 43 (D) For an accelerating voltage V de-Broglei 

wavelength is 

h ,-=~== 
.J2meV 

h2 

V= 2meA2 

(6.63x10-34 }2 
=> 

=> 

V= 2x9.lx10-31 xl.6x10-19 x(0.4x10-10 )2 
V = 943.4 volt. 

Sol. 44 (A) Uusing equation of photoelectric effect 
K =E-W(K =eV) . 

max max s 

=> 3 "= 12431 _ 12431-= 1243.1 _ 2 48 V 
ev ,. 5000 ,. · e 

=> ,-=2268A 

Sol. 45 (B) Using equation for two wavelengths 

I he 
-mv2=--~ 
2 I '-1 

.•. (i) 

l 2 he 
=> zmv2 = '-2 -:-~ ... (ti) 
Dividing equation-(i) with equation-(ii), ';"ith v1 = 2v2, we have 

he-~ ,., 

=> 

=> 

=> 

4=--
he -~ 
'-2 

31>= 4xl2431 
5400 

~=l.88eV 

12431 
3500 = 5.64 eV. 

Sol. 46 (B) For particle of mass m, charge q ifaccelerated at 
- voltage V, its de-Broglei wavelength is given as · 

h 

=> 

=> 

Sol. 47 (D) For electron and proton we use 

h ,-=~== 
· ' .J'fmeV 
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=> ,._ =A /m 
p ''{ii 

Sol. 48 (A) As graphs' a' and' b' are starting at same point on 
potential axis, their stopping potential as well as frequency is 
same hence option (A) is correct. 

Sol. 49 (C) Initial wavelength of electron is 

h 
A,=-

P; 

dA dP 
--=--' 
hi P; P; 

~=pm 
100 P; => 

=> P;=200Pm. 

Sol. 50 (A) The light contains two different frequencies. The 
one with larger frequency will cause photoelectrons with largest 
kinetic energy. This larger frequency is 

ro _ 8xl015 s-1 

v= 27' 27' 

The maximum kinetic energy of the photoelectrons is 
K"""=hv-W 

(
8xI0

15 
) =(4.14 x 10-15 eV-s) x ~s-1 -2.0eV 

=5.27 eV-2.0eV=J.27 eV. 

Sol. 51 (B) Since plate is in air, so gravitational force will act 
on this 

=> 
=> 

-F gravitational =mg 
F gravitationaJ = l O x I 0-J X 10 
F gravitational= l 0-1 N 

(downward) 

for equilibrium force exerted by light beam should be equal to 

F gravitational 

Fphoton = F gravitational 

If power oflight beam beP, the photon force is 

=> 

=> 
=> 

p 
F =-

photon c _ 

p 
-=10-1 
C 

P=J.Ox ]08 x I0-1 

P=JxJ07 W 

h h 
Sol. 52 (D) We use A= - = --

P ..J2mE 

Thus we have 

Using_ 
and 
We get 

6£=;: (:~-:~) 
A,) =Q.5 X ]()-9m 

",=2X ]0-9 m 
/JE=5.67eV 

Sol. 53 (B) As we have 

h ,.,--
- ..J2mK 

----430fl - _______ [ 

As K = q Vis same for both proton and electron, we use 

,.,, = /M 
,.,, Vm 

Sol. 54 (A) From quantization condition we use 

nh 
mvr= - for n=I 

27' 

As we have 
h h rnv=-=-,._ 21'r 

=> Ado-Broglio= 2w= 1.058 "A 

Sol. 55 (B) We use£= ¾kT & P= ..J2mE 

=> 
h ,._ =-

de-Broglie p 
h 

=> Ade-Broglie 
h 

Substituting values 

Ado-BrogHo = 0.63 A. 
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Sol. 56 (A) 

=> 

we have 

P2 he 
We use: K.E. = -- = --

2me A.min 

2hcme 
P= 

A.min 

A.de-Broglie= 

for "min= I oA Ad,-Broglie = 0-3A 

Sol. 57 (C) Initial de-Broglewavelength = _h_ 
movo 

After anytime t, )c= h 
111oVo +qoEot 

When A becomes half of the initial value we use 

h h 
2mo Vo mo vo + qoEot 

=> movo = qrftol 

=> 

Sol.58 (B) Weuse hv=l3.6(3)2 [;,-
5
1,] =2.75eV 

andfor n=4ton=3 

hv=(13.6) x (3)' [;, - ;, ] =5.95 eV 

=> for shorter wavelength we have 
3.95 =5.95-$ 

=> $=2eV 
fcrla,gErwava61gtheV, =2.75--'2= 0.75 eV 

Sol. 59 (C) We use 

1 2 
hv=hv0 + 2mvmax1 

As v=2v0, we have 

=> 

I 2 
hvo = 2mvmax1 

I 2 
5hv0 =hv0 + 2mYmax2 

I 2 
4hvo = 2mvmax2 

2 
vmax, 

Using (2)-(1) gives 4= ,-----=-
. vmaxl 

=> 
=> 
=> 

vmax
2 
=2 x vm.1X

1 
v =2x4x 106 

"""'' v =8xl06 m/c. ma,z 

... (1) 

Photo Electric-Effect ~· fyl~tte~Wa~ 

ADVANCE MCQs 011e or More Optio11 Correct 

Sol. 1 (B, D) Pressure on screen is given as 

I 30xl03 

P=-=--~ I0-4N/m2 

C 3x 108 

Total momentum transferred in time tis given as 

1Ar 
l!,.p=-

c 

30x 103 x l00x 10-6 x 1000-

3xl08 
= 10-'N-S 

12431 
Sol.2 (B) Energyofphoton= 

2000 
eV=6.2leV 

Maximum KE ofelectron at emitter= 6.2 -4.5 = 1. 7 eV 

Minimum KE of electron at emitter= 0 

Maximum KE ofelectron at collector= l.7eV +2eV =3_7 eV 

Minimum KE of electron at collector= 0 +2eV = 2eV 

If polarity is reversed, then Max KE ofelectron at emitter< 2 e V 

So no electron will reach at the collector. 

Sol. 3 (B) With the values of work functions of aluminium 
and sodium we can see that the threshold frequency of 

aluminimurn is more than that of sodium. 

Sol. 4 (A, C) In this case the maximum kinetic energy of 

ejected electrons is given as K""" = I 0.4e V for the work function 
of the metal I. 7 eV_ The incident energy of the radiation on the 

metal surface is 

E= 10.4+ 1.7= 12.1 eV 

which is corresponding to the electron transition in hydrogen 

atom from n= 3 ton= I · 
Thus wavelength of the incident ration- is given as 

i2423 
A= --A"' I 022 A. Hence options (A) and (C) are correct. 

12.1 

Sol. 5 (A, C) In a given magnetic field the radius of the 
traj;,.,toryofa charge particle is given as r= mv/qB hence option 

(A) and (C) are correct. 

Sol. 6 -(B, C) The energy of lower energy level is less than 

that of higher level but kinetic energy of electron is. more at 

lower energy level hence option (B) and (C) are correct. 

Sol. 7 (All) Due to momentum in the photons ofincident light 
when these photons are absorbed by the opaque sheet so the 
.energy and momentum are continuously transferred to the sheet 

hence all options are correct. I 
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Sol. 8 (B) As it is evident that the orbiting electron does not 

radiate any energy while revolving around the nuclues in a 
specific orbit. We've studied that it happens because according 

to DeBroglie the wave behaviour of electron is such that the 

wavelength of moving electron ·in an orbit is such that it forms 

stationary waves in the orbit and no energy is radiated. Thus 

the quantized angular momentum is obtained from the wave 
character of the electron in an orbit hence option (B) is correct. 

Sol. 9 (A, D) If photon number is kept constant then intensity 

can be increased only by increasing the frequency of incident 

light due to which stopping potential increases. As saturation 

current in circuit depends only upon the total number of photons 

incident per unittime, it will remain same hence options (A) and 

(D) are correct. 

Sol. 10 (B, C) From the given graphs in figure it is clear that 
photocathode 2 has higher work function and the ejected 
electrons from this photocathode have lesser energy so these 

are stopped by a lower stopping potential and as the area of 
photocathodes may be different so these can have different 

saturation currents. 

Sol. 11 (A, B, C) Quantum nature oflight states that the energy 

oflight is quantized and the energy packets oflight which are 
called photons cannot be combined with other packets or split 
in more packets which verifies that options (A), (B) and (CJ are 

correct. 

Sol. 12 (B, C) By using the relation of photon momentum as 

p = hi'). we get options (B) and (C) are correct. 

Sol. 13 (B, D) When the source is shifted a distance 3 times 

away then the intensity at the cell will drop by 9 times hence 
option (D) is correct. As stopping potential only depends upon 
the frequency of the incident light it does not change so option 
(B) is correct. 

Sol. 14 (BJ Work function is~= 4.5 eV 

he 12423 
E= T = 2000 "'6.2 eV 

Maximum kinetic energy of ejected electrons is 

KE"""= 6.2-4.5= 1.7 eV 

If collector is positive with respect to emitter then electron will 
reach the collector. 

Accelerating potential is of collector is 2V thus 2eV work is 
done on electrons so maximum kinetic energy of electrons 
reaching the collector is= I .7 + 2 = 3.7eV 

And if polarity is reversed then electron will not reaches to 
collector because 2eV > 1.7 eV hence only option (B) is correct. 

Force 
Sol.15 (A, C) Radiation pressure= -A--

. rea 

2h 
= photon flux x T 

J'). 2h 2/ 
=-x-=-

h, A C 

hence option (A) is correct. 

For equilibrium of mirror, we have 

2/A 
Tsin0=-

c 

Tcos0=mg 

!a r 
el 

mg 

Dividing (2) by(!) we get 

2/A 
tan 0 = mgc 

hence option (C) is correct. 

... (!) 

... (2) 

Sol. 16 (A, B, C) By equation of photoelectric effect we have 

4~=~+t ... (I) 
4M=~+~ ... m 

De:Broglie wavelength of the ejected electron in the two cases 
are given as 

12.27 12.27 
').A= hr and ').8=2').A= hr 

,iVA ,iVo 

Dividing the above wavelength gives 

½=#; 
Vs=
VA 4 

To = .!_ 
TA 4 

T8 = TA-1.5 eV 

By solving these equation gives we get 

T. =2eV; T8 =0.5eV 

and ~A =2.25 eV; ~8 =4.20eV 

... (3J 

... (4) 
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Sol. 17 (A, C) Stopping potential of a metal surface in. 
photoelectric effect experiment depends on frequency of 
incident light and work function of the metal surface which 
depends upon the characteristics of the emitter metal hence 
option (A) and (C) are correct. 

Sol. 18 (All) From the graph it is clear that for the radiation B 

stopping potential is maximum which is corresponding to the 
maximum kinetic energy as well as maximum frequency of the 
radiation hence option (A) is correct. The stopping potential 
for the radiation C is minimum which is for the minimum 
frequency or longest wavelength of the radiation hence option 
(B) is also correct. Saturation current is maximum.in case of 
radiation A which is corresponding to maximum rate of photons 
incident or maximum rate of electron emission from the surface. 
The momentum of electron is proportional to the square root 
of the kinetic energy of the ejected electrons hence option (D) 
is also correct. 

Sol. 19 (A) In wave theory we do not consider the energy 
packets so energy is distributed in the whole lattice of the metal 
surface which cannot explain why photoelectric effect takes 
place on at a frequency equal or above the threshold 
frequencies. Hence option (A) is correct. 

Sol. 20 (C) The stopping potential in the experiment of 
photoelectric effect is the reverse potential which stops the 
fastest emitted photoelectron to the collector plate. The fastest 
electron will be corresponding to the maximum energetic photon 
which is corresponding to the shrtestwavelength in the radiation 
beam. 

Sol. 21 (C) Photocurrenf in an experiment of photoelectric 
effect is independent ofth'e frequency of the incident light and 
depends only upon the rate at which photons incident on_ the 
metal surface. 

Sol. 22 (A, B, C) If atom is moving initially then by 
c1mservation of momentum and energy we can find the 
frequency of emitted photon which will vary depending upon 
the direction of motion ofatom and the direction in which the 
photon is ejected. A photon can be ejected in same, opposite or 

Photo Electric Effec} _& ~a}terWavesJ 

normal direction to the initial motion of the atom hence option 
(A), (Bl and (C) can be correct. 

Sol. 23 (A, B) Due to the pulse of light and its reflection it 
imparts some momentum to the mirror due to which it gains 
some momentum and starts to oscillate hence option (A) is 
correct. As some energy of the incident light is transferred to 
the mirror, the reflected light will have relatively lesser energy 
and slightly higher wavelength hence option (B) is correct. 

Sol. 24 ( C) If frequency oflight is kept same then the maximum 
kinetic energy of ejected photoelectrons will remain same. Wehn 
the intensity is doubled then the number of phtoelectrons 
emitted per second will get doubled as photons incident will be 
double of the initial value. 

Sol. 25 (A, D) Stopping potential is a reverse potential hence 
option (A) is correct. At stopping potential just before hitting 
the collector plate electrons are repelled away hence option (D) 
is also correct. 

Sol. 26 (B, D) Due to increase in wavelength the incident 
energy decreases but ifit is still higher thant the work function 
of the metal photoelectric emission can take place hence option 
(B) is correct. Due to tdecrease in frequency oflight the stopping 
potential will decrease hence option (D) is also correct. 

Sol. 27 (A, B, C) Energy quanta or photo is considered a packet 
ofenergywhich cannot be broken into parts as well as it cannot 
be combined with other quantas hence options A, B and Care 
correct. 

Sol.28 (A,D) KEmax=(5-~)eV 
when these electrons are accelerated through 5V, they will reach 
the anode with maximum energy= (5-~+ 5) eV 

10-~=8 

~= 2eV 

Current is less than saturation current because if slowest electron 
also reached the plate it would have 5 eV energy at the anode, 
but there it is given that the minimum energy is 6 eV. 

* * * * * 
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1X-rays - - -- ---- ______ 4_3~51 

ANSWER & SOLUTIONS 

CONCEPTUAL MCQS Single Option Correct 

1 (B) 2 (C) 3 (D) 
4 (B) 5 (C) 6 (A) 
7 (B) 8 (C) 9 (B) 
10 (A) 11 (B) 12 (B) 
13 (B) 14 (B) 15 (C) 
16 (D) 17 (A) 18 (D) 
19 (C) 20 (C) 21 (A) 
22 (D) 23 (C) 24 (A) 
25 (C) 26 (C) 27 (A) 
28 (A) 29 (D) 

NUMERICAL MCQS Single Option Correct 

1 (B) 2 (C) 3 (D) 
4 (C) 5 (B) 6 (C) 
7 (C) 8 (C) 9 (B) 
10 (C) 11 (C) 12 (C) 
13 (B) 14 (B) 15 (B) 
16 (A) 17 (C) 18 (B) 
19 (D) 20 (D) 21 (B) 
22 (D) 23 (C) 24 (A) 
25 (A) 26 (C) 

AD VANCE MCQs One or More Option Correct 

1 (A, C) 2 (A, C) 3 (A, C, D) 
4 (A, B, C) 5 (A) 6 (A, B, C) 

7 (A, C, D) 8 (B) 9 (A, D) 
10 (A) 11 (B, D) 12 (A, B, C) 
13 (C, D) 14 (A, D) 15 (All) 

16 (A, B) 17 (CJ 18 (D) 

Solutions of PRACTICE EXERCISE 3.1 

(i) Given wavelength is 1. = 0.1 x 10-9 nm= IA 

Photon energy 

Frequency 

Photon momentum 

(ii) For Ac= IA we use 

Photon energy 

12431 
E= -

1
- = 12.431 keV 

E 12.431xla3 xl.6x!0~19 

v=-= 
h 6.63x 10-34 

h 6.63xI0-34 

P=-= 
1. 10-10 

= 6.63 X 10-24 J-S 

12431 
V=--=12431kV l . 

. he 6.63x!0-34 x3xl08 

E= T = 10-10 

So J.99 X JO-IS J 

(iii) Energy required to knockout£ shell electron is 11.3 keV 
hence the potential difference across the tube must be less 
than 11.3 kV in case L shell electron is to be saved for no L 
series X-ray emission. 

('IV) Wavelength of k
0 

photon is 

12431 
1-= 

6400 
= 1.942 A 

Using momentum conservation we get 

h 
P= - =mV A R 

~ Recoil.energy of atom is 

p2 (h/1-)' 
E=-=--

R 2m 2m 

( 
6.63xI0-34

) 1 ,. 

= l.942xl0-l0 x 2x9.3x10-20 xl.6xl0-19 

= 3.91 x 10-10 eV 

(v) Photons travel at speed of light so time taken by both 
photons is 

d 3xl03 

1=-=--=10-5 s=lOµs 
C 3xl08 

(vi') BuildingenergyofL-shell electron is 11.3 keV 
Energy difference of n = 2 and n = 1 she)! is · 

12431 
M= 

0
_
213 

=58.3615keV 

~ Building energy of K-shell electron is 
· . EK=58.3615+ ll.3 

=69.6615 keV 
Thus accelerating voltage required to knock outK-shell electron 
is69.6615V. ' . . 

: (vii) Energies required for below transition are 
n= I toco £ 1 =25.31 KeV 
n=2toco E2 =3.56KeV 
n=3toco E3 =0.53KeV 

~ EnergyofK
0 

line isM21 =25.31 -3.56=21.75 KeV_ -
~ Energy of KP line isM31 =25.3J-0_530=24.78'KeV 
~ EnergyofL~ lineisM31 =3.56-0.530=3_03 KeV 

Thus 
t;E 

VKa = -f =5.249 X 1018 Hz 

t;E 
V Kp = -f = 5.98 X 1018 Hz 

Vloc = ~ 32 =7_3]2 X 1017 Hz. 
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Solutions of CONCEPTUAL MCQS Single Option Collect 

Sol. 1 (B) In Coolidge tube high speed electrons are allowed 
to incident on the target anode metal for production of X-rays 

hence option (B) i~ correct. 

Sol. 2 (C) In X-ray production the electric work done on 
electrons_ transformed to their kinetic energy and then this 
energy is radiated in form ofX-rays during interaction of these 
high speed electrons with the field of nucleus of target anode 
atoms. Hence option (C) is most appropriate here. 

Sol. 3 (D) If the incident energy allowed to emit K series of 
X-rays then Ka line frequency will remain same but the minimum 
wavelength of the continuous spectrum will get doubled hence 

option (D) is correct. 

Sol. 4 (B) The minimum wavelength ofX-rays emitted from 

an X-ray tube is given as 

hence option (B) is correct. 

Sol. 5 (C) Hard X-rays have higher energy and lower 
wavelength so the potential difference across the tube need to 
be increased hence option (C) is correct. 

Sol. 6 (A) Molybdenum has high melting point due to higher 
value ofits mass number so it can withstand against high energy 
electrons so this is preferred hence option (A) is correct. 

Sol. 7 (B) As minimum wavelength of the continuous spectrum 
is inversely proportional to the applied voltage in the tube hence 

option (B) is correct. 

Sol. 8 (C) Mosley's law is given as -J;= a (Z - cr) hence 

option (C) is correct. 

Sol. 9 (B) From the spectrum of continuous X-rays the emitted 
radiation has wavelength above a minimum wavelength and 
extend upto infinite value hence option (B) is correct. 

Sol. 10 (A) Ka line wavelength depends upon the atomic 
charge which is same in all isotopes hence option (A) is correct. 

Sol. 11 (B) .Sodium has less work function than copper so the 
kinetic energy of ejected electrons in case of sodium will be 
more hence the stopping potential will be more for sodium hence 
option (B) is correct. 

_- -- - _x:ray~ 
Sol. 12 (B) The energy of X-ray photons is directly 
proportional to the radiation frequency with which the photons 
penetrate a physical substance hence option (B) is correct. 

Sol. 13 (B) A good target for X-ray production must be able 
to withstand against high energy electron which looses energy 
to heat up the target so it should be a heavy element with high 
melting point hence option (B) is correct. 

Sol. 14 (B) Continuous X-ray spectrum is produced due to 
loss of electron energies when these interact in the positive 
field of the target nuclie at different approach distances hence 
option (B) is correct. 

Sol. 15 (C) X-rays are electrically neutral so these are not 
deflected by electric field hence option (C) is correct. 

Sol. 16 (D) As the incident photon supplies some energy to 
the electron its energy decreases due to which its frequency 
decreases and wavelength increases, hence option (D) is correct. 

Sol. 17 (A) X-rays are very high energy electromagnetic rays 
which can damage the target and receiver also over a period of 
time due to regular reflection and absorption thats why these 
are not used in RADAR hence option (A) is correct. · 

Sol. 18 (D) X-rays are electromagnetic radiation which travel 
at speed oflight hence option (D) is correct. 

Sol. 19 (C) X-ray photons have energy more than ultraviolet 
radiation but less than gamma radiation hence·option (C) is 
correct. 

Sol. 20 (C) X-rays are highly energetic electromagnetic 
radiation which will pass through the muscular organs and 
-tissues of the body and no shadow is obtained hence option 
(C) is correct. 

Sol. 21 (A) The energy differences in.the shells of hydrogen 
are so less that the emitted photon energies do not fall in X-ray 

- spectrum region hence option (A) is correct. 

Sol. 22 (D) As X-rays are electrically neutral and does not 
produce any magnetic phenomenon, these are not deflected by 
magnetic field hence option (D) is correct. 

Sol. 23 (C) White term is used to denote the mixture of several 
wavelengths in the continues spectrum of X-rays hence option 
(C) is most appropriate. 

Sol. 24 (A) Wavelength ofX-rays is inversely dependent upon 
the applied voltage in the tube hence among the options given 
(A) is correct. 
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Sol. 25 (C) K« line has energy less than KP line hence 
wavelength of K« line is more than KP hence option (C) is correct. 

Sol. 26 (C) For higher energy levels in an atom screennig 
constant cannot be precisely determined so the above relation 
mainly gives good approximated results for lower values ofn1 
and n2 hence option (C) is most appropriate here. 

Sol. 27 (A) As X-rays wavelength is of the order ofinteratomic 
spacing, good level of diffi-action pattern can be obtained by 
the lattice atoms for the study of structural analysis hence option 
(A) is correct. 

Sol. 28 (A) As applied voltage across the tube increases, the 
cut off wavelength decreases at hus the difference between "-c 
and AK increases hence option (A) is correct. 

Sol. 29 {D) From the figure it is clear the cut off wavelength of 
A is less than that ofB so applied voltage for A is more than that 
of Band the characteristic K« line wavelength of Bis less than 
that of A that means the energy level difference of element Bis 
more than that of A for n = l and n = 2 thus atomic charge of B 
is more than that of A hence option (D) is correct. 

So/11tio11s of NUMERICAL MCQS Single Options Correct 

Sol. 1 (B) To knock out the innermost electron the voltage 
must be more than 40kV then only a vacancy will be created in 
K shell and K series X-rays will be emitted. 

Sol. 2 (C) The minimum wavelength is 

12431 
"', = 40000 =03IA 

Thus wavelengths lesser than 0.31 A must not be present. 

Sol. 3 (D) Minimum wavelength is 

12431 · 
\ = 80000 =0.155A 

As KEmax = 80 keV> BEK 
so characteristic X-rays will be there 

Sol. 4 (C) We use 

(
56)

2 

),, = AX 28 =4 

he , hC 
Sol. 5 (B) We use\nin = 20000e '"-min = I OOOOe 

Given that 4 (A« -Ami.)=("-« -A'm,.) 
=> 3m = 4"-min -A' min 

hC 
"'« = 30000e 

hC =30000e 
"-« 

.. 4~?J 

By using the formula of energy of electrons according to Bohr's 
model and considering shielding effect 

30000=(13.6)(i~ -
2

1
2 J (Z-1)2 

Z-1 =100 /5 = I~ =54 \/IT .._,3.4 
Z=55 

Sol. 6 (C) Energy gap between Kand L is 

12431 
/iE= 021 =59.19keV 

Thus optim (C) is most appropriate. 

Sol. 7 (C) We use 
P=V 

=200(6.25 X IQ18 +3.]25 X IQ18) X 1,6 X IQ-l9 

=> P=300watt. 

Sol. 8 (C) We use 

El =EK -E,, « p « 

E = 12431 (! _ _l) '« I 2 

El«= 
12

~
2

0 =6215.5eV 

El =6.21 KeV. 
« 

Sol. 9 (B) We use 

Sol. 10 (C) We use 

I 
"- oc -
' V 

=> as V charges to V/2 wavelength "-, will get doubled. 

Sol. 11 (C) We use 

i =R(Z-1)2[1-¾] 
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~ 

~ 

Z= J 4 
+I 

3'}..R 

Z= 
4 

+I 
Jx0.76x UJ-IOx10967800 

Z=41. 

Sol.12 (C) Energy of photon is given by mc2 now the 
maximum energy of photon is equal to the maximum energy of 
electron = e V 
hence, mc2 = e V 

eV l.6x10-19 x18x!03 

~ m- - - 3.2 X 10-32 kg 
- c2 - (3x!08)2 

Sol. 13 (B) We _use 

~ 

~ 

~ 

p p 
V=-=-

i ne 

V = 6.25 x I 013 x 1.6 x 10-19 

V= 105 volts 

"- = !!E__ = 
12431 

A"'o 12A mm eV V - : . · 

Sol. 14 (B) We use for Ka line 

_!_ = R(Z-1)2[1-.!.] 
"-1 4 

for Kp line we use 

_I = R(Z-1)2[1-.!.] 
"-2 9 

QL 
(2) ~ 

"-2 3 9 
-=-X-

"-1 4 8 

~ 

27 27 t.,= 
32

"-= 
32 

x0.32A 

=o.21A 

Sol.15 (B) Maximum photon energy is 

12431 
E= 

0
_
33 

=37.67 keV. 

Sol. 16 (A) We use 

~ 

_I = 3R (Z-1)2 
"-a 4 

(Z-1) = J 3R~a 

4 
(Z-1) =, 1----'----

3 x l.l x 107 xl.8xl0-IO 

... (!) 

... (2) 

~ 

~ 

200 /5 78 
(Z-1)=-

3
-\/33 = _3 =26 

Z=27 

X-ra@ 

Sol. 17 (C) Knock out an electron from K level, energy supplied 
must be enough to drive it to an unfilled higher level ofnegligible 
energy(n ~co) 
~ Energy required= B.E. of Kleve!= 69 .5 keV 
~ Acceleration potential= 69.5 kV 

Sol. 18 (B) Powerof electron beam is 
P= V.=20 x 103 x IO x 10-3 

' ' ~ P=200W 

0.5 
-~ Px.,ay_= 

100 
x200=lw. 

Sol. 19 (D) On increasing the applied voltage across the tube 
the electrons which knock out the orbiting electrons will left 

over with extra energy and these may knock out more orbitin 
electrons in the target which leads to emission of more 

characteristic X-rays hence option (D) is correct. 

· I [l I] Sol.20 (D) Using i =R(z-1)2 -, --2 
, n2 n1 

For Cl particle; n 1 =2,_n2 = I 

For metal A; 18:5R =R(Z
1
-I)2 (¾) 

~ · z
1
=26 

Formeta!B; 675R=R(Z,-I)2 (¾) 
~ z2 =31 
Therefore, 4 elements lie between A andB. 

Sol. 21 (B) Using Mosely's law for both cobalt and impurity 

.[j =K(Z-1) 

~ 

~ 

.Jf =K(Z-1) 

J,.: =K(Zco~I).and Jf =K(Z,-1) 

z,-1 
=-- ~Z=40. ZC

0
-} . X 

Sol. 22 (D) Minimum wavelength emitted is 

12431 
"-, = 

66000 
=0.I883A 

T'uns option (D) is correct. 
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Sol. 23 (C) Power dissipated in target anode is 
P= ~x0.01 

~ P= 150NJ x IO x 10-3 x 0.99 
~ P= 1485 watt 

1485 
~ P = 

4
_ 
18 

= 355.26 cal/sec_ 

Sol. 24 (A) No of electrons through the table per second are 

3.2xl0-3 

N= ---- =2 X 1016 

L6xI0-19 

Sol. 25 (A) Penetration power of X-rays depend upon the 
photon energies thus the photon energy is more for lesser 
wavelength radiation. 

Sol. 26 (C) The energy of Ka X-ray photons is directly 

propotional to (Z - 1)2• The energy ratio of two Ka photons 

obtained in X-ray from two metal targets ofatomic numbersZ
1 

( z -•)' and Z2 is z: _ 1 

ADVANCE MCQs One or More Option Correct 

Sol. I (A, C) With the frequency spectrum of electromagnetic 
waves, the rays in the short wavelength neighbourhood of 
X-rays are y-rays and in the long wavelength neighbourhood 
of X-Rays are ultraviolet rays hece options (A) and (C) are 
correct. 

Sol. 2 (A, C) Ka, KP and L
0 

lines are corresponding to the 
electron transition from n = 2 ton= l, n = 3 ton= l and n = 3 to 
n = 2 respectively. Thus we can use 

1'.'>1'. >'.L 
a a '"Jl 

By energy levels we can also use 

he .he he 
-,-=-+-
"'a "'a Ap 

Sol. 3 (A, C, D) Ifthe potential difference is same, the electrons 
will gain same kinetic energy hence will have same speed (but 
may not be in same direction) so due to same magnitude of 
momentum they will have same DeBroglie wavelengths. As 
theseelectrons have same energy they produce X-rays of same 
minimum wavelength as shortest wavelength of X-rays depends 
upon the accelerating voltage only. 

Sol. 4 (A, B, C) When a high speed electron strikes a metal 
surface then, no amount of the energy dissipates initially. When 
electron passes in the field ofnucleus, X-Rays are emitted and 
for any passing by electron its full nergy can be convereted 
into X-Ray photon or partially also partial energy can also be 
convered into the X-Rayphoton energy hence options (A), (B) 
and (C) are correct. 

- - -_1:3-9] 

Sol. 5 (A) As analyzed by DeBroglie option (A) is the only 

correct option as given in question_ 

Sol. 6 (A, B, C) Shortest wavelength of X-rays emitted is given 

as 

12431 
\:= 

20000 
=0.621 A 

Hence option (A) is correct. As the incident energy20 KeV is 

more then the energy of L shell La X-ray may be emitted which 

will have energy 19.9 KeV or less hence option (B) and (C) are 

correct·._ 

Sol. 7 (A1 C, D) The energy required to knock out K shell 

electron ~from n = I to infinity) is more than that of L shell 

electron (from n = 2 to infinity) hence option (A) is correct. With 

the energy levels involved in transition of La, Ka andKp X-rays 

it is clear that option (C) and (D) are correct. 

Sol. 8 (B) The accelerating potential difference for the 

electrons to produce minimum wavelength 66.3pm s given as 

12431 
V= -,.- volts., 18.75kV 

The DeBroglie wavelength of the elctrons reaching the anode 

is given as 

h 
1'.= r;;--;; "'8.9pm 

v2meV 

Hence only option (B) is correct. 

Sol. 9 (A, D) As the potential difference applied to the tube 

increases, the energy of ejected X-ray photons increases due 

to wh_ich X-ray intensity increases and the minimum wavelength 

emitted which is inversely proportional to the applied voltage 

decreases. Hence options (A) and (D) are correct. 

Sol. 10 (A) Cut off wavelength depends upon the accele,ating 

potential difference so it will remain same and characteristic 

lines are dependent upon the energy gap between the ;;nergy 

levels of the elment so these may change. Hence only O!"ion 

(A) is correct. 

Sol. 11 (B, D) As we increase the applied potential difference, 

the electron energy increases which increases the frequency of 

the photons emitted hence option (B) is correct. With increase 

in filament current more electrons per second are incident on 
the target which increases the number of photons emitted per 

unit time hence intensity of X-rays increases but no effect will 

be there on the cut off wavelength due to this hence option (D) 

is correct. 
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Sol. 12 (A, B, C) As value of Z increases the difference of 

energies of energy levels also increase so wavelength 
corresponding to each characteristic line decreases hence 
option (A) is correct. As applied voltage across the tube 

increases, cut off wavelength decreases hence option (B) is 
correct. If power of cathode is increased. which is done by 

increase in current or increase in number of electrons per unit 
time incident on the target, then due to this more X-ray photons 

are emitted per unit time from the target which increases the 

intensityofX-rays emitted hence option (C) is correct. 

Sol. 13 (C, D) For the different characteristic X-rays given in 

options we know that the transitions for these X-rays are 

corresponding to the energy levels as given ~elow 
K

0 
n=2 to n=l 

~ n=3 to n=l 
K, n=4 to n=l 
L

0 
n=3 to n=2 

M
0 

n=4 to n=3 
For the above lines we know that correct energy and wavelength 

relations are-

E(K0) < E(Kp)<E(K) and E(M0)<E(LJ<E(K0) 

so we have 1'.(KJ > 1'.(Kp)> 1'.(K
1
) and 1'.(M

0
) > 1'.(L

0
)> 1'.(KJ 

Hence options (C) and (D) are correct. 

Sol. 14 (A, D) As accelerating potential difference in the X-ray 

tube increases, the energy of incident electrons on the target 

-_-?<:(•Y•i 

increases due to which the emitted photon energy increases 

and cut off wavelength decreases .. Due to increase in overall 
energies of the emitted photons X-ray intensity also increases 

hence options (A) and (D) are correct. 

Sol. 15 (All) X-ray is an electromagnetic radiation which 

carries energy and momentum, when it is incident on a substance 

and absorbed or reflected, it supplies energy and momentum to 

it hence all given options are correct. 

Sol. 16 (A, B) As studied in basic theory of continuous X-rays 
are produced due-'to high kinetic energy of electrons because 
ofapplied potential difference across the tube is converted into 

radiation due to interaction with the ncuclear charge and 
characteristic X-rays are produced due to excitation of lower 

shell·electrons in the atom which creates a vacancy into which 

electrons of higher shell transits and emits characteristic lines 

hence options (A) and (B) are correct. 

Sol. 17 (C) Characteristic X-rays have specific lines which 
are emitted corresponding to the transition of electron in the 
inner shells of the target atom in X-ray tube anode hence option 

(C) is false. • 

Sol. 18 (D) Characteristic X-rays wavelength are dependent 
upon the difference in energy levels of the target atoms hence 

among all the given options only option (D) is true. 

* * * * * 
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ANSWER & SOLUTIONS 

CONCEPTUAL MCQS Si11gle Option Correct So/11tio11s of PRACTICE EXERCISE 4.1 

(D) 2 {A) 3 (A) (i) (a) Mass defect is 
4 (B) 5 {D) 6 (D) &1J = 0.007 X 10-J kg 
7 (D) 8 (B) 9 (A) Energy released M=!J.mc'=0.007 x 10-3 x (3 x 108)2 
10 (D) 11 (D) 12 (A) =63xJ0 10 J. 13 (D) 14 (B) 15 (C) (b) Energy in kwh at 5% efficiency is 16 (A) 17 (C) 18 (B) 
19 (B) 20 {C) 21 (A) 63x1010 22 (C) 23 (D) 24 (A) E= 3600xl000 x0.05=8.75kwh 25 (D) 26 (C) 27 (B) 
28 (B) 29 (A) 30 {C) 
31 (D) 32 (D) 33 (B) 

(ii) Mass defect&n = 8(1.007825) + 8(1.008665) 34 (A) 35 (D) 36 (A) 
37 (B) 38 (A) 39 (C) -15.994915 
40 (D), 41 (B) 42 (B) =0.137005 amu 
43 (A) 44 (B) 45 (B) => Binding energy M=0.137005 x 931.5 MeV 
46 (D) 47 (C) 48 (C) =127.62MeV 

NUMERICAL MCQS Single Option Correct 
Binding energy per nucleon is 

127.62 

1 (B) 2 (C) 3 (B) 
(M)A = -

1
-
6

- = 7.976 MeV 

-4 (B) 5 (D) 6 (B) 
7 (A) 8 (C) 9 (C) (iii) (a)Mass ofnucleus = Am 10 (B) 11 (C) 12 (C) 

(b) We use volume of nucleus 13 (D) 14 (B) 15 (C) 
16 (D) 17 (A) 18 {C) 4 19 (C) 20 (B) 21 (B) V= -nr3 

22 (C) 23 (D) 24 (D) 3 
25 (B) 26 (C) 27 (D) and r=r.,4113 
28 (A) 29 (B) 30 (A) 
31 (D) 32 {D) 33 (B) 4 3 
34 (D) 35 (B) 36 (C) => V= -nr0 A 

3 
37 (B) 38 (B) 39 (CJ 

(c) Density of nuclus 40 (D) 41 (C) 42 (C) 
43 (C) 44 (C) 45 (C) 

M Am 46 (A) 47 (D) 48 (D) 
p,,=v =-4-3-49 (B) 50 (C) 51 (C) -nr0 A 52 (D) 53 (C) 54 (A) 3 

55 (D) 56 (C) 57 (D) 
58 (B) 59 (D) 60 (A) 3m 
61 (D) 62 (C) 63 (D) P,, = 4nrJ 64 (A) 65 (C) 66 (D) 
67 (C) 68 (C) 69 (A) 
70 (C) 71 (B) 72 (D) 3 X 1.67 X 10-27 

73 (A) 74 (C) 75 (C) => 
P.= 4x3.14x(l.2x!0-15 ) 3 76 (D) 77 (D) 78 (A) 

79 (D) => p.=2.3 X ]0 17 kgim3. 

AD VANCE MCQs One or More Option Correct 
\IV) Mass defect 6m = 1.007825 + 1.008665 

-2.014102 (All) 2 (C, D) 3 (B, C) 
=0.002388 amu 4 (A, B) 5 (B, C) 6 (B, C) 

7 (A) 8 (D) 9 (A, D). => Binding energy M =0.002388 x 931.5 
10 (A, B, D) 11 (A, C) 12 (A, D) =2.224MeV 
13 (A, B, D) 14 (A, B) 15 (B, C, D) 
16 (C, D) 17 (B, D) 18 (All) (v) Mass defect 6m = 3(1.007825) +4(1.008665) 19 (A, C, D) 20 (B, C, D) 21 (A, C) 

-7.016005 22 (B, C) 23 (A, C) 
= 0.04213 amu 
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~ Bindingenergy AE=0.04213x931.5MeV 
=39.231 MeV 

Binding energy per nuclus 

39.231 
(Af{)A= -

7
- =5.604MeV 

(vi") Radius ofe12 nuclei are 
r=r.(A) 113 

= 1.2 X 10-15 X (J2)l/3 

=2.747 X J0-15m 
Electrical potential energy is 

~ 

~ 

~ 

. I .. (6e)2 

U=----
41t e0 (2r) 

9xJ09 x36x(l.6x!0-19 )2 
U=----~--~ 

2x2.747x!0-15 

U=9.435 x J06eV 
U=9.435MeV 

(vii) Mass defect w, =20(1.007825)+36(1.008665) 

-55.934939 -

=0.533501 

~ Binding en~rgy =0.533501 x 931.5MeV 

=496.95MeV 

Solutions of PRACTICE EXERCISE 4.2 

(i) (a) We use m = m0(2J-''5 

~ 0.01 x 10-3 = 10-3c2t'"590 

~ 
t=l

590
x log(lO) = 1590x2 

log(2) 0.301 

~ I = 1-0564. 78 )'T. 

(b) We use 0.99 x 10-3 = 10-3 (2J-'"'90 

~ 

I (
100) og -

t= 1590x 
99 

log(2) 

l 590x 0.004365 
t = . 

0
_
301 

=23.05 years 

(ii) We use A= A.(2J-11r 
~ 2700=4750.(2J-51T 

~ 

· 5xlog(2) 

T= lo (4700) 
g 2700 

5x0.301 
T= 

0
_
2453 

=6.135mim 

Nu_cl~a!_Phy~i~s and Radioactivity[ 

(iii) Activity of sample is 
A='AN 

0.693 6.023 X 1023 

~. A= 28x86400x365 x 90 

~ A =5.106 x 1012 dps 

. (iv) We use A = A 2-11r 
0 

A= (I mei) 2-"53 

~ A=0.877mei 

(v) For substance A we use 
m = m0(2J-11T 

~ mA = J0-2 X (2J-'.~/4 

~ mA= 
1
~xl0-2 =6.25xJo-4kg. 

For substance B we use 
m

8 
= J0-2 x (2Fws 

1 
~ m8= 4 X 10-2=2.5 X l()c3kg. 

(vi") (a) Halflife= !Os 

1 T 
Mean life= i = 

0
_
693 

= 14.43 s 

(b) Further amount will reduce to halfafter next halflife = I Os 

(vii) (a) Nuclear reaction for~ decay is 

137es~ 137es+ 0e 55 '56 -I 

(b) We use N=N.(2t''r 

~ 

~ 

(c) We use 

~ 

(viii) Using 
~ 

~ 

~ 

6.023x1023 
N = 137 X (2)-5/30 

N=3.913 x 1021 atoms 
A= A0(2J-'1r 
A =(I mei)Z-5130 =0.89mei 

A=A.(2J-'IT 
6= 15(2)-'15730 

5730xlog(¥) 
t= . 

log(2) 

I =7575.40 years 

(ix) 
0.693 

(a);\.= -
3

- =0.231 sec-1 

(b) Using 
~ 

N=N.(2J-'1T 

1000 =8000(2) 
~ t=9s 
(c) A=W=0.231 x 1000=231 dps. 
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Sol11tions of PRACTICE EXERCISE 4.3 

(i) Explained in article4.4.3. 

"(ii) (a) Using charge and mass conservation equations are 

~;3 Bi ~ ~~
8T/ + a 

and 212B. 212R -
83 z~ 84 o+e +v 

(b) Decay constant of u and p· decay are 

and 

0.693 7 
,_ =--x-

a I 20 

0.693 13 
\=-,-x20 

After I pm amount of Bi will reduce to half i.e. 0.5 gm. and 
production rate ofT/ and P0 are in ratio of7 /l 3 hence the quantity 
after I pn are 

7 
. m17 =0_5 X 2Q =0.J75 gm 

13 
mP0 =0.5 x 

20 
=0.325 gm. 

(iii) Explained in article4.4.3 

("iv) !fin time attotal atoms inside the body are 

!faller time t 

N = N (2)-1124 
body 0 

No 
NA=z 

Total active atoms inside body at time I are 
N = N, (2)-11• 

A body 

N 
Ifafter time t N = _o 

A 2 

we use 

=> 1(-1 +.!_) = I 
24 6 

24 
t= s=4.8hrs. 

(v) As halflife ofy-decay is very small the amount of57C
0 

will only be governed by P-decay and y-emission rate will be 
· equal to P-emission rate only. Thus y-emission rate will drop to 

halfafter halflife of P-dacay i.e. 270 days. 

(iv) Explained in article4.4.3 

- -- ---- _, ·:-, 
443, 

-·-- ----~ 
Sol11tions of PRACTICE EXERCISE 4.4 

(i) 0.1 % of mass ofuming is 0.001 gm 
Thus energy released is 

E='O.OOlxlo:: x 931.5 x J06 x 1.6 x 10-19 

l.66x!O-
=> £=8.978x lQIOJ 

(ii) 
Total released energy 

Power output = T" 
1me 

Total energy 

2xJ03 x6.023xl023 

------- X J 85 X 106 X J.6 X lQ-l9 
235 

= J.5J7 X J014J 

- l.517xl014 

=> Power= 
30 

x 
86400 

= 58.52 MW 

(iii) No offissions required to produce. 1000 J/3 energy are 

1000 
N= 200xl06 xl.6xl0-19 

=> N=3.125 x 1013 fissions/s 

(iv) Mass defect of reaction is 
~=2x 2.0141-4.0026 

=> ~=0.0256amu 
Energy released per fission is 

M =0.0256 x 931.5 MeV 

=> M=23.846MeV 
Number of deuterium atoms needed per day are 

200xl06 x86400 
2 N = ------,~---=x 

23.846xl06 xl.6x!0-19 

=> N=9.058 x !024 atoms 
Mass of deuterium needed per day is 

m= 9.058xI0
24 

xl x 100 
6.023 x I 023 25 

=> m = 120.31 gm. 

(v) Mass defect ofreaction is 
~ =2(2.014102)-3.01605-l.007825 

=> ~=0.004329amu 
Energy released per reaction is 

El =0.004329 x 931.5 
=> £ 1 =4.0324MeV 
Number of D atoms required per day are 

109 x86400 
2 N ----~--~~-x 

4.0324x 106 x l.6x 10-19 x0.5 

=> N=5.356 x I026atoms 
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Mass of D atoms required per day is 

5.356x!026 

m=---~x2 
6.023x!023 

~ m=l778.5gm. 

(vi) Given reaction is 

fH+ fH~ iHe+M 

Released energy is 

, 

AE=4(7.0)-4(1.1) 
~ AE=23.6MeV 

(vii) Fission reaction is 

235u I 92v 141B l 
92 + 0n~ 36"-r+ 56 a+30 n+energy 

mass defect of reaction is 
l!.m =235.043925-91.8973 

-140.9139-2(1.008665) 
l!.m =0215395 amu 

Energy released = 0.215395 x 931.5 MeV 
~ AE=200.64MeV 

(viii) Reaction is 

•1c •oc 1 20 a .-> 20 a+ on 

mass defect ofreaction is 
l!.m =40.962278-39.962591 

-1.008665 

l!.m =-0.008978 amu 

As mass defect is negative, this reaction requires energy for its 
completion and amount ofenergyrequired is 

E=0.008978 x 931.5MeV 

~- E=8.363MeV 
\ 

(ix) Mass defect of this reaction is 
l!.m = 1.007825 + 7.016oo4-2(4.002603) 

~ l!.m =0:018623 amu 
As mass defect is positive, this reaction releases energy so it is 
exothermic reaction and hs Q-value is 

E=0.018623 x 931.5MeV 
~ E=17.347MeV 

Solutions of PRACTICE EXERCISE 4.5 

(i) Charge required for 2Vpotential can be given as 

I q 
2=--··-

4it e0 R 

Nucle':lr P~y~cs and Radioactwfiy] 

time required to attain this charge is 

/= q 
r~ x().4x l.6x 10-19 

2x 0.01 
/=-~--~-----~ 

9x!09 x5x1010 x0.4xl.6x10-19 

I =6.94 X Jo-4s 

(ii) Nuclear reaction is 

230 "'h 22•R • u 90 ,11 -> 88 . a+ 2He +energy. 

mass defect of reaction is 

l!.m =230.03313 I -226.025406-4.002603 

l!.m = 0.005122 amu 

Energy released is E=0.005122 x 93 l.5MeV 

E=4.771MeV 
Kinetic energy of a-particle is 

. = (A-4)E = 226 x4.771 
Ea . A 230 

Ea =3.267MeV 

(iii) Energy y-photon is 

12431 
Er= 

0
_
125 

=0.09945MeV 

mass defect of reaction is 
l!.m =239.052158- 235.043925-4.002603 

~ l!.m = 0.00563 amu 
Energy released is 

E=0.00563 x 931.5MeV 
~ E=5.24434MeV 

• 

Kinetic energy distributed in ~f U and i He is approximately 

Ek= E - E = 5.24434-0.09945 
y • 

=5.1449MeV 
Thus kinetic energy of a-particle is 

' Now we use 

(
A-4). 235 

ka = A Ek= 239 x 5.1449MeV 

ka =5.0588MeV 

I -

2mav2 =5.0588MeV 

v= 
2x 5.0588,x 106 xl.6x 10-19 

4.002603 X J·.66 X 10-27 

V = J.56 X 107 m/s. 

(w) Mass, defect ofreaction is 
l!.m = 12.018613-12.0000-2(0.00055) 

~ · l!.m=0.017513arnu 
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Total energy released 

£=0.017513 x 931.5MeV 

£=16.3133MeV 

Kinetic energy of 12C and P-l_)article will be approximately 

Ek=E-E, 

= 16.3133-4.43 MeV 

=11.88MeV 

As mass of e• is very small almost whole of this energy is 
carried by bata particle. 

(v) Energy of dayafter nuclei in two cases of a-emission are 

4 4 
EDI= 206 xE•1 = 206 x 5.3MeV 

ED =0.1029MeV 
I 

4 4 
E = -xE = -x4.5 MeV v, 206 " 2 206 

=> Ev, =0.0873MeV 

Thus total energy released in first case react.ion is 

E,=Ev +E =5.3+0.1029MeV 
I "1 

=5.4029MeV 

In second case when y-photon is released, we use 

E,=Ev +E +E 
2 ct2 Y 

E,=E,-Ev
2 
-E-, =5.40-4.50-0.09 

E,=0.81 MeV 

Soilltions o/CONCEPTUAL_MCQS Single Option Correct 

Sol. 1 (D) If in above decay x alpha and y beta particles are 
emitted then we use 

=> 
and 

=> 

4x=238-222= 16 
x=4 

2x-y=? 
y=l 

Hence option (D) is correct. 

Sol. 2 (A) Out of the above curie is the largest unit ofacitivity 
hence option (A) is correct as l Ci = 3.7 x 1010 Bq and 
I Ru= 106 Bq. 

Sol. 3 (A) Among the given radiations gamma rays are of 

highest energy hence option (A) is correct. 

Sol. 4 (B) Due to each alpha emission Z reduces by 2 and for 
beta minus emission Z increases by 1 and for beta plus emission 
Z decreases by 1 hence for the given sequency ciption (B) is 
correct. 

-- 4451 

Sol. 5 (D) By conservation of charge and mass for the above 

reaction we have charge ofx is 2 and mass is 4 hence option (D) 
is correct. 

Sol. 6 (D) We have studied that for all stable nuclei average 
mean density of nuclear matter almost remain constant henCe 
option (D) is correct. 

Sol. 7 (D) By conservation of charge and mass for the above 
reaction we have charge of Xis O and mass is I hence option (D) 
is correct. 

Sol. 8 (B) As we have studied that in fusion binding energy 
per nucleon released is more than that compared to a fission 
reaction hence option (A) is correct. 

Sol. 9 (A) Chemical properties ofan element is dependent upon 
the valance electrons in an atom hence option (A) is correct. 

Sol. 10 (D) Critical mass is the amount offissionable material 

which can self sustain the chain reaction in it, this can be reduced 
by putting a surrounding shield from which the neutrons can 
get reflected and reused in the fission process hence option (D) 
is correct. 

Bo!. 11 (D) When in a nuclear reactor Cadmium rods are 
inserted, these absorb neutrons and slow down the rate of 
reaction and when pulled out, rate of reaction increases so by 

these rods the rate at whic~ energy is being produced by the 
reactor can be controlled hence option (D) is correct. 

Sol. 12 (A) A p--partcle carries -1 charge which is emitted 
when inside a nucleus a neutron transforms into a proton. 

Sol. 13 (D) To start fusion nuclei must have very high kinetic 
energy to overcome the Coulomb repulsion between the nuclei 
and this high kinetic energy is obtained by thermal energy due 
to high temperature only hence option (D) is correct. 

Sol. 14 (B) As studied in basic theory mass defect is refered 
to the difference in masses of the nucleons ofa nucleus and the 
sum of masses of its independent nucleons which produces 
energy when the nucleus is produced by anhilation ofnucleons 
hence option (B) is most appropriate here. 

Sol. 15 (C) By basic definition of Packing fraction option (C) 
is correct. 

Sol. 16 (A) Fusion of elements occur at very high tempearature 
and pressure as at high temperature and pressure the closest 
distance of approach of nuclei during collision decreases to a 
level where fusion can start by appearance ofnuclear attraction 
hence option (A) is correct. 
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Sol. 17 (C) As explained in article 4.6.1 of basic theory of Sol. 29 (A) By conservation of charge and mass we can see 
fission ofuranium nuclei option (C) is correct. that x is an electron hence option (A) is correct. 

Sol. 18 (B) As already studied that majority of space in_ an 
atom is empty thats why in gold foil experiment most ofincident 
alpha particles pass undeviated and very few gets deflected. 
Due to very small size of nucleus very very few particles get 
reflected hence option (B} is correct. 

Sol. 19 (B) C-13 and C-14 are not available in abundance so it 
is not possible to fuse these element nuclei with other whereas 
in option (D}, the given reaction is a fission reaction hence 
option (B) is correct. 

Sol. 20 (C) Carbon dating is a process in which age of a 
specimen is estimated by analyzing the amount ofC-14 present 
in it as compared to C-12 hence option (C) is correct. 

Sol. 21 (A) In radioactive elements from their neclei protons 
are never emitted hence option (A) is correct. Protons can only 
transform into neutrons within the nuclei by emission of 13+ 
emission. 

Sol. 22 (C) As studied in theory that beta mirius decay occurs 
due to transformation of a neutron into a proton inside the 
nucleus hence option (C) is correct. 

Sol. 23 (D) By conservation of charge and mass in the above 
reaction option (D) is the correct. 

Sol. 24 (A) If in above decay x alpha and y beta particles are 
emitted then we use 

4x=200-168=32 
=> x=8 
and 2x-y=IO 
=> y=6 
Hence option (A) is correct. 

Sol. ;zs (D) The activity of elementX is the rate for formation 
of Y and the activity decreases exponentially according to 
radioactive decay law hence option (D) is correct. 

Sol. 26 (C) By conservation of charge and mass we can see 
that charge ofx is 2 and mass is 4 hence it is an alpha particle so 
option (C) is correct. 

Sol. 27 (B) By conservation of charge and mass we can see 
that option (B) is correct. 

Sol. 28 (B) According to Pauli's neutrino hypothesis an 
electron emission is accomplished by emission ofan antineutrino 
and a positron emission is accomplished by emission of a 
neutrino hence option (B) is correct. 

Sol. 30 (C) By conservation of charge and mass we can see 
that option (C) is correct. 

Sol. 31 (D) Halflife ofa radioactive element is a nuclear property 
which does not depend upon external factors hence option (D) 
is most appropriate here. 

Sol. 32 (D} From the given information we have 
ln(2)/A,x= IIA.y 

=> "-x > "-r 
henceX is more active than Yhence option (D) is correct. 

Sol. 33 (B) By conservation of charge and mass we can see 

thatoption (B) is correct. 

Sol. 34 (A) ln above reaction nuclear charge decreases by I 
hence it occurs due to an electron capture among the given 
options hence option (A) is correct. 

Sol. 35 (D) After 200 minutes the number ofX will reduce to 1/ 
16 and that ofY will reduce to 1/4 hence option (D) is correct. 

Sol. 36 (A) 13--particle is a fast moving electron emitted from 
the nucleus due to transformation of one neutron into a proton 
hence option (A) is correct. 

Sol. 37 (B) By conservation of charge and mass we can see 

thatoption (B) is correct. 

Sol. 38 (A) In a nuclear reactor moderator is used to slow 
· down the neutrons to a level where fission can start hence 

option (A) is correct. 

Sol. 39 (C) In path 3 it shows that the fired particle is attracted 
by the nucleus which is not possible as alpha particle is always 

repelled by the nucleus. 

Sol. 40 (D) As studied in theory the radioactive property of 
an element is a nuclear process and not associated with any 
physical and chemical properties of the element hence option 
(D) is correct. 

Sol. 41 (B) By conservation of charge and mass we can see 
thatoption (B) is correct. 

Sol. 42 (B) By conservation of charge and mass we can see 

thatoption (B) is correct. 
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Sol. 43 (A) For the same energy alpha particles have largest 

in size due to which these cannot penetrate much in physical 

substances and have least penetration power and gamma 

radiation being electromagnetic radiation have maximum 
penetration depth hence option (A) is correct. 

Sol. 44 (B) Due to emission ofbeta particle mass number does 

not change hence option (B) is correct. 

Sol. 45 (B) Fast neutrons in a nuclear reactor are slowed down 

by use of moderator which are heavy water and lad shielding 

hence option (A) is most appropriate, 

Sol. 46 (D) When a nucleus ruptures into two parts their 

velocities are in inverse ratio of their masses as linear momentum 
of the system remain conserved thus the mass ratio of the two 

parts will be I : 2 hence from the relation offermi radius their size 

ratio will be I : 2113 hence option (D) is correct. 

Sol. 47 (C) From the curve of variation of binding energy per 

nucleon with mass number it is clear that the two elements with 

mass number more than 100 when fuse the binding energy per 

nucleon of the resulting element is lower than the fusing elements 

hence energy must be supplied for this purpose hence option 
(C) is INCORRECT. 

Sol. 48 (C) Energy is released in a process when the binding 

energy per nucleon of the product is less than that of initially 

reacting elements hence option (C) is correct. 

Solutions of NUMERICAL MCQS Single Options Correct 

-1., 
Sol. I (B) We use A =A e-•1=A e T 

p Q Q 

Ag 
t= Tin -

Ap 

Sol. 2 (C) We use 

N=N0(2)-'1T 

N -f =N.(2)-'15 

t = 15 days. 

Sol. 3 (B) No ofatoms left after 10 years are 

N 
N=N0(2)-1015 = -f 

Thus (3/4)th of sample decay in 10 years thus probability of 

447' 

Sol. 4 (B) Rate of decay of A keeps on decreasing continuously 

because concentration of A decreases with time=:, (A) is false. 

Initial rate of production of Bis '!,.1N0 
and rate of decay is zero. 

With time, as the number of B atom increase, the rate of its 
production decrease and its rate of decay increases. Thus the 
number ofnuclei of B will first increase and then decrease. =:, 
(B) is the correct choice 

The initial activity of B is zero whereas initial activity of A is 
'!,.1N0 =:, (C) is false. 

As time /~co: NA= 0, N8 = OandNc= N0 =:, (D) is false 

Sol. 5 (D) Using N = No(2)-1110 we have 

at/=30, 

andatt=40, 

No 
N=8 

No 
N=-

16 

hence option (D) is correct. 

Sol. 6 (B) Using N = No(2t'" 
att=lday 

0.9N
0 
= N

0
(2)-IIT 

log(*) 

T log(2) 

att = 2 days 

N=N.(2J-71T 

log()) log(1;) 
-~----'- = 2 --'---'-

log(2) log(2) 

N0 = 100 
N 81 

N=0.81 N
0 

Sol. 7 (A) Using 10.81 = !Ox+ 11(1-x) 

10.81 = 11 -x 

x=0.19 

l -x=0.81 

Sol. 8 (C) We use 

for A 

for B 

N=N.(2J-11T 

NA= N.(2)-80/20 

Ns = N.(2)'80/20 

decay is 7 5%. =:, NA= 
NB 4 
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Sol. 9 (C) 
JOO ml 
solution 

~ \ 10 ml/sec 

------ _-- _L--------------- _____ .,.. 
---------

------------- 2ml/sec 

The volume ofliquid in beaker at any instant of time I is 

V=100+8t 

The volume ofliquid ejected in I seconds is 21 

Number of active atoms being taken out is 

N 
--dN= V2dt 

dN 2N 2N 
~ di= V = 100+8I 

multiplying both sides with disintegration constant. 

-"A.dN='/,,N 
2
;

1 
or -dA=A. 

2
;

1 

where A is activity of the solution. The time taken for 10 ml , 
solution to come out is 5 second. 

~ 

A 5 

I dA I -21 
A= 100+81 dt 

A, 0 

. (5)1/4 
A=A -

0 7 

Thus required activity of the ejected solution is 

Sol. 10 (B) We use A = A0(2J-'lr 

~ Asar,= 16A""' (2J-113 

~ t=l2hrs. 

Sol. 1l (C) After four half lives 
1
~ ofthe sample will left 

Nu~ie~r-Pll~~ics and Radioactivity] 

Sol. 13 (D) Aftet 4 hours the sample will contain 30 gm of 
isotope Band 12.5 gm ofisotopeA. 

Mass ofisotopeA decayed to A' is 37.5 gm which will have a 
mass after four hours 

146 
m'=37.5x 

150 
=36.5gm 

Total mass= 30 + 12.5 + 36.5 =.79 gm .. 

Sol. 14 (B) No. ofo-particles emitted = ~~g NA 

~ 
-- .) ,; 

N
0

= 4 NA"'l.5x10. 

Sol. 15 (C) Energy released is 
E = 234(8.5)-236(7 .6) 

~ £=1989-1793.6 
~ E= !95.4MeV 

Sol. 16 (D) If x amount is remaining then after three half tubes 
activitywill be 

~ 

I C C 
-x-x(x) =-
8 l 00 I 0 

x = 10 cm3 

I 
Sol.17 (A) After first half hrs N= N0 2 

for t= ½ tot= 1JN= (No½) [½J =N0(½J 

I 
for t= 12 tol=2hrs. 

I I ·I 
[forbothAandB t:;;_ = V2 + 

114 
=2+4=61112 = l/6hrs.] 

undecayed. Sol. 18 (C) Energy released is 
£=4(7.1)-2(1.15) 

Sol. 12 (C) At 300 K temperature most probable speed of ~- E=23.8MeV 
thermal neutrons is 

Thus 

~ 

~ 

v=~2:, 

l.38x!0-23 x300 
E=---~-

K l.6xJ0-19 

EK=0.026eV 

I 
Sol. 19 (C) We use N = i [ a - (a - "A. N0) e-"'l taken from 

example-4.24 
~ 

~ 

~ 

~ 

100 = [200-(200) e-'] 
100=200(1-e') 

I e-,=-
2 

1 = ln(2) 
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Sol. 20 (B) Rest mass energy of an electron is 

E = 0.00055 x 931.5 MeV 
~ E=0.512MeV 

Sol. 21 (B) 

for N2 to be maximum, 

dN2 
dt=O 

Sol. 22 (C) We use 

N = No(2J-'1r 

~. No 6 =No(2J-21r 

~ 
T= 2 log2 

log6 

~ T=0.7736hrs 
~ T=46.4 l min. 

I 
Sol. 23 (D) Hafter 5 halflives 

32 
for the sample will remain 

hence it is 

16 
32 =0.5 gm 

Sol. 24 (D) n=').N 

~ 
n 

1,.= N 

0.69 0.69N 
r,,2=T=-n-

Sol. 25 (B) A ---> B ---> C 

LetbbethenumberofnucleiofB,::: =x-1,.b or y=x-M 

~ 1,.b=x-j, 
Activity of B=-M=y-x. 

Sol. 26 (C) After t = 9 yer 

~ =Ao(2t•1r 

log(2) 
~ T= 9 log(3) 

att= 18yrs. A=Ao(2J-181T 

~ 
18

_ log(2) =
9

_Jog(2) 

log(~ J log(3) 

~ ( ~) =(9) 

~ A =A,j9. 

Sol. 27 (D) We use 

A =A e-th 
0 

=> y=x e-(12-r1)t, 

No of atoms disintegrated during 12-1
1 

is 

Ml=(x-y), 

Sol. 28 (A) 
'-1 ,.,N 
i; = '-2N 

1,.1 decay rate of o decay 
1,.2 = decay rate of p decay 

.?:t_ probability of o decay 
1,.2 probability of p decay 

75 

.?:t_ = 100 = 3 '-2 25 
100 

- ---~-_4_4i] 

Sol. 29 (B) 92U228 and 92U234 are isotopes similarly 
90

Tb234 

and 90Th230 are isotopes. 

Sol. 30 (A) Using N = No(2J-11T 

No = N (2)-112 
8 0 

~ t=6hrs. 

Sol. 31 (D) No of fissions per second required are 

3.2xl06 

N=--~---~ 
200x 106 x l.6x 10-19 

~ N= 1017 

Sol. 32 (D) Energy ofy photon 

= Differnece in energies of a particles= 0.4 MeV. 

Given A-8 =224 

& Z-5=89 

~ A=237,Z=94 

Sol. 34 (D) UsingN=N0- 1 'wehave 
N=N

0
e-2 

No 
N= --

2 
=0.13N

0
• 

(2.71) 
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Sol. 35 (B) 
~ 

~ 

or 

Sol. 36 (C) 

A =A0e-l.t 

100 = 800 e-•(6" 60) 

e-36°" = l/8 

l 
-360A=Ang =-An8 

1,,= Inz' = ln2 
360 120 

T 
= ln2 = ln2 120 . 

112 A (ln2/l20) = mm 

T112 =2 hrs. 

A =A e-1.t 
0 

after one year : Ao A -• 10 = oe 

I e"=-
10 

After further 9 years (i.e. after 10 years): 

A =A e-10•= Ao 
0 10'• . 

Sol. 37 (B) We use 
m = m0(2t'1r 

~ I = 256 (2)-t112.5 

~ t = 100 hrs 

Sol. 38 (B) 3Li7 + 0n1 ----* _1e
0 + 22He4 

Hence the unknown nuclide is 3Li7• 

Sol. 39 (C) After a very long time at equilibrium 

dN =O 
dt 

~ Rate of decay= rate of formation= 104 dps. 

Sol. 40 (D) Using 
N = No(2t'1r we have 

I 08 

N = l 08 (2J-5110 = .Jz 

Sol. 41 (C) Nuclear Reaction are 

~~8 U --> ~~4
Th + 1He 

~~
4

Th--> ~f4 
Pa+ -~e 

Sol. 42 (C) Explained in exarnple4.24 

Nuclear PhYsics an_d_ta~i~8ctivi~ 

Sol. 44 (C) In the mixture, initially N = N 1 + N2 
~ Atanytime(t):N(t)=N

1
(t)+N,(t) 

N(t) = N 1e-••1 + N2e-"'' 
~ Decay rate at time (1) (obtained by differentiating above) 
=NA e-•it+N 1 e-,,, 

I I· 2'"2 
Hence(C) 

Sol.45 (C) ii6Ra +n(2He4)+ml1P
0)----* lz06 Pb 

where n and mare respectively the required number of a and P 
particles. Clearly from the options given, only (C) satisfy the 
above reaction. 

Sol. 46 (A) Since there is no change in atomic number and 
mass number due to the emission orabsorption ofa y-rayphoton 
(0y

0). Hence (A). 

Sol. 47 (D) Energy released by I kg fuel is 

lx0.00lx(3xl0)2 

2 7 
E= l000x3600 = ·5 x IO kwh 

Sol. 48 (D) Energy released is 
E=8(7.06)-7(5.60)MeV 

~ E=56.48-39.20MeV 
E=l7.28MeV 

Sol. 49 (B) For a-decay : ,AY --h-z By-4 + a 

For p- -decay: ,AY----->,+1 BY+ _,p0 

For P +-decay: xAY ----->x-1 BY+ +iP0 

Fork - capture : there will be no change in the number of protons. 
Hence, only case in which no of protons increases is p- -decay 
Hence(B). 

Sol. 50 (C) Rate of formation ofYis the decay rate ofXwhich 
is given as 

dN 
- =A.Ne-I.I 
dt O 

If N0 a_re no. ofnuclei ofXat t= 0. 

Sol. 51 (C) Energy released in a nuclear reaction is proportional 
to CZ so ifCwill reduce to half the energy released become one 
fourth and will reduced by (3/4)th ofinitial volume 

Sol. 52 (D) From given graph Ne have 

. (2.5) ln(A)=- 25 t+2.5 

~ 

Sol. 43 (C) In above reaction four hydrogen nuclei are fusing ~ 

to produce a helium nucleus so it is a fusion reaction. ~ 

A= eC-1110+2.s) 

A = e2.5 . e--0.11-

A = 12 e-0· 11• 
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Sol. 53 (C) Activityofan element is 
A=AN 

for same number of molecules 

A1 "-1 4 -=-=-

A, "'' 3 

Sol. 54 (A) We use 
A =Ao(2J-tlT 

~ 5=A
0
(2)-4 

~ A0 =5 x 16=80dps 

Sol, 55 (D) Explained in article4.4.2 

Sol. 56 ( C) We use 

~ 

~ 

4ne0 r 

9x!09 x2x92x(I.6x!0-19
)' 

r 
5xl06 xl.6x!0-19 

r=5.29 x 10-14 m 
r=5.29 x !0-12 cm 

Sol. 57 (D) We use 

No -11 
N=-·e '=02N 

X 2 ' 0 

No -1, 
and N = -·e 2 =0 8N 

y 2 . 0 

dividing equation-(2) by (I) we get · 

,(1,-1,) =4 

~ 1=8 X !09 years 

Sol. 58 (B) By conservation of momentum we use 
A1 :A2 =!:2 

~ r1 : r2 = I :2 113 

Sol. 59 (D) Total no of decays, 
1!,,N=N0 -N(I) 

~ =N0 (1-e-1~ 

~ 

~ 

= No(l-e-tn2.,1,, 12 ) 

= No(l-Tt1'"') 

This quantity is maximum for option (D) 

". (!) 

... (2) 

Sol. 60 (A) Given that As= 2AA. After n halflives of A their 
activities are 

as 

and 

AA=AANo(2)-n 

f = TA 
B 2 

AB= Aifl0(2)-2n 

As per given condition 

AA =As 
~ "-ANo(2J-"=2AAN0(2}-2" 

~ -n=l-2n 
~ n=I. 

Sol. 61 (D) Reaction is \' N + iHe---+ 180+ :p 
Sol. 62 (C) We use 

N = No(2J-tlT 
so after time t we have 

Sol. 63 

and 

~ 

~ 

log5 
1=2

10
g

2 
=4.64hrs. 

(D) By radioactive decay law 
N, =: No e-lO'A.r 

N =N e-11 
2 0 

1 
1=-9,. 

Sol. 64 (A) 

~ 

~ 

1= 
2ln(2) 

ln2 ln2 
--+-
1620 810 

I= I 080 years. 

Sol. 65 (C) Mass defect of reaction is 

--451 j 

l:,m = 3(2.014102)-4.002603- l.0_08665 
-1.007825 

~ /:,m=0.023213amu 
Energy released 

£=0.23213 x 931.5MeV 
~ £=21.623MeV 
Total supply by 1040 deutrons will get exhausted in time 

21.623 x!06 xl.6 xI0-19 x 1040 
't 

3 X 1016 

/= 1.153 X J0 12 s. 
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Sol. 66 (D) Cu nucleus is heavier than Zn so it will decay 
through beta decay. 

Sol. 67 (C) Number ofnuclei ofN will be maximum when its . y 
decay.rate becomes equal to its production rate. 

Nuc~e_ar Phy~C; ~~~ Radioactivity) 

quantity before time I I and 12 are N0 and 2N0 

N = .1_.-:>J, 
o 1'. 

and 

Sol. 68 (C) de-Broglie wavelengths ratio will be inversely 
proportional to the momentum of the two particles which will be. ~ 
same as parent particle was at rest so has initial zero momentum. 

Soi. 69 (A) Number qfnuclei will become maximum when the 
production rate ofnuclei will be equal to their decay rate hence 
we use a= AN thus option (A) is correct. 

Sol. 70 (C) We use . 
N=N0 (2}-'1' 

No = N (2)-t!T 
8 . 0 

1=3x l.37x 109 

1=4.11 X l09 yrs. 

Sol. 71 (B) For N1 atoms of the radioactive element beta activity 
. is N2 dps hence we use N2 = AN1. 

Sol. 72 (D) Power of Sun is 
P8 = 1.4 x IO' x 4n(l.5 x 10")2 

energy released by Sun per day is · 

E,uolday =Ps X 86400 
mass lost by sun per day is 

Esun/day 
m= c2 

I.4xl03 x4x3. J4x(l.5 xJ011 )2 x86400 
m= 

(3xI08)2 

m=8.79 x 1014 kg 

Sol. 73 (A) Energy released by2kg of uranium is 

E= 2000x6.023xl023 x 185 x )06 x 1.6 x 10-19 J 
235 

Power output is 

E 
P=-

1 

2000x 6.023xI023 x)85xI06 xl.6x 10-19 

235x30x86400 

=5.853 x 106w. 

Sol. 74 (C) Given that present quantity are 

A1 A2 
-:;:and-:;: 

, ' 

t -I= _!_In( Ai) 
2 1 1'. ZA I 

Sol. 75 (C) We use 
N=N 2-11' 0 

63.5 

N= No2 12.1 

No 
N=-

32 

31 
There.total number ofnuclei decayed wi.ll be 

32 
No. 

Sol. 76 (D) To achieve kinetic energy of elements of the order' 
- of potential energy at fusion reparation we use 

2kT= 7.7 x 10-14 

7 7xl0-I4 

· T 2x;_.38xl0-23 

Sol. 77 (D) Initial nuclei at time 11 are · 
N

0
=A

1
, 

at time lz = N=A2, 

Total nuclei decayed in time 12- 11 are 
N0 -N=(A

1
-A2)1. 

Sol. 78 (A) 
dN 
- =12-AN 
di 

' 2 
~ dN b . . dN O ,or - to e m1mmUII?· -- = 

di ' d12 

d 2N dN 
- =21-1'.- =21-1..(12-1'.N)=0 
d12 di 

Study Physics Galaxy with www.puucho.com

www.puucho.com



'.Nuclear Physics and Radioactivity 
I - ·- - ·-· -

Sol. 79 (D) If day-I NO nuclei decay then are use 
Decayed 

Day-I ND 
Day-2 2N0 

Day-3 4N0 

Day-9 256N0 
Day-10 512N0 

Total Decayed 1023 N 0 . 

Amount left after 9th day is 

= 512 
xlOO 

1023 

<;:;50%. 

=2°N D 
=21N 

D 
=22 N 

D 

=28N D 
=29 N 

D 

ADVANCE MCQs One or More Option Correct 

Sol. 1 (All) In a-decay nuclear charge decreases by a factor 
of 2 and mass decreases by a factor of 4 and in Jl-decay no 
effect is there on the mass ofnucleus but charge increases or 
decreases by a factor of l and in case ofy-decayno change will 
be there on charge or mass. Hence all the above given otions 
are correct. 

Sol. 2 (C, D) Only in y-decayor K-capture process no charge 
is emitted from the atom hence options (C) and (D) are correct. 

Sol. 3 (B, C) As we have studied in basic theorythat a neutron 
decays radioactively to a proton but a proton can transform to 
a neutron only within the nucleus and cannot decay freely 
hence options (B) and (C) are correct. 

Sol. 4 (A, B) From the basic definiton ofhalOife and mean 
life time options (A) and (B) are correct. If in decay equation 
weputt=mean life= lit.then we getN=Nrle= 0.37 N

0
hence 

option (C) is not correct similarly by substituting t= 3T we can 
check that option· (D) is also no_t correct. 

Sol. 5 (B, C) Assuming Jl to be +IJJ 0the nuclear reaction with 
atomic numbers and mass numbers of the elements are written 
as 

69£112 ~69 n1n ~11 c116 < +1Po n B116 ~14 A1so 

hence options (B) and (C) are correct. 

Sol. 6 (B, C) Using radioactive decay equation N= N
0
e-"1 we 

have 
At t = 0 number ofnuclei are N

1 
= N

0 
and at time t number of 

nuclei left are N2= N
0
e-"" 

Thus number of nuclei decayed in time I are (N1 - N
2
) = 

Np-e-'') 
Probability that a radioactive nuclei does not decay in I= 0 to 

4531 

N Ne-"' 
I : - = - 0-- = e-"" 

No No 

Hence options (B) and (C) are correct. 

Sol. 7 (A) In y-decay no effect is there on atomic and mass 
numbers hence option (A) is correct. 

Sol. 8 (D) As A and Bare isotopes, these will have same atomic 
number and belong to same element. B and Care isobars so 
these will have same mass numbers but different atomic numbers 
so these will be different elements. By a radioactive process of 
alpha or beta decay atomic number always changes so B can 
change to C by any of these processes hence option (D) is 
correct. 

Sol. 9 (A, D) As already discussed in basic theory that in 
a-emission the energy of all the emitted a-particles are same so 
these will have almost the same speeds but in case ofJl-emission 
due to emission of neutrino the energy is distributed among 
beta particle and neutrino so emitted Jl-particles have different 
speeds hence options (A) and (D) are correct. 

Sol. IO (A, B, D) In option (A) the reaciton given is the fission 
reaction ofU235 by a slow neutron hence option (A) is correct. 
Option (B) is correct as H atoms in ordinary water may capture 
neutrons, while Deuterium in heavy water does not capture 
neutrons. Option (C) is not correct as Cadmium rods decreases 
the reactor power by absorbing neutrons. Option (D) is correct 
as for U235 slow neutrons causes effective fission whereas in 
U238 fast neutrons causes effective fission. 

Sol. 11 (A, C) We use decay equation N = N
0
e-•t 

In a given time t the amount of radioactive substance decayed 
is given as 

Ml= (N
0 

- N
0
e-"') 

In time I= l /1'. we have 

Ml=N0(1-~) 
Ml=N0 (I-0.37)=N

0
(0.63) 

Ml [N0 (0.63)] - = X ]00=63% 
No No 

hence option (A) is correct. 

Halflife time of the substance is given as Tia= 
10

;_" 
2 

= 4 year 

thus option (C) is correct. 

Sol. 12 (A, D) We have studied that the stability of a nucleus 
is due to the mass defect in formation of a nucleus so the rest 
mass of a nucleus is less than the sum of rest masses of its 
nucleons considered independently hence option (A) is correct. 
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In case ofnuclear fission heavy elements disintegrate in smaller 

fragments by inducing the reaction through a neutron and due 
to the fragmentation of nucleus energy is released hence option 

(D) is correct. 

Sol. 13 (A, B, D) According to the decay equation we have 
N = N

0
e-).1 hence option (A) and (D) are correct and according 

to radioactive decay law option (B) is correct. 

Sol. 14 (A, B) The parameter represented by y-axis in the 

figure grows with time and becomes constant after a finite/long 

time interval. According to radioactive decay law the number of 
nuclei of a radioactive element left undecayed_ decreases 

exponentially with time so the total nuclei decayed can be 
represented like this curve hence option (B) is correct. If iri a 

reactor a radionuclide is produced at a constant rate then these 

start decaying just after their production starts and after some 
time equilibrium comes when the decay rate becomes equal to 
the production rate then the number of such nuclei can also be 

represented by this curve, hence option (A) is correct. 

Sol. 15 (B, C, D) By radioactive decay law we·can find that 

options (B) and (C) are correct. The disintegration energy of 

'the U235 nucleus is distributed among a-particle and the 

daughter nucleus hence option (D) is correct. 

Sol. 16 (C, D) As Ca nuclues is more stable than Ne nucleus 

Nuclear Physics and Radioacti~ 

Sol. 20 (B, C, D) According to decay law for activity we use 
A = Ao (2)-200/T 

at I= 200 days 800 = A6 (2t2ootr ... (I) 

at I= 300 days 8000 = A i-JDOIT 
.J2. 0 

Dividing-( I) by (2) we get 

=> 
=> 

.J2_ = 2 IIT(300- 200) 

21/2=2100/T 

T=200days 

from equation-(!) we have 
8000 = A0 (2)01 

=> A0 = I 6000 dps 

at I= 400 days we have 

=> 

A = i 6000 c2r4001200 

16000 
A= -- =4000 dps 

4 
hence options (B), (C) and (D) are correct. 

Sol. 21 (A, C) Given, 
1...=0.173 

ln2 0.693 
T112= T = 0.173 a 4 

Also N -N=N e-)J 
0 0 

for 
. I 

... (2) 

rest mass of former is less than twice the rest mass of the 
latter hence option (C) is correct. As Ne nucleus is a stable 
element its rest mass is less than the sum of rest masses of => 

t= 0.173 year: 

its nucleons hence option (D) is correct. 

Sol. 17 (B, D) From the figure it can be seen clearly that energy 

is released in a nuclear reaction when the BIA of elements 
produced is more than that of the reactants or the nuclei present 

before the reaction. If two nuclei in the range 51 <A < 100 will 

fuse then they will produce an element with mass number above 
I 00 and less than 200 which has more BIA thus energy is released 
hence option (B) is correct. Similarly a nucleus in the range 
200 < A < 260 when broken into two equal fragments then the 

BIA of these fragments will be more than that of the nucleus 

hence option (D) is correct. 

Sol. 18 (All) In a radioactive decay depending upon it is u, ~ 
or y decay process all of the given options can be correct. 

Sol. 19 (A, C, D) According to.radioactive decay law N= N0e
).t option (A) is correct. As we've studied in basic theory that 

the activity per nuclei remain constant and equal-to the decay 
constant of the element, option (C) is correct_ The rate at which 
daughter nuclei are produced is the activity of the element wh_ich 

decreases exponentially hence option (D) is also correct. 

Sol. 22 (B, C) When a-decay occurs then by conservation of 

momentum both daughter nucleus and alpha particles have 

same magnitude of linear momenta but in opposite direction 
and for equal linear momentum the kinetic energy is inversely 
proportional to the mass of particle hence options (B) and (C) 

are correct. 

1 1112 
Sol. 23 (A, C) As i = ln2 => l(I/2)A > 1(,t2)B 

at t=60min 
=> 1...ANA=1...~B 
=> NA>NB 
Activity curves are (T112 (A) > T112 (B)) 

Activity 
B Activity of B decreases 

rapidly than that of A. 

* * * * * 
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C ANSWER & SOLUTIONS 7 
J 

CONCEPTUAL MCQS Si11gle Option Correct 

(A) 

4 (C) 

7 (D) 

10 (C) 

13 (D) 

16 (B) 

19 (A) 

22 (D) 

25 (B) 

28 (C) 

31 (D) 

34 (AJ 

37 (A) 

40 (C) 

43 (A) 

2 (CJ 

5 (A) 

8 (BJ 

11 (CJ 

14 (A) 

17 (C) 

20 (A) 

23 (BJ 

26 (D) 

29 (CJ 

32 (D) 

35 (AJ 

38 (AJ 

41 (BJ 

NUMERICAL MCQS Single Option Correct 

1 (AJ 

4 (B) 

7 (CJ 

10 (CJ 

13 (A) 

16 (BJ 

19 (B) 

22 (D) 

25 (AJ 

28 (C) 

31 (AJ 

34 (A) 

37 (B) 

40 (C) 

43 (BJ 

46 (A) 

49 (BJ 

2 (C) 

5 (BJ 

8 (C) 

11 (B) 

14 (B) 

17 (A) 

20 (CJ 

23 (B) 

26 (B) 

29 (DJ 

32 (A). 

35 (BJ 

38 (C) 

41 (B) 

44 (CJ 

47 (A) 

50 (B) 

3 (B) 

6 (DJ 

9 (A) 

12 (D) 

15 (AJ 

18 (BJ 

21 (A) 

24 (B) 

27 (CJ 

30 (DJ 

33 (BJ 

36 (A) 

39 (B) 

42 (D) 

3 (BJ 

6 (D) 

9 (DJ 

12 (AJ 

15 (CJ 

18 (DJ 

21 (D) 

24 (C) 

27 (DJ 

30 (A) 

· 33 (A) 

36 (D) 

39 (A) 
42 (B) 

45 (B) 

48 (C) 

51 (A) 

ADVANCE MCQs One or More Option Correct 

1 (B, C, D) 

4 (A, DJ 

7 (All) 

10 (A, DJ 

13 (A, B, D) 

16 (C, D) 

19 (B, C) 

22 (B, C) 

25 (A, C) 

28 (B, C, D) 

31 (B, C) 

2 (A, D) 

5 (A, C) 

8 (A, C) 

11 (B, CJ 
14 (A, C) 

17 (A, D) 

20 (B, CJ 
23 (B, C) 

26 (B, CJ 

29 (B, C) 

3 (A, B) 

6 (A, C) 

9 (A, C) 

12 (B, C, D) 

15 (A, D) 

18 (A, B, D) 

21 (A, B) 

24 (All) 

27 (B, C, D) 

30 (A) 

Solutions of PRACTICE EXERCISE I.I 

(i) By Similarly in trignelABCandDEC 

1.5m 
., T 

I 

'0.8m 

E 1 
1+---x----->1<0----x--~ 

In the triangles l!.CDE and !!.CAB bysimilaritywe have 

I 2x 
0.3 X 

(ii) If the mirror center of curvature is considered on its left 
and object is placed on the right side of it, here for mirror 
formula we use 

f=-20cm,u;.,? 

I 
and m=(-vlu)= 4 

. or v=-(u/4) 
Using the mirror formula, 

I I I 
- = -+- we have 
f U V' 

4 

20 u u 
Solving we get u = 60cm. 

(iii) The figure below shows the incident angles on the 
mirrors M

1 
and M2 and in the triangle ABC, we have 

In !!.ABC we have 

2i+2(60 -i)+ 0 = 180° 

~ 120°+0=1800 

0=60° 

Study Physics Galaxy with www.puucho.com

www.puucho.com



!456 
L.:. -- ·---- ·-

(IV) Figure below shows the multiple images formed by the 
combination of each pair of mirrors listed below. As studied 
earlier that two mirrors placed at an angle 60° produces 5 images, 
all of which lie on a circle, here we consider 5 images formed by 
each pair ofiinages as shown. 

Combination 
of mirrors 
AB and AC 
AB and BC 
ACandBC 

2' 

3' 

Images 

4' 

1,2,3,4, 5. 
l',2',3',4',5' 
l",2",3",4",5" 

3 

4'\ 

360 
For the mirror AB and BC 

60 
= 6 

Thus by three pair of mirrors total 15 images will be produced 
but three images out of these located at (I, I'), (5, I") and (5' ,5") 
are coinciding so total 15-3=12 images are produced by the 
given configuration of mirrors. 

(v) Figure shows the field of view IPQ of the image oflight 
source B from the line along which the man is walking. In this 
figure from triahgle IPQ and /MN we use 

PQ 3L 
MN= L => PQ=3d 

p 

B 

1<-L--->I 

l+----2L--__,Q 

(vi) Due to object motion, image velocity components 
parallel to mirror remain same and the component normal to the 

Geoffietrical Optics] 
- -·- - ---- --

mirror gets reversed hence we use along the surface of mirror 
image velocity components are 

v; = 51 mis 
X 

& v;, = -3}mls 

Due to motion of mirror theimage velocity in the direction 
normal to mirror the image velocity is increased by twice the 
velocity of mirror thus in direction normal to the mirror image 
velocity is given as 

=> v;, ·= 2(-3k)-(-l lk) =+ 5k 

Thus final elocity ofimage is given as 

V; = 51-3] +5k mis 

(vii) Different angles ofincidence and reflection at mirrors 
M

1 
and M

2 
are as shown in Figure. 

A 
C 

In triangle MBCwe have 

0+0+0=180° 
0=60° 

a.=90°-8 

(viii) As we have studied that due to motin of object the 
image velocity component normal to mirror gets reversed and 
due to mirror motion the velocity ofimage in direction normal 
to mirror gets doubled in same direction so the final image 
velocity we will have here will be given as 

v;=2vm-v0 
v;=-2-5= -7m/s 

Thus final speed ofimage is 7 mis and direction is towards left. 

(ix) We know that along the direction parallel to the mirror 
which is x and z directions in this case the velocity components 
of the image will remain same as that ofobject and along the 
normal to the mirror which isy direction here the image velocity 
is equal and opposite to the object velocity and added to twice 
the mirror velocity which becomes-(-4) + 2 (+ 5)= 14m/s thus 
the final velocity of image is given as 

V, = -2i+14]+4k 

(x) The light ray retraces its path only when it falls on the 
mirror normally so the light ray in its third reflection falls on 
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mirror M1 normal to it as shown in the ray diagram shown in 
figure. Thus from triangle t,.OBC, we have 

75° + 0+90° = 180° 

0=15° 

Solutions of PRACTICE EXERCISE 5.2 

(i) Considering object placed to the left of mirror then by 
coordinate convention for mirror formula, we use 

v=+35 cmandf=+60cm 
Using mirror formula, we have 

vf 35x60 
u= --= --· - =-84cm 

v- f -25 

Magnification 
V 35 5 

m=--=-=-
u 84 12 

Size ofimage = m x size ofobject 

5 
= 12 x 12=5 cm 

Figure shows the position of object and image with respect to 
convex mirror. 

h0 =12cm 

-x I F +x 

l+--u = 84 cm------,.J 

l-t-v~35 cm..i 

(ii) As object is real and image produced is inverted that 
means image is also real. In this case the magnification produced 
is given as 

V V 5 m--; -- -12 --2 

~ Image distance is v =- 12(2.5) = -30cm 

Focal length of mirror is given by mirror formula as 

UV -12x-30 60 
f= -- = --~ =- - =-8 6cm 

u+v -42 7 · 

.. --- 457"• 
- ---- --· J 

/,0 =12cm 

-x I F +x 

1-t-v;; 35 cm~ 

(iii) By coordinate convention for mirror formula we use 
u=-25cm,f=-20cm 

By mirror formula we have 

uf -25x-20 
v=u-f= -5 100cm 

Thus magnification in this case is 

V -]00 
m=- - =- -- =-4 

II -25 
Image velocity along the principal axis is given as 

v =m2 xv i(along PA) o(alongPA) 

5 
V;(,loag PA)= 16 x .fi. = 40,/2 cm 

And image velocity normal to principal axis is given as 

Vi(nonnal to PA)= m x V o(normal to PA) 

(iv) Here 

u=-40cm 
v=+80cm 

t 
' ' ' ' !2h0 

-x p 

' ' ' ' 

'4----=-40cm,--}~--80cm---
-~ 

I 
using mirror formula 

uv -40x80 -40x80 
f= u+v = -40+80 = 40 

/=-80cm 
Thus focal length of mirror is 80 cm. 

+x 

(v) Using magnification formula, ifwe consider both object 
and image are located on the left of the concave mirror, we use 

v size of image 

11 size ofobject 

V 5. 
--=-
-12 2 

v=-30cm 

Study Physics Galaxy with www.puucho.com

www.puucho.com



14sa , ___ --- .... 

From mirror formula we have 

UV -]2x-30 
f= -- = --- =-8.6 cm 

u+v -42 

velocity magnification along the principal axis of the mirror is 
given as m2 so the velocity of image is given as 

Image velocity= (~)
2 

x Object Velocity 
. II 

~ Image velocity= u~ J x 1.2 = 7 -~ cm/s 

as object is moving toward the mirror, image must be moving in 
opposite direction as it is inverted so it inust be moving away 
from center of curvature. 

(vi) Considering first Reflection 
u=+25cm&f=+20cm 

using mirror formula 

zif 25x20 
v 1 = --=---=IO0cm 

' u-f 5 . 

Considering second Reflection at convex mirror 
u =+ 50 &f=+ 30cm 

uf 50x30 · 
v= -- = --- =+75cm 

u-f 20 

__ ~ ~8()'!1_etrical Optics) 

(ii) Apparent depth due to refraction by parallel sides glass 
slabs is given as 

25 15 
h =-+-=]667+6 

•PP 1.5 2.5 · 

h ,pp = 22.67 cm 

(iii) In the figure 11 is the image formed by the glass slab 
refraction and 12 is the image of / 1 form·ed by the reflection by 
the convex mirror and image of /2 formed by the refraction 
through glass slab is / 3• · 

First we consider shift by glass slab in air which is given as 

Shift= {1-;) = 6(1-½) =3cm 

R=40cm 

1, 

shift t = 3cm --l::,:,:,f"<~?-.=-:;-::::::::!:cm ------
0 11 ll - 12 

shiftt=3cm 

P, 1, 1, Now for reflection at convex mirror we use mirror formula 

1 I I 
-+- =-

,.__ __ 50cm --->I;::.... __ 50cm ---+k-25cm --+I v ti f 

From figure we can see that final image/2 is produced at 75 cm 
behind M2 and it is virtual. 

Solutions of PRACTICE EXERCISE 5.3 

(i) The system now comprises of two- slabs_ of different 
materials so the net shift of point ·of convergence is given as 

Shift= 11[1- :J + 12 [1-:J 
= 6[1-¾] + 4[1-½] =4cm. 

As the slabs are denser than surrounding the direction of the 
shift is in the direction of the incident rays which is to the right. 
Therefore, the rays will finally converge to a point at a distance 
equal to (14 -6 -4) +4 = 8 cnfto the right of the second slab 
surface. 

Here we use/=+20cm and u=-30cm then we get 

1 1 1 
-+--=-
v -30 20 

v=+ 12cm 

Thils the position of / 2 is as shown in figure. Now again due to 
refraction through glass slab a shift of 3cm is included so 
image 1

3 
is obtained at a distance of 12-3 = 9cm from the pole 

of mirror hence the distance between object and final image is 
33+9=42cm. 

("iv) Speed ofligh t in glass is given as 

C 
v=-

µ 

The ray diagram in figure--xxx below shows the path oflight ray 
in the glass slab. 
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T 
15'" 

t1 ""1/m~----~-~,+---- 150 I 

B C' 
1300 

By Snell's law we use 
I. sin 30° = µsin 15° 

~ µ=2cosl5° 
Time taken by light to cross the slab 

- AC t1 /cosl5° 
1=-= 

V Clµ 

1 2cosl5° 
1=---x--~ 

cos 15° 3 x 1 o' 
2 10-• t= -x s 
3 

(v) Figure below shows the ray diagram of image produced 
at 5ft mark for both the marks-One at4 inch by refraction and 
other at 17ft by reflection, 

By using Snell's law we have 

4 
Ix sin 0= 3 sin (90-cp) 

I 7ft 

· d 4 d 
IX--,=== =' -X---;===== 

.J36+d
2 3 (¥J +d2 

.J1024+9d2 = 4J36+d' 
On squaring both sides, we get 

1024+9d'= 16(36+d2)\ 
~ !024+9d'=576+ 16d' 
~ 7d'=448 

448· 
d'= - =64 

7 

d=8feet 
~ width of canal is 2d= 16 feet. 

(vi") Lateral displacement of hight due to a glass slab is given 
as 

tsin(i-r) 
,\,=-~-~ 

cosr 

t[sin icos r- cosisin r] 
~ ,\,= ~------~ 

cosr 

For small 0 we use sin 0 = 0 and sin r = rand both cosine terms 
to be almost equal to unity so we have 

A= t(i-r) 

In the above figure-xxx shown, by Snell's law wehave 
sin0=µsinr 

~ 0=µr 

0 
r= 

µ 

Thus from equation-(!) we have 

A~{0-;) = 10(:-1) 

... (I) 

(vii) Figure shows the container filled with water upto a 
height x so that when observed from top, it appears to be half 
filled, 

The apparent depth of container is such that it should be equal 
to the empty length of container for it to appear half filled, so 
we use 

X 
- =21-x 
µ 
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3x 
-+x =21 
4 

7x · 4 ;=21 

x=12cm 

(viii) The situation is shown in figure-xxx. As per· given 
condition we use 

i+r=90° 
~ r=(90-i) 
By Snell's law we have 

sini smz sini 

cosi 

_ ~=·~eometrical Optics! 

(ix) · The situation is shown in figure 

From figure, AB = h tan a 
Similarly, AB'=h'tan 0 
Now h tan a-h' tan 0 = constant 
Differentiating both sides, we get 

... (1) 

... (2) 

~ 

FromMJCF, 

µ= sinr = sin(9O-i) 

µ=tan i 
i =tan-1 µ ... (!) hsec2a da -h'sec20=O 

d0 

FromMJCE, 

BF t 
cosr=-=-

BC BC 

t t 
BC=-= 

cos r cos(9O° -i) 

sin i 

A 

' ' ' 

N 
; 
' ' ' D 

' 'µ 
S'---'LC.---,F/.---,cs'+,e---' 

X 
sin (i-r)= -

BC 

X 
BC=--

sin(i-r) 

' 

From eqs. (2) and (3), we get 

t 

sin i 

sin i 

x= 

X X 

sin(i-r) sin {i - (90- i)} 

X X 

sin(2i -90) -cos2i 

t(-cos2i) · t(2sin2 i-1) 

sini sini 

t [2 L -1] 
1+µ2 1(µ2 -1) 

µJ(l+µ2) 

... (2) 

... (3) 

h · (daJ h' 
cos2 a · d0 = cos2 0 

h' 

By snell's law, we have 

hcos
2 

0(duJ 
cos2 a d0 

sin0 
µ= sinu 

~ sin0=µsina 
Differentiating both sides, we get_ 

cos 0 = ~cos a(~: J 

... (3) 

... (4) 

~ (ddaaJ- cos0 ... (5) 
µcosu 

Substituting the value of (da/d0) from equation-(5) in 
equation-(3), we get 

h'= hcos
2 

0 x cos0 
cos2 a. µ cos a 

hcos3 0 

= µcos3 a 
... (6) 

s1n0 
From equation-(4), sin a= --

µ 

' (sin
2 eJ cos a= 1- 7 

- sin2 0 
[ ]

3/2 

cos3 a= 1-( 7 ) 

(µ2 -sin2 0)312 
cos3 a= 3 µ 
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Substituting the value ofcos3 u in equation-(6), we have 

µ2hcos3 0 
h' 

(µ2 -sin2 B)312 · 

(x) The situation is shown in figure. The length of shadow 
of pole AB at the bottom ofriver is given as 

L=x1+x2 ••• (I) 
From MPQ, we have 

x1 = AQ tan.60° = ./3 meter ... (2) 

From ARPM, we have 
x2 = PM tan r= 2 tan r 

N S 
A 30° '--+- ---

6001 Im 
•Q t 

1ii~~;)f~~~~~i~:~ 
~x,Lx,__1!]-

From Snell's law, at point P, we have 

sin 60 4 
--=µ=
sinr 3 

. 3 . 3../(3) 
smr= - sm60= --

4~-- 8 

cos r= ~(l-sin2 r) = .Jc~7) 

We substitute the value ofr in equation-(3) 
X2=2 tanr 

X = 2x (3./3)18 = 6,/(3) 
2 

.J(37) 18 .J(37) 

... (3) 

... (3) 

(xi") The focal length of the concave mirror is I 0012 = 50 cm. 
In first case when the depth of water is 80 cm the situation is 
shown in figure. As the rays are incident normally on the mirro 
from infinity, the image / 1 is produced by mirror at its focal 
point i.e. at 50cmfrom the pole of mirror. 

~I 
N 

T 
E 
u 

0 -
~ 

l 
The light rays from this image / 1 will incident on the water 
surface at a height of30cm and gets refracted out in air. Due to 

- --- 461 I 
- -------'-' 

refraction at water surface the final image is produced at an 
apparent depth hiµ= 301(413) = 22.5cm below the water surface 
or ata height 80-22.5 =47.5cm fro_m the pole of mirror. 

In second case when the depth of water is 40 cm after reflection 
from mirror, the reflected rays from will produce an image /

1 
at 

its fucal point at a distance 50cm from the mirror pole as shown 
in figure. But befure reaching the fucus, light rays gets refracted 
from the water surface and produce image /2 as shown in in 
figure. 

For refraction at water surface object will be taken as/
1 
which 

is at a distance I 0cm from the surface and fur this the image 
produced will be at a distance hiµ= IOI( 413) = 7.5cm above the 
water surface or at a height 50 +7.5 = 57.5cm from the pole of 
mirror. 

(xii) Figure shows the ray diagram of the image formation as 
described in the given condition. By using Snell's law, we have 

Here we have 

'µwsin0=1 sin~ 

4 3 
-x- =sin~~ ~=53° 
3 5 

3 
tan"'= -

'I' h' 

' ' '~ 2 

3 9 
h'=-- = -=225cm 413 4 . . 

Solutions of PRACTICE EXERCISE 5.4 

(i) We use refraction formula for which we have 

4 3 
v=oo·µ = -·µ = - and R=+30cm 

' 1 3' 2 2 
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Using these values in refraction formula, we have 

V u R 

3/2 4/3 3/2-4/3 
---= 

00 u 30 

4 
=:> 

3u 180 

=:> u=-240cm 
Thus object is located at a distance 240 cm from the pole of the 
refracting surface to the left ofit. 

(ii) Figure shows the situation in which the observer is 
viewing the bubble. 

I 
' ' /5 cm 

I 
C 

,, 
2.5cm "-__..-1-1' .· 

1
,3cm11 

We use refraction formula 

!2__1::L = µz -µ, 
V u R 

For refraction formula we use 
R =+ 5 cm; u=+ 3 cm; µ1= 1.5 and µ,;,, 1 

Substituting the values in the formula, we get 

1.5 1-1.5 
;-3 =-5-

4 
-=---·=-
v 2 · 10 10 

or 
10 

v= - = 2.5cm 
4 . 

J 

Thus the image of the bubble will be formed at a distance of 
2.5 cm behind the surface P of the sphere. 

(iii) The ray diagram of the situation is shown in figure. 
Here we consider the .total deviation of incident ray and 
emergent ray is r,,. 

µ 

__ ~ -~ ~~-eorr1etrical o@_@ 
. Here BO= OC so from triangle OBC, we have · 

2r+0=180 
=:> r=(l80-0)/2 
Taking sine on both sides ofabove equation, we get 

( · 0) 0 sin r"' sin 90-2 = cos2 
From figure, total deviation oflight ray is given as 

r,,=LEBC+LEDB 
r,,= (i-r) + (i- r) = 2(i-r) 

r,, r,, 0 
i= - +r= - +90- -

2 2 2 

i=90- (S-r,,) 
2 

Taking sine on both sides of above equation, we get 

. · . [90 (S-r,,)] sm,=sm ---
2

-

sin i= cos (S-r,,) 

By Snell's law we have 

sin i 
µ= sinr 

2 

... (!) 

... (2) 

Substituting the value of sin i and sin r from eqs. (I) and (2), 
we get 

cos(0-r,,)/2 
µ= 

cos0/2 

(0-r,,) 0 
cos --- = µ cos -

2 2 

(iv) Since, the distance of all the points lying on the sphere 
is constant from the centre, ~11 the angles of refraction are 
same. Here we consider o1 is the deviation of the light ray at 
first refraction, o2 is the deviation of the transmitted ray 
through partially polished surface and o3 is the deviation of 
the light ray emerging out of the sphere at final refraction. 
Figure-xxx shows the ray diagram of the given situation then 
according to the given condition, we have from figure 

. I 
(60-r) + (60-r) = 3 [(60-r) + (60-r) + (180-2r)] 
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=> 

=> 
=> 
=> 

I . 
120-2r= 3 [300-4r] 

360-6r=300-4r 
00=2r 

r=3QO 

Now using Snell's law, we have 
I.sin 60° = µ .sin r 

.Jj I 
=> -=µx-

2 2 

=> µ= ..fj 

(v) Figure shows the refraction ofa parallel beam on a solid 
glass sphere at near normal incidence. At first refraction image 

11 is produced which acts as an object for second refraction at 
other surface of sphere at which after refraction final image /

2 
is produced. 

p Q 

A 0 B 1, 

Air Air 
91ass µ 

Using refraction formula at first surface we have 

./1 - l:!_ = µI - µ2 
Vi lit R-

Herewe use µ1= l; µ,=µ; u1=oo and R=+R 

,, . 

Substituting.the values in refraction formula we get 

... (I) 

(vi) The image formation is shown ,in figure. The mark 
considered as object is at point 0: First ,refraction takes place 
from the inner surface and the image is produced at 0 1. Now 
this image acts as the object for the second outer surface and 

second refraction takes place from this outer surface and final 
image is formed at 0 2. 

Glass 

For the first refraction at inner surface for refraction formula we 
u_se, 

u=-2R; R =-R; µ 1 = 1 and µ
2

= µ 

./1_1:!. = µ, -µ! 
V1 U1 R 

Substituting the values, we get 

=> 

=> 

_I +l:: = µ-1 
2R V1 -R 

1:: = -[-] + (µ-])] = 
v1 2R R_ 

2µR 
vi (2R-l) 

For the refraction at second surface, we use, 
µ1=µ; µ2 =1; R=-2R and 

(2µ-1) 

2R 

µR 
v=--

1 (µ-1). [ 
2µR ] (4µ-:-l)R 

... (2) u,=- R+ (2µ-1) =- (2µ-1) 

For the refraction at the second surface, we use 
µ1=µ; µ2 =1; R=-R and 

µR 2R-µR R(2-µ) 
u=+---~= =~~~ 

2 (µ-]) (µ-1) (µ-1) 

For the second surface, 

=> 

µ (1-µ) ---=--
v2 u2 -R 

µ(µ-1) = (!-µ) 
v, R(2-µ) -R 

µ(µ-1) 

v2 _R(2-µ) 
(!-µ) 

R 
Simplifying, we get 

R(2-µ) 

2(µ-1) 

Now using the refraction formula, we have 

µ, _l:!_ = µ, -µ! 

=> 

. => 

v2 u2 R 

µ(2µ-1) +_!_ = 1-µ 
(4µ-l)R v2 -2R 

_!_ = [ 1-µ µ(2µ-1)] 
v2 2R (4µ-I)R 

On solving we get 
2R(4µ-l) 

V = 2 (3µ-1) 
... (1) 

So the distance of the final image 0 2 from O is given by 
equation-(!). The shift of object is given by 

Shift= 3R 2R(4µ-I) = R[3 2(4µ-l)] 
(3µ-1) 3µ-1 

=> Shift= R ~--~~ = . . . [9µ-3-8µ+2)] (µ-l)R 
. (3µ-1) (3µ-1) 
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(vii) We consider refractive index of glass to be µ and after 
first refraction, image is produced at v then by refraction 
formula, we use 

µ2 _!':!. = µ2 -µ! 
v1 u1 R 

.!:!:._:..!_ = µ-1 
V co R 

v= µR 
µ-1 

For second refraction using refraction formula, we have 

µR R . 
u=---R =+--·v =+R·R=+R/2·µ =µandµ,=! 

I µ-1 . µ-1' I ' ' I 

µ(µ-!) = 2(1-µ) 

R R R 
µ2-3µ+ I =O 

3+-./s 
µ=--

2 
Solving we get 

(vfu") Figure shows the ray diagram of the given situation. By 
Snell'slaw, we have 

sin60° = µsin 0 

. 
0 

sin60° 
sm=-fj. 

-J3 /2 I 
sin0= -J3 =z 

0=30° 

The angle between reflected and refracted ray at the second 
surface can be calculated from figure which is given as 

a= 180-60-0 
a= 120°-30° 
o:=90° 

(ix) Figure below shows the situation described in the 
question. 

I -------------f--
' ., ___ tlDcm o~------ --, 
' ' c• 

' 

- _-·····-_Geometrical 0~ 

We apply refraction formula 

~-!':!. = µ2 -µ! 
V u R 

Hereweuseu=-!Ocm; R=-15cm; µ1=1.5 and µ,=I 
Substituting the values, we have 

1.5 i"-1.5 ----=--
v -JO -15 

Solving we get v=-8.57 cm 
thus the apparent depth ofbubble will be 8.57cm from the.top 
of the sphere. 

(x) For refraction formula we use 

3 
u=oo· µ =!· u_= - and R=+r 

' l ' r-i. 2 

µ, _!':!. = µ2 -µ! 
V u R 

Substituting the values we have 

3 3/2-1 

2v r 2r 
v=+3r 

d 
µalr=-1 

µ,= 3/2 

r 
white sheet 

by similarity, we can write 

d 3r 
-=-
d' 2r 

2d 
d'=-

3 

(xi) For refraction formula, we use 
4 . 

u=+J5cm· µ =-· u_=J and R=+!Ocm 
' 1 3' l""""l 

~-!':!. = µ2 -µ! 
V u R 

Substituting the values, we get 

, _i 
___ 4 __ =_3 
V 3x!5 10 30 

4 I 
- =---=-
v 45 30, 18 
v=+ 18cm 
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Velocitymagnification along optic axis is given as 

Velocity ofimage offish 
= l.92 X 2=3.84mm/s 

(xii) By Snell's law at surface AB we have 

µ2 sin i -=--

.fi. sin45° 

sin r 

I I 
sin r = .fi. .fi. = 2 

~ r=30°. 
It shows that the refractive ray thus. becomes parallel to AD 
inside the block. So parallel ray is incident on spherical surface 
CD. Now for refraction formula we have 

u=oo; R=0.4m; µ 1= ,/2 and µ2=1.514 

V u • R 

Substituting values we get" 

l.514. ,/2 l.514-,/2 
~ 

V 00 0.4 

Solving, we get v=6.06m 

~ OE=6.06m 

Solutions of PRACTICE EXERCISE 5,5 

(i) Here 
0
µ• = l.66 and 

0
µ,, = 1.33 

aµg 1.66 
~ ,,µg = aµw = 1.33 

We know that 
sin(A +om)/2 l.66 

µ= sinA/2 - 1.33 

~ 

. (72+om) sm 
2 

=---
sin360 

l.66 

1.33 

~ 
- . (72+o~ I.66sin36° 
Sill =----

2 1.33 

~ = l.248 X 0.5878=0.7336 

~ 
72+om --'-~"- = 47° II ' 

2 

~ om =22° 22'. 

(ii) 

_ _. _ ---·-----~4~6~5l 

Using Snell's law; we have 
sin i= µsinr1 

r 1 +r2 =A 

I 
sini=2xsin30°= 2x- =I 

2 

. i=90° 

Thus, it will happen at grazing incidence. 

(iii) We draw a tangent at any point (x, y) on the trajectory 
which makes an angle 0 with optical normal parallel toy-axis as 
shown in figure. 

By using Snell's law at the initial point and at the general point 
of the trajectory oflight, we have 
I. Sin 90° = µ sin 0 

~ 
I I 

sin9=-=-
µ ..)1+ y 

Slope of tangent is 

dy 
dx =tan(90-0) 

~ dy =cote 
dx 

From equation-(!) and (2) we get, 

dy 
dx = y'" 

~ 

~ 

y dy X 

Jy,12 = J dx 
0 0 

2-Jy =x 
x' ~y=-
4 

... (I) 

... (2) 

(iv) Figure shows the situation in which from the top circular 
area light will come out in air. The light rays falling on !he 
circumference ofthe circle make an angle equal to critical angle 
so all the light rays falling on the water surface out of this 
circula; area will internally reflected into water. 

1---,---i 

air 
water 

0 S 

From the figure we have 

r 
tan 0 = -

C h 

r=htan0c 
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Area of circle through which light comes out from water is 
A= nr1 = x nh2 tan2 0 
. C 

where critical angle 0cis given as 

Be= sin-1 (¾) 

(v) Figure shows the ray diagram of the light ray incident 
on the given prism. Here from the given conditions, we have 

LE=LF=45° 
As at point B the light ray AB is reflected we have 

Li=Lr=45° 

A 

'Drr----t-----,E 

N,,, ,i 

C----"t-+---'''-:',K,.B 

F 

',,, 
'N' 

For internal reflection ofthe light ray at face EF, we use 

.. > . > 1 > I sm , _ sm 0c- - _ -,----
450 µ sm 

~ µmin =L414 

When the prism immersed in water, then path of the light ray is 

shown in figure-xxx 

A 

D~~W~a~te~r__, ___ ~E 

F 

As the incident ray is normal to the prism, it passes undeviated 

through water and glass at first refraction but at point B after 
refraction light ray enters in water again at angle ofrefraction r 
which is given by Snell's law as 

(vi) 

sin 45° 
µ= sin r 

sin 45° 
sinr=--

,µw 

Lr=48° 35' 

(a) Using Snell's law, we have 
sin0=µsin0 2 

µ sin 03 = sin 90° 

µ cos 82=1 

... (1) 

... (2) 

Squaring and adding equation-(!) and (2), we get 

µ2 = I+ sin2 0 

µ= )J+sin2 0 

(b) Maximum valueof0 can be90°forwhich 02 = 03=45° 

Thus µ,,,,_,=,JI+! = Ji 
(c) Ifangle 0 is slightly increased, 02 will increase and 03 will 
decrease so light ray emerges out in air and it will no longer be 

grazing emergence. 

(d) Ifangle 0 is slightly decreased, 02 will decrease and 03 will 
increase beyound critical angle-and it point Q total internal 

reflection oflight will take place. 

(vii) For glass critical angle is given as 

. -I (I) a,= sm µ 

. -1(2) 0, = sm 3 = 42° 

As incident light is normal to the face, this light incident on 

other face of prism at 60° which is more than critical angle so 
light will be internally reflected as shown in figure 

A= 60° 

---6 ------

60° 

ER 

Thus angle between incident emergent ray is 
8=60° 

(viii) µsine= 1 x sin 90°

. 0 I sm =-

When y = d, then 

µ 

1 I 
tan e = -,:== = -,a==== = e-x/2d 

~µ2-1 )l+exld _l 

dy 
dx =.e-x!2d 

y = 2d(I - e-x/2") 

1 -=-
- =J-e2d 
2 

X 

e2d =2 
x=2dln2 

2dln2 

µ= I+e d = .,/1+4 = .Js 
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(ix) For minimum deviation of a light ray through a trihedral By Snell's law 
prism we use 

µ= 
sin( T) 

sinA/2 

The refractive index µ is a function of"-· Thus a change in 

wavelength "- corresponds to a change in refractive index of 
the material and it also causes change in Ii. Therefore, Ii is a 
function ofµ. A differential change in refractive index II.µ causes 
a differential change II.Ii in Ii. If the rate of change ofµ with 
respect to Ii be (dµ/do), then we use 

=> 

=> 

=> 

=> 

dµ 
11.µ = do 11.o 

[ 

. (A+o): Sill --

i\.µ = !'.'._ 2 II.Ii 
do sinA/2 

II.µ= ~[cos( T)li\.o 
2 sinA/2 

M= 
2sinA/2 

{l-sin
2

( A;o)f

2 II.µ 

M= [ 2sinA/2 ]11.µ 
· J(l-µ2sin 2 A/2) 

2sin 60/2[1.520-1.515] 
M- ---,=-======c-

- J{1-l.555sin2(60/2)} 

2sin 30 x (0.005) 
i\.o=,=====-

J{l-l.555sin230} 

M=0.5°approx 

(x) Using the given conditions the deviation angle oflight 
after passing through the prism is 

' 5 
o=A(µ-1)= -

4 
... (I) 

µ sin A =sine 
and µsin 2A = sin r 
for small angles, we use 

and 
Now we have 

=> 
=> 

=> 

e=µA 

_r=2µA=6.5 

5 
A(µ-1)= 4 
3.25 -A = 1.25 

A=2° 

13 
µ=s 

(xi) From the given condition we use the deviation angle of 
light ray which passes through the prism is given as 

li=i
1
+i2-A 

30" = 60°+ i,-30° 

=> i2=0orr2=0 
=> r 1 =A=30° 
Now by using Snell's law we have 

µ= sini1 = sin60° =Ji. 
sinr1 sm30° 

(xii) In the given situation as incidence angle is 0° for the 

prism iflight ray incident on the other inside fuce of prism at an 
angle r then we use 

r=A=30° 
Now by using Snell's law we have 

sin i2 µ=-.-

=> 

=>. 

=> 

=> 

smr2 

sini2 
1.5= --=---300 

Sill 

sin i2 = 1.5 sin 30° 

I 
sin iz=I.5x z=0.75 

i2 = sin-1 (0.75) =48.6° 

The deviation angle oflight passing through the prism is given 
as 

=> 
=> 

o=(i1 +i2)-A 

6=(0+48.6)-30 
Ii= 18.6° 

(xiii) Suppose 0 is the angle of incident ray at any point 
(x, y) on trajectory of light in the medium as shown in the 
figure. The slope of the trajectory at this point is given as 

=> 

dy 
- = tan(90' -0) 
dx 

dy 
- =cote 
dx 

Study Physics Galaxy with www.puucho.com

www.puucho.com



)468 

y 

' \ 11 

: 
1
90Q-8 

' /01 
9 .. >.,, \ 

--,,+"'----~="'-'-_L-x 
A 

90° 

(a) By Snell's law at initial point and the general point we 
have 

µsin 0= 1 sin90° 

I 
sin 0= -

µ 

cos 0= .J1-sin28 

cos a= CI = ~~-µ
2
---1 

f-µ2 µ . 

Slope of tangent is given as 

cos0 
cot0=-.

stn0 

cote=-~~-

µ 

cot 0= ~µ~ -1 

(b) From equation (i) we have 
µsin 0 = I 

=} µ2 sin20=1 

I 
µ2 =s -- = cosec2 0 

sin2 0 

= I +cot20 

(ky312+ !)= l+(:r 

dy - = k'l2 -~14 dx . y 

dy = k 112 dx 
/'4 

On integrating the above ·relation, we get 
4ylf4 = k 112 x+ C 

... (i) 

Atx= O,y=O and so c=O, 
=} k"2x = 4yll4 

(c) Aty = I, from equation of trajectory we have 

4(1)"4 

x= 1"2 =4 

Thus coordinates of the upper surface, where ray intersect are 
(4, I) . 
(d) At upper interface, we have 

µsine=! 

I I 
sin e = - = - =-1 

µ I 

=} e=90°' 

Thus the emergent ray will be grazing out from the upper surface 
ofthe medium. 

Solutions of PRACTICE EXERCISE 5.6 

(i) Applying lens formula for the given case with 
u=-15 cm and/=+ 10cm 

V -JS JO 

I I 3-2 -=--- =--
v 10 15 30 

v=+30cm 

~·· 0 r I 
. B Q ~ 

15cm 

diameter 
AB=---

2 

. r= radius of the illuminated part 

30cm 

1.5cm 

Using similar triangle l!J>QI -1!.ABI, we have 

1.5 30 I 
r 10 

=} r= - cm,· 
2 

So, Area of illuminated part= m2 

= n(½J = ¾ cm2 

(ii') As lens power is SD, its focal length is 

I I 
f= p.= 5 =0.2m=20cm 

Given condition is v = 4u 
As image is virtual, we use 

lu\ < l/1 
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Here we consider u = - x 

=:, v=-4x 
by using lens formula, we have 

=:, 

=:, 

l --- --
v u f 

I I I 
--+-=-

4x X 20 

3 

4x 20 

x=I5cm 

(iii) For final image at infinity object must at focal point of 
lens i.e., 20 cm. 

to co 

0 

f4--25 cm 

As actual object is kept at 25 cm so 5 cm is the shift due to 
. glass slab, given as 

Shift= {1-tJ 
=:, 5= 1(1--

1 
)" 

1.5 

=:, t=I5cm. 

(iv) 

A I\ \7 
C Parallel 

---------
o, o, ---------- I 

T 
1 

BV D F/F2 =5mm d 

fi=20cm 
'4-l Ocm------t>l 

/2= 10cm 

By similarity of MB! and CDI, we have 

CD 

o,p; 

!!_ = :i 
20 IO 

=:, 
d 

d1 = 2 =2.5mm. 

"f 
d, 
f 

-- •- -- C --1 

.. ~~9J 

(v) The convex lens and the convex mirror are shown in the 

figure. As we know to produce image on object reflected light 
rays retrace the path of incident rays so here for the ray to 

retrace its path it should be incident normally on the convex 

mirror, or the rays should pass through the center of curvature 
of the mirror. 

From the diagram we see that for the lens 

!+--x-J>f4-J Ocm~l 5cm------..i 

If object is considered to be placed at a distance x from lens 
then for lens formula we use 

u=-x;J=+20cm and v=+l0+!5=+20cm 
From the lens formula, we get 

=:, 

=:, 

V ll f 

25 -x 20 

x= 100cm 

(vi) Figure show the image formation when light beam falls 
first on the converging lens. In the absence oflens L

2
, the rays 

will be focussed at Fat a distance 20 cm from lens L
1
• This 

point Facts as virtual source for lens L2. Its image is formed at 

P. 
Thur for lens formula at lens L2, we use 

u=+ 12cmandf=-30cm 

substituting in 

we have 

=:, 

V U f 

I 
-;;-ii= -30 

v=20cm 
Thus the rays converge to a point P, 20 cm from L

2
• 

Second case when parallel beam falls first on diverging lens is 
shown in figure. 

(a) 
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p 

(b) 

When a parallel beam falls on the diverging lens L2, the rays 

diverge and appear to come from F. For lens formula to be nsed 

at converging lens Li' we have 
u=-(30+8)=-38cm and/=+20cm 

12-10 9 ----------
V 20 38 380 380 

380 
v= 9 =42.2 cm 

Thus the point Pin this case is located at a distance 42.2 cm 

from Lens L1• 

(vii) Focal length ofan equicanvex lens is given as 

R 
/=2(µ-1) 

For lenses A & B, we use 

RA = __ R,,_B _ 
2(µA-1) 2(µs-l) 

0.63 
0.9 = µB-1 

µ
8

= 1 +0.7= 1.7 

(viii) If AB is the object placed at a distance of20 cm from the · 

convex lens L as shown in figure then we can calculate the 
position of the final image after first refraction through the lens 
and then reflection from the concave mirror then again 

refraction from the lens. 

i.---u1 = 20cm---•----v1 = 20cm----t+t--

As object is at 2/ point, 'its image will be produced at same 
2/= 20cm from the lens as shown in figure-xxx. This image/1 

-GeomSlriCa\OPtics] -- ---------

acts as object for the concave mirror and it is located at a 

distance l O cm from the mirror which is the center of curvature 

of the mirror so again image /2 is produced at this point only 

after refraction as shown in ray diagram. 

Further refraction takes place through the lens and we can see 
that image /2 is at 2/point of the lens and its final image is 
produced at the original object which is of same size but inverted 

as shown. 

(ix) The x-axis is the principal axis for first lens &PQ is the 

principal axis for second lens. First lens produces image at its 

focal point at a distance f on x-axis. 

Now for second lens, we use lens formula as 

---

1 1 
-;;- -2/ = J 

l 1 
-----
v f 2/ 

v=2f 

y 
I, (Sf. 2d) 

T . d 

Q ld ------ -- ----------~-----
' 

fii F 2F (2 

i----3/----2/----+I 

' 
Magnification for the second lens is given as 

h- V +2/ 
m=___!_=+-=--=-1 

ho u -2/ 

X 

Here negative sign indicates that the image will be formed 
above the principal axis PQ for the second lens. 
Thus final coordinates ofimage are (Sf, 2d) 

(x) The convex lenses and the plane mirror setup arrangment 
is shown in figure.To produce final image on object itself, all 

the reflected rays are to retrace their path or the rays "hould be 
incident normally on the plane mirror. 
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Geometrical Optics 

For light rays to fall normally on mirror the image 11 produced 
by first lens must be located at the focal point of the second 
lens which i_s ata distance 10cm from it.From the diagram ifwe 
use lens formula for lens Li' we have 

v=30-l0=+20cm, 
f=+IOcm,u=-x 

From the lens equation we get 

=> 

=> 

V II I 

20 -x 10 

x=20cm 

(xi) For lens formula, we have 

=> 

=> 

11=-llcm 
/=+6cm 

l 
--- =-
v II I 

l 1 1 
-+-=-
v l l 6 

5 
- =---=-
v 6 l l 66 

66 
v=5cm. 

I I cm-~l+---66/5 cm -----i 
f=6cm 

Magnification by lens is given as 

V 66 6 
m=-=--=-

u 5xll 5 

Longitudinal magnification is 

36 
m =m2=-

L 25 

I 
. 36 mage size= - x 5 mm 

25 

36 
Image size= 5 mm=7.2mm 

when image is real its distance is taken positive and in second 
case when image is virtual its distance is taken negative so the 
two magnifications are taken as 

m = h; = /+v1 I = ~ 
I i,0 -u1 16 

m, =· ~ = /=:: I = vi 
As magnifications are same, we use 

~ = V2 

16 6 

=> 6v1=16v2 
by lens formula we have in the two cases 

1 ----
Vi -16 I 

1 l ---
-Vz -6 - f 

By solving above equations we get, 
/= ll cm 

... (l) 

... (2) 

... (3) 

Here positive sign indicates that the lens is a convex (or 
converging) lens. 

(xiii) We first find the image produced by mirror using mirror 
formula as 

l l 1 
-+- =-
v u J 

We use u =- l2.5cm and/=- 10cm, we get 

l l l 
-+--=--
V1 -12.5 -10 

v
1 
= -50cm 

V (-50) . 
m =--=--~-=-4 

I U (-12.5) 

Hereimage formed by the mirror is at a distance of50 cm from 
the mirror to the left ofit. It is inverted and four times enlarged. 
Image formed by mirror acts as an object for lens. It is located 
at a distance of 25.0 cm to the left of lens for the light rays 
incident on it from right so using the lens formula with 
u=-25 cm and/=+ 16.7cm, we have · 

V U f 

=> 
(xii) As per the condition given in the question, Vz -25 +16.7 

magnifications for the two are same in magnitude. If first case => v2 =+50.3cm 
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' Magnification by lens is given as 

' V 50.3 
m = - =-=-2.012 

2 . u -25 

overal magnification by the system is 
m=m1 xm2:=8.048 

Thus, the final image is produced at a distance 25.3 cm to the 
right of the mirror, virtual, upright enlarged 8.048 times. Positions 
of the intermediate and final images are shown in figure, . 

B" 

~25.0cm----tol 
B 

A' 
A A" 

B' 1+-12.5 cm......-r2.5 cm~25.3 cm--1>1 

(xiv) If the second lens is not present, the parallel incident 
rays will focus at F,, at a distance}; from the first lens on its 
principal axis. These rays now intercepted by second lens, and 
finallly focus at some pointPwhich is obtained by lens formula 
for second lens. Thus for second lens, we use 

u2=+(fi-d) and /=+/2 
By lens formula, 
By lens formula we have 

I 
--- =-
v u f 

V · (fj -d) 

I 

/2 

Solving, we get 

f2(fi -d) 
v= 

(Ji +f2 -d) 

y 

f, f, 

; 

{: P, 

!.p' d 

.!----:x-'---->I 

1'>-----f,----'--+i 

The x coordinate of the final image at pointP is 
x=d+v 

=> 

=> 

fi(fi-d) 
x=d+ 

(Ji+ Ji -d) 

fifi + d(fi -d) 
d= 

(Ji+ /2-d) 

Geometrical Optics) 

The y-co-ordinate of the focus F can be obtained by using 
magnification by second lens as 

V f2 
m=-

u. (Ji+ fi-d) 

For second lens the image produced at F1 by first lens acts as 
an object which is located at a distance 11 in y direction from 
the principal axis of the second lens. So the deistance of final 
image at point P from principal axis of second lens can be 
given as 

fi/1 
"1 =m.11= (Ji+ f2-d) 

They-coordinate of point P thus·can be written as 11-111 

(xv) For refraction through lens, we use 
· u =+20 cm,/= -15 cm 

From lens formula, we have 

=> 

=> 

I 
--- =-
v u f 

I ---=--
V 20, -15 

v=-60cm 
Magnification by lens is given as 

V 
m=-

u 

=> 
V -60 

Image size= - Object size = --x 1.2 
u 20 

=-3.6cm 
The image formed by lens acts as an object for mirror. It is 
located (3.6-0.6) cm belowtheprincipai axis of the mirror and 
0.6 cm lies above principal axis. Let image ofC1B1 is C'B', and 
that of C1A I is C'A '. 

Now we use miff or formula for reflection at concave mirror as 

I I I -+- =-
v u f 

I I I 
=> -+-- =--

v -30 +30 

=> v=-15cm 
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I Geometrical Opti_~ - _ ~~~--. · 

Magnification by mirror is given as 

C'B' V 
--=-
3.0 u 

C'B' 15 
-- =--=--
3.0 30 2 

C'B'=-l.5cm 
Also we have for same magnification 

~ 

We use 
~ 

C'A' V 

0.6 u 

C'A' 15 
---=-· 
0.6 30 

C'A'=-0.3cm 
A'B!=C'B'+C'A' 
A'B'= 1.5+0.3= 1.8cm 

Then 1.5 cm ofimage lies above principal axis and 0.3 cm lies 
below principal axis 

__ ·- -· _ , 4 73J 

4-3 -----.--- --
V 15 20 

v=+60cm 

60 60 

· Thus radius of curvature ofthe mirror is given as 
R= v-5 = 60-5=55 cm 

So/11tions of PRACTICE EXERCISE 5. 7 

(i) If object is placed at focus of lens, light rays become 
parallel and fall normal on plane mirror .. So, rays retrace their 
path. 

(ii) Focal length of thin concavo convex lens is given as 

R1R2 30x60 

fi. = (µ-l)(R1 -R2) = l/2x30 

~ · fi. = 120cm 
focal length of mirror is given as 

30 
JM= 2 = 15 cm. 

8 Equive!ent focal length of!ens mirror combination is given as 

30cm 

------•A 
' ' ' ' ' ' 20cm-l 
! 

(xvi) Figure shows optical setup as described in the question. 

l+---·5cm---->I P 

A 

0 s 
------

---------~ C 

-----~------------ ! 
: 
' ' ' ---+l 

Here convex mirror PQ is separated at a distance of5 cm from 
the lens. An object O is placed at a distance 20 cm from the 
lens. The rays after refraction through lens form an image at C 
so that the light rays fall normally on the mirror and reflected 
rays will retrace the path ofincident rays to produce image on 
the object position. 

For refraction at lense we us~ 

u=-20cm and/=+15cm 

By lens formula, we have 

V u I 
( 

I 2 I 2 I I 
---+---+-...:
/,q IL IM 120 15 12 

f,.=12cm 

Thus for image to be produced on object, it should be kept at 
a distnce 21,q = 24 cm. 

(Iii) (a) For the combination of two lenses and a plane mirror, 
the equivalent focal length is given as 

I 2 2 I 
-=-+-+
/,q IL1 fL2 fM 

Focal length of the piano concave lens is 

R 30 
/LI= µ,-I= 1.5-l =60cm 

Focal length of the piano convex lens is 

R 30 
J; =-- =-- =120cm 

12 µ1-l 1.25-1 

Focal length of plane mirror is/M=oo 
Equivalent focal length of the combination is given as 

I (-1 I ) I 
/,q = 2 60 + 120 +O = - 60 

f.,= -60cm 

As equivalent focal length is negative, thus nature of equivalent 
mirror diverging or convex. 
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(b) For the equivalent mirror, we can apply the mirror formula 

to find the final position of the image. Thus we use 

I I I 
-+-=
v u f,,,· 

I I I 
~ -+-- =

v -15 60 

v=+ 12cm 

Thus magnification by the combination is 

V +12 4 ,n = -- = --- = -
u -15 5 

(iv) lfl,q is the focal length ofcombination, we use 
u=-12.5cm 

For real image v=mu =+50cm 

~ 

~ 

V U l,,q 

I I I 
-+--=-
50 12.5 f,q 

I 
,:- = To 
Jeq 

~ f,,, = 10cm 
Equivelent power of the lens system is 

I 
P =-=I0D=2P 

eq 0.1 eqch 

optical power of each lens is 

P,,,h =5D. 

(v) Figure-xxx shows the ray diagram for image formation. 

For lensL 1 weuseu1 =-20 cm and.t; =+25 cm 

4-5 
~ 

V1 25 20 100 100 

v1 =-100cm 
SothelensL1 forms a virtual imageA 1B1 at 100 cm behind the 
lens. For lens L2, this image A1B I acts as a real object for which 
we use 

u2 =-(100+ IO)= -110cm, andf,=+20cm 

I 11-2 9 

V2 = 2Q -LJO = 220 = 220 

220 
or v

2
=+9 =+24.4cm 

Thus final image A2B2 is real and is formed at a distance 
24.4 cm from lens£, 

B, r- ----.... --------------~ = 25cm /2 = 20cm 
I B~:::::--.....;.:==-fr--.._..f:. 
' ' ' 

A, A 
A, 

t--------;_-~:~---;o;~-_-_-_-_-_- -10cm ·- 82 

----------- U1 _____ ..;~--------~----+! 

• VI ]QQ 
Magnification oflens L1 = - = - = 5 

"1 20 

V2 220/9 2 
Magnification oflens L = - = -- = -2 u, 110 9 

2 10 
Total magnification= 5 x 9 = 9 

(vi") In displacement method experiment, as explained in article 
5.18.2, the size ofobject is given as 

So= ~Sn ·S12 

~ S = ~6x~ 
0 3 

~ S0 =2cm. 

(vii) Suppose at a height I, of the liquid in the beaker, an 
incident ray falling from source to the edge of the disc incident 

at critical angle so it gets refracted at grazing manner as shown 

in figure. Any other light ray falling on water surface will be 

totally internally reflected since.the angle of incidence would 
be greater than critical angle. This in the figure shown, we use 

I 
tan 0 = -

C h 

By Snell's law we have 

. I 3 
sm0 =-=-

c µ 5 

~ 

... (l) 

... (2) 

... (3) 
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E - --- ----- ··----

=> 

=> 

3/5 3 
tan Be= 4/5 = 4 

I 3 , 
- =-
h 4 

h= 1.33 cm 

(viii) Figure below shows the given situation and for solving 
the above problem. 

A -
========£,_:::::::: 

C 

.-~------- 'L 
\ --- -- -- ' 4 

In figure we consider whole system may be considered to 
consist of two equivalent lens combinations separated by a fix 
distance in air. 

First combination is on the left end of the optical setup 

(i) double convex lens (glass) L
1 

(ii) piano-concave lens (water) L2 

The above two lenses form one group of lens, say of focal 

lengthf,.1• 

Second combination is on the right end of the optical ~etup 

(iii) piano convex lens (water) L3 

(i_v) double concave lens (glass) L4 

The above two lenses form one group of lens, say of focal 

lengthf,•,· 

- - - -- ___ -4~ 

=> 

With respect to air, focal length of lens L3 is given as 

R 8 
jj=-=-

µ-1 4/3-1 

=> J; =24cm. 
With respect to air, focal length oflens L4 is given as 

R 
f. = 2(µ-1) 

8 

2(1.5-1) 

1.2 

8 

=> J. = - 6.67 cm. 
Equivalent focal length of lenses L3 and L4 is given as 

1.2 ------!,., 24 8 

=> 

... (a) 

... (b) 

Lens combinations of which focal lengths are given- by 

equations-(a) and (b) are separated by air distance 3 cm so 

combined focal length Fofthe system is given.by 

I I d 
-=--+ 
F feq1 f,., fe.1f,., 

I I 13 3 
The above two groups are separated by parallel plane water => 
slab of thickness 4 cm. The apparent thickness of water slab 

-=---+ 
F 6 120 6x(l20/13) 

will be 4/µ=4/(4/3) = 3 cm. Thus the above two groups can be 

considered to be separated by air of thickness 3 cm. 

By lens makers formula, the focal-length of lens L1 with respect 
to air is given as 

Ji 
R 4 

2(µ-1) 2(1.5-1) 

=> J.. = 4 cm. . .. (i) 
Now with respect to air, focal length of lens L2 is given as 

R 4 
f,=-. -=-

µ-! 4/3-1 

=> /2 =- 12 cm. . .. (ii) 
Equivalent focal length of this combination is given as 

I I I I I 
----+-----
Ie.1 Ji f, . 4 12 

=> 

=> 

F 

120-78+39 

6xl20 

F=8.9cm. 

(ix) The plane mirror forms a virtual image at a distance (a+ 
b) behind it. Given that there is no parallex between the images 

formed by mirror and lens and so both the images are formed at 
a distance (a+ b) behind mirror. 

The distance of the image from lens 
v= (a+ b)+ b=(a+2b). 

Here the lateral magnification produced by the lens is 2 because 
it is given that the transverse length of final image formed by 
lens is twice that of image formed by mirror and the mirror 

forms an image of same length of the object. 

As the distance of the object from lens is a, hence distance of 
image from lens should be equal to 2a . 

.., 
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(a+2b) =2a 
b=a/2 •.. (1) 

The silvered lens may be regarded as a combination of 
equiconvex lens and a copcave mirror in contact. Thus for an 
equiconvex lens, focal length is given as 

R 
J; = 2(µ-1) 

~ J;=40cm 
For concave mirror, focal length is given as 

R 
r =-=-20cm 

Jm 2 

The combined focal length of the lens.mirror system is given 
as 

I 2 I I I 
-=-+-=-+-
F Ji J., 20 20 

F=-IOcm 

For the combination for mirror formula, we have 

and 
u=-a, v=+2a 
F=-!Ocm. 

Using the mirror formula in this case, 

I I I 

~ 

and 

-+- =
v u F 

I I I 
-+--=--
2a (-a) -10_ 

a=5cm 
b=a/2=5/2=2.Scm 

(x) The optical setup is shown in figure-xxx. For a piano 
convex lens the focal length of the lens is giyen as 

R 
J=-

µ-1 

~ R=.f{µ-1) 

~ R=3o(f-1) =15cm 

0 

I 

R= 15 cm 
l+---40cm----+1:......- J;.1= 7.5 cm 

if/.,, is equivalent focal length of!ens--mirror combination then 
we use 
' -

I 2 1 2 I 
-=-+-=-+-
!,. f, IM 30 7.5 

6 
-.=-=-
r 30 5 J,q 

~ J.,.=5cm 
Using mirror formula, we have 

u=-40cm 
/, =-5cm ,q 

uf.,q -40x+5 
v= u-J,q = +35 

40 
v=--cm 

7 

(xi) For two thin lenses kept in contact the equivalent focal 
length of the combination is given as 

I I I 
-=-+-
F /i /2 

... (!) 

When lenses are immerged in water, their individual focallengths 
are giyen as 

and 

~ 

~ 

f, = R 

I ·2(.&,-1)· 
µ,, 

f,, = R 
0 2 

2(µ 2 -1) 
µ,, 

-µ.,R 
F=-~--

2(µ, -µ2) 

4 10 
F=3x2(L7-L5) =33.3cm 

(xii If the distance of the lens from the object be Lwhen a 
real image is formed on the screen. Then by lens formula we 
have · 

-----=-
100-L -L 23 

On solving, we get 

L=(50± 10,/2)cm 
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Now, as lens is executing SHM and a real image is formed after 
a fixed time gap then this time gap must be such that real image 

is obtained when the lens passes through two positions at 
same distance from the mean position and having separated 

by a time gap ofon fourth of the period ofSHM. 

4771 
-·--J 

If e
8 

is the emerging angle for blue light, we use Snell's law at 

other surface of prism, we get 

sine 
µ= sinr

2 

Thus phase difference between the two positions_ofreal image ~ 
sin i2 

l.68 = . 27 40 
SID . 

formation must be ~. As the two position are symmetrically 

located about the mean position, phase difference of any or" 

1t 
these positions from origin must be 4 . If A is the amplitude of 

SHM then we have 

r,: . 1t 
!Ov.lcm=Asm 4 

A=20cm 
Velocity oflens at mean position in this case is 

v =Aro= A /K 
0 v--;;; 

Required impulse to attain this speed is 

J= mv0=A ,IE;;= 8 kgm/s 

NOTE : Students can also think that real images are obtained 

on screen at two extreme positions oflens in SHM when time 
gap becomes half of the time period ! ! ! 

So/utio11s of PRACTICE EXERCISE 5.8 

(i) As we know that for achromatic combination we use 

D=D' 
~ (µv-µ,)A = (µ;-µ~)A' 

(1.42-1.35)4° 
~ A'= 1.9-1.7 = 1.40, 

Net deviation of light for achromatic combination of prism is 
given as 

°"" = o- o'= (µr- I)A-(µ~- l)A' 
~ °t<e1=(!.40-1)4°:---(1.8-I) 1.4° 

~ °"" = 0.48° 

(ii) For blue light, by Snell's law, we have 

sin 65° 
1.68=-.-

sm 'i 

~ r
1 
=32.6° 

Other refraction angle oflight ray at second surface of prism is 
given as 

r2 =A-r1 =27.4° 

e=50.6° 
Deviation angle for red light when it passes through prism is 

08 = i1 + e8 -A 
~ o.=65°+50.6°-60°=55.6° ... (i) 
For red light, by Snell's law we have 

sin 65° 
1.65=-.-

sm 1j_ 

~ r 1=33.3° 
~ r2 =A-r1=26.7° 
If e R is the emerging angle for red light, we use Snell's law at 
other surface of prism, we get 

sine 
1.65 = . 26 70 

SID • · 

~ e• =47.8° 
Deviation angle for red light when it passes through prism is 

o,=i1+e.-A 
~ o,=65°+47.8°-60°=52.8° ... (ii) 
From Equations-(i) and (ii) we get angular dispersion as 

08 -0,=2.8°. 

(iii) lfthe angles of crown and flint prisms be taken as A and 
A' then the dispersive power of prism materials is given by 

ro= 
Jiv-µr 

µ-1 

~ µ,-µ,=(µ-l)ro 
Angular dispersion produced by the prism is given by 

(µ,-µ,)A=(µ- I) roA 

So the angular dispersions produced by crown and flint prisms 

respectively will be(µ- l)roA and(µ'- I) ro' A'forachromatic 

combination 

(µ- l)ro.4 = (µ'-1) ro\4' 

A' (µ - l)ro 0.517 x 0.03 

A (µ'-l)ro' 0.62lx0.05 

=0.50 
Total deviation produced is (o - o ), given as 

o-o'=(µ- l)A-(µ'- I)A' 

1° =0.517A-0.621A' 

Solving equations-(!) and (2), we get 

A =4.8° andA'=2.4° 

... (I) . 

... (2) 
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(iv) The deviation produced by the crown prism is 

8= (µ- !)A 

and that produced by the flint glass prism is 

8'=(µ'-l)A'. 

The prisms are placed with their angles inverted with respect 
to each other. The deviations are also in the opposite directions. 
Thus, the total deviation oflight ray is 

'-, 

~ 

~---. 
. _ sin49°12' _ 0.75::

0

~~ - . / 

sm r1 - 1.53 - 1.53 ~ 0.4948 ~ , / 

~ r1 =29°39' 

and other refraction angle is given as 

r2 = 60° -29°39' 

~ r2 =30°21' 

or=o-8'=(µ- l)A-(µ'-l)A' ... (1) By Snell's law at other surface of prism, we have 

(a) Jfthe net deviation for the mean ray is zero, 
~ . (µ- l)A = (µ'_: l)A'. 

(µ -1)- 1.517-1 
A'= --A= ---x5°=4 169° 

(µ'-!) 1.620-1 . ~ 

(b) ·The angular dispersion produced by the crown prism is: 

8,-8,=(µ,-µ,)A 
and that by the flint prism is, 

O'v -O'r = (µ'v - µ',)A 

The net angular dispersion is,(µ, - µ,)A-(µ', - µ',)A 

=(l.523- J.514) X 5° -(J.632- J.6J3) X 4.2 °=-Q.0348°. 

The angular dispersion is 0.0348°. 

(v) The condition for the combination to be achromatic is 

given as 
· (µp-µc)A = (m/- µJ)A' 

(1.523- 1.515) x20° =(1.664- l.644)a' 

~ 
Cl' = Q.QQ8 X 200 = go 

0.02 

(vi) (a)- As it is given that instrument is set to give minimum 
deviation for red light, the refractive index of the material for 
red light is given as 

~ 

~ 

~ 

and 

. (A+om) sm--
2 

µ = --'---'-
sin A/2 

. (60+8m) sm 
2 

sin 30° 

. (60+8 ) · I sm 
2 

m = 1.514 x 2 =0.7570 

(
60+8 ) 

2 
m =sin-1 (0.7570)=49°]2' 

om= 2(49°12)-60= 38°24' 
i =49°12' 

(b) While considering the refraction for violet colour through 
the prism, we use at first surface of prism 

sini1 = sin49°12' 

sin lj sin lj 
1.53 

~ 

~ 

~ 

sine 
-.- =1.53 
smr2 

sine 
_cc::::_::__ = 1.53 
sin30°21' 

sine =sin 30°21 'x 1.53 =0.7732 
e = sin-1 (0.7732) = 50°38' 

(c) Angular width= angle of emergence for red- angle of 
emergence for violet 

= 50°38'-49°12' 
= 1°26' 

(vii) For achromatism of two lenses in contact, the condition 

is 

~ 

COi CO2 
-+-=0 
Ji f, 

ro, = _/, 
0)1 Ji 

The dispersive power of crown glass is given by 

µV-µR 
0) = 

I µV +µR 

2 

1.55-1.53 
~ 0)1= 1.54-1 =0.037 

For the equiconvex lens_, its focal length is given as 

R 
J; = 2(µy-l) 

0.54 
~ J;= 2(1.54-1) 

0.54 

2x0.54 
0.5m 

If the combination has a focal length F, then we use 

I 1 I 
-=-+-
F Ji f, 

I 
~ 

-----
!, F Ji 

... (]) 
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(viii) Condition for minimum chromatic aberration is that the 
distance between lenses = mean of the focal lengths of the 
component lenses 

0.06+0.04 

2 
=0.05m 

So for the desired eye-piece the lenses must be placed co-axially 
0.05 m apart. The first lens (0.06 m focal length) will be the field 
lens and the other the eye-lens. 

!J. =J; + f,-x=0.06 +0.04-0.05 =0.05 m 

fjf, 0.06 X 0.04 
F= T = 

0
_
05

. = 0.048m 

Magnifying power for normal vision 

D 0.25 
=-=-- =52 

F 0.048 . 

The distance of the first principal plane from the field lens 
towards the eye-lens is 

X 0.05 
0. = /J. /j = 

0
_
05

_ X 0.06 "'0.06 m 

The first principal focus is at a distance of0.048 m from the first 
principal plane towards the object. With reference to the field 
lens, it is at a distance of(0.06 -0.048) = 0.012 m on the other 
side. Hence it is a negative eye-piece. 

/J. = J; + f,-x=0.06 +0.04-0.05 =0.05 m 

F= fjfi ·= 0.06x0.04 =0048m 
/J. 0.05 .. 

Magnifying power for normal vision 

D 0.28 
F = 0.048 = 52 

The distance of the first principal plane from the first lens (field 
lens) towards the eye-lens is given by 

X 0.05 
o.= /J. /j = 

0
_
05 

X 0.06 =0.06m 

The first principal focus is at a distance 0.048 m from the first 
principal .plane towards the object. With reference to the field 
lens it is at a distance of(0.06-0.048) = 0.012 m on the other 
side. Hence it is a negative eye-piece. 

~- · __ -_4j~ 

(ix) (a) Condition for achromatic combination is given as 

co," (02 
-+-=O 
Ji f2 

=> OJ = (-J, )OJ1 
2 Ji 

=> OJ = - (-30) (0.18)=0.27 
2 (+20) 

(b) Equivalent focal length oflens doublet can be given as 

I I I I I 
-=-+-=---
F Ji f, 20 30 

=> F=+60cm. 

Solutions of PRACTICE EXERCISE 5.9 

(i) Weare given that the focal length of the lens isf= IO cm 
and distance between the screen and lens is v = 500 cm. 
Using the lens formula, we have 

l I 
--- =-
v II j 

=> - ----
u V f 

=> - =---=-
u 500 10 

500 
=> u=-

49 
cm 

Now the linear magnification is given by 

Size oflmage 

Size of Object 
V 

u 

49 

500 

V . . 500x49 
=> Image size= -xOb1ects1ze = ---x2 =98cm 

u 500 

=> Size of the image= 98 cm x 98 cm 

Suppose the illuminating·power of the source be P, then 

p 
Illumination of slide= -

2
-
x 2 

p 
Illumination ofpicutre = 

98
x 

98 

Illumination of slide P 98 x 98 
------- = --x-- =2401 
Illumination of picture 2x2 P · 

(ii) For the objective, we use 
u

0 
=-0.3lcm and J;, =0.3cm 
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Using lens formula, we have 

Vo llo fo 
I . I. 

-,----=-· -
V0 -0,3 J 0.3 

=> V
0 

= +9.3 cm 
For the eyepiece, we use 

v,=-25cm and f.=+5cm 
Using leus formula, we have 

I 
---=-

-25 --;;; = 5 
=> u

0
=-25/6cm=-4.166cm. 

Magnifying power of telescope is given as 

M= Vo(1+E.)= 9.3_(1+25)=180 
Uo /, 0.31 5 

Separation between lenses= v0 + u, = 9.3 + 4.166 = 13.466cm. 

(iii) For the eyepiece, we use 
v =-25 cm and r =5 cm e J, 

Using lens formula for eyepiece, we have 

l I l 6 - = -- --=- -cm 
u, -25 5 · 25 

25 
u =--cm 

e 6 

Magnification of eyepiece is 

v, 25 
M=.-=--=6 

e u, (25/6) 

The magnification of microscope is given as 
50=M,xM0 

=) 50 = 6 X 111c, 

. 50 
M0 = 6 = Magnification of objective 

The magnifying power of objective is given by 

M=2£._=Vo-fo 
0 Uo f, 

·-'"·· ; ·, .J..:' 
""'-.;· 

When the distance is increase 
will become 

56 68 
v'=-+2=-

o 6 6 

now magnification by objective will be 

M. '= (68/6) -1 = ~2 
0 I 6 

As magnification by eyepiece will remain same, total 

magnification will now be 

62 
M. =M. 'x M = -x6 =62 r O e 6 

(iv) Using lens formula for objective, we have 

Vo -5 +0.25 

=> v0 =-0.2632 m 
Now using lens formula for eyepiece, we have 

1· 

-0.25 -u, +0.025 

I 
- =4+40=44 
u, 

=> u, =0.0227m 
Tube length of the telescope is= 0.2632 + 0.0227 = 0.2859m 

magnifying power 
Vo 0.2632 

= u, = 0.0227 = ! 1.6. 

(v) When the telescope-is focussed on a distant object and 
the final image is also at infinity, the distance between lenses 

L=fo+f. 
=50+5=55cm 

When it is turned on a nearer object, the image formed by the 

objective will not be at its focus, but a little away from it. the 
eye-piece has to be shifted exactly by the same distance 
through which the image is shifted from focus of objective 

because the final image is at the same distance withougt change 
in accomodation of eye. Figure below shows the ray diagram 
of this situatim,. · 

Using lens formula for the objective, we have 
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50 
v = +-m=+52.63 cm 
o 95 

· The distance by which the eye-piece is to be shifted is 

s=52.63-50 

s=2.63cm 

When the object is at a finite but large distance then the 
Magnifying power of telescope is given as 

~ ·vo 
M=-=

a u, 

For the case of focussing the telescope in both cases, using 
lens formula for eye-piece, we have 

oo -ue +5 

=> ue=Scm 
Thus Magnification of telescope for the case of focussing on 
object located at a distance of l Om is 

52.63 
M= -· -

5
-. = 10.52 

Previous magnification when telescope is focussed on Moon, 
we know magnification is given as 

/ 0 50 
M'= - = - =10 

fe 5 

(VI) We know that the magnification Mis given by the 
formula 

M=- l+-Vo ( D) 
"o le 

In first case, M, = (vo), (1+ DJ 
Uo le 

wheref,=0.03 m=3 cm andD=25 cm. 

~ M = (vo), (1+ 25) 
I Uo 3 

(v0) 1 28 
=--x-

u0 3 
... (1) 

Similarly in second case 

M = (voh (1+ 25) 
2 Uo 4 

(v0 ), 29 
M=--X-

2 Uo 4 
... (2) 

Given that M1 =M2 

(v0 ) 1 28 · (v0 ), 29 
--X-=--X-

Uo 3 u0 4 

... (3) 

If in the first arrangement, the distance of the object from 
eyepiece be x. Then by lens formula for eyepiece, we have 

l l l 75 
--+- = - orx= - cm 

25 X 3 28 . 

75 485 
(v\ =20--=-cm 

O'I 28 28 . ... (4) 

112 485 1940 
and (vo)2 = 87 x28 = 87 cm. . .. (5) 

Let, in the second arrangement, the distance ofthe object from 
eyepiece bey. Then 

l l I 
--+- =-

25 y 4 

100 
y=-

29 
... (6) 

Now, distance between lenses in the second case must be 

. 1940 100 2240 

87+ 
29 

= 37 =25.75cm. 

=0.2575m. 

(vii) In the normal adjustment, magnification (angular) 
produced by telescope is 

M= fo =30 
le 

~ fo=30f, 

and tube length =fo + f, = 93 

~ 

and 

~ 

Then 

~ 

~ 

~ 

93 
.t.:=-=31cm 

e 31 

fo=90cm 

l I I 
--- = - and u =3cm 
oo -Ue +3 e 

v0 =90+3=93cm 

I I 

+93 -u, +90 

3 
---=--

u0 90 93 90x93 

u, =30x 93=2790cm=27.9m 

Vo 93 
Magnification= - = - = 3 I. 

· lie 3 
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1482 

Solutions of CONCEPTUAL MC(lS Single Option Co"ect 

Sol. 1 (A) In first case, the apparent depth of the liquid 

=(b-a) 
=> Real depth= µ(b- a) 
In second case, apparent depth= (d- c) 

=> Real depth= µ(d-c) 
The difference in depth ofliquid 

= µ(d-c)-µ(b-a) 
Here we use µ(d- c) > µ(b- a) 

from experimental data, the difference is equal to (d-b) 
Hence 

µ(d-c)-µ(b-a) = d-b 

d-b 
µ=----

(a+d-c-b) 

Sol. 2 (C) 

Sol. 3 (B) If O is the centre and A is the point source for the 

light ray incident at any point Pon surface of sphere to angle 
have maximum angle ofincidence i, then situation of maximum 

i is shown in figure-xxx. It happens when OA and AP are 
. perpendicular, for which we have 

OA X 
i = sin-1- = sin-1 -

OP R 

0 
R 

Sol. 4 (C) When the man M1 is in the region RP and SQ, then 
man M1 sees the image of M2• 

1 

p 

' ' ' ' ' ' ' 

Q ___ . 

s' 

From the similar triangle PJQ and.ll"1 

__ -~eomelrical 0~ 

PQ 

AX, 
3L 

L 
=> PQ=3L 

From the similar triangle, RIS andPJQ 

Then 

RS 3L 

YYj L 
=> RS=9L 

RP+ QS=RS-PQ=9L-3L=6L 

6L 
Time=-

" 

Sol. 5 (A) Here, PQ is the length ofreflected light from the 
mirror. From the similar triangles, PMA and MYS' 

PA 3H, 
-=-
XS' H 

Then, PA=3(XS?=3H 

From the similar triangles QNA andXNS' 

QA = 2H 
XS' 2H 
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=> 
=> 

s 

H 

QA=H 
PQ =PA-QA =3H-H=2H 

p 

screen 

Q 

N 
X ---------:;;'>&,=777.m,:L'--------------!A 

H , , •I 
n· ,/' ,/:,. ... ,"" 

s· ,,;,..----

Sol. 6 (D) Focal length oflens does not depend on the aperture 
of lens. It depends on the refractive index of lens and that of 
surrounding and the radius of curvature of its surfaces. 
For intensity of image, we have 

/ oc ( aperture diameter )2 

=> /blocked oc ( % )' and Io oc d' 

Io 
Hence, l = -blocked 4 

Final image intensity 
I= I -1 f original blocked 

=> 
Io 3/o 

l=l--=-
f o 4 4 

Sol. 7 (D) If mirror is turned, about an axis perpendicular to 
plane of mirror, then there will be no change in incident angle 
and reflected angle so angle between incident & reflected rays 
after rotation will be same as before. 

Sol. 8 (B) Let the critical angle of interface between media 
1 and 2 is c1 and between I and 3 is c2 

Then sin c = µ2 and sin c = }:,_ 
I µI 2 µI 

From TIR at second interface 90 - c,1 > c2• taking sine of both 
sides, we get 

cos c1 > sinc2 

or 

2 2 2 µI-µ,>µ,. 

.-- - --:, 
------ _4831 

Sol. 9 (A) Using refraction formula for spherical surface taking 
'B' as object, if its image to be at oo, we have 

µ2 _---1:L._ = µ2 -µI 
oo- (-2R) -R 

Sol. 10 (C) Ifwe draw an incident ray along the top side of 
rectangular strip,which happens to be parallel to the principal 
axis. After reflection this ray passes through focus. Thus image 
ofall points on the top surface of the strip 01' 0 2, 0

3
, .. • etc lie 

on this reflected ray at locations 11, /
2

, 1
3

, ... etc in between 
_ focus and centre of curvature. Thus the image of this strip is a 

triangle as shown in figure: 

o, o, o, 

n 

C 

/3 /2 
1, 

' 

Sol. 11 (C) If we consider two point objects 0
1 

and 0
2

, as 
shown in figure-xxx on the two sides of the center of curvature 
C of the surface. Figure also shows the incident rays from 0

1 

and 0 2 at point P and as the other medium is denser both 
incident rays bend towards normal and thus the corresponding 
refracted rays will be diverging hence in both cases the image 
produced due to refraction will alwsy be virtual. 

o, 

Sol. 12 (D) Slab only shifts the image of point P by some 
distance which will remain constant and does not depend upon 
the location of slab so the final image formed by slab has a 
fixed separation from 'O' and will not move. 

Sol. 13 (D) We use v = c/n. For air, we consider the index of 
refraction n,,, =l. The Snell's law is given by the equation : 

sin0 1 = n sin02 ••• (I) 
We see that for the normal component of velocity to be 
constant, 

v1 eos0 1 = V2 eos02 

C 
=> c eos0 1 = -;; eos02 ... (2) 
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Air 

Glass 

We multiply Equations-(!) and (2), obtaining 

sine, cos0, = sin 0, case, 

=;, sin201 = sin 202 

The solution 0
1 
= 0

2 
does not satisfy Equation-(!) and must be 

rejected. The other solution is 

20, = 180° -20, 

0
2

=90-0_1 

Then Equation-(!) gives 

sin 81 = n cos81' 

tan01 =n 

Sol. 14 (A) The image '/1' ofobject 'O' formed by plane mirror 

moves towards left. Here/1 acts a real object for concave mirror. 

As/ moves towards left, its image formed by concave mirror 

whether real or virtual will alswaymove towards right. 

Sol. 15 (A) To see head, the light ray from head after reflection 
should come to his eyes a shown in figure. In this situation for 
not to see the top of his head the point from which these light 
rays are getting reflected, we should create a hole at this point. 

Thus this point is located 167cm from the bottom layer. 

6cm 

1/, , 
B p 

Sol. 16 (B) Both blocks loose contact immediately after the 

release as the springs are different and net forces on the two 
blocks are also not equal. The time period of oscillations of the 

two blocks is given as 

T = 2n~ m T = 2n /m 
P 4K' Q '{K 

=;, Tg=2Tp 

Ge~Offietri_cal Optic~ 

- . Tg 
Q comes at lowest position at time 2 travelling a distance 

2
;g downwards. In time Ti , which is also the time period of 

P, the block P come back to original position, so we use 

. . . . 2mg 4mg 
=;, The distance between Q and its image 1s K x 2 = K . 

Sol. 17 (C) When the object moves from infinity to centre of 

curvature, the distance between object and image reduces from 
·infinity to zero. When As the object moves from centre of 

curvature to focus,- the distance between object and image 
increases from zero to infinity. When the object moves from 
focus to pole, the distance between object and its image reduces 
from infinity to zero. Hence the distance between object and 

its image shall be 40 cm three times. 

Sol. 18 (B) In the situation given in question, we can see that 

after third reflection the reflected ray becomes parallel to mirror 
M

2 
after which no more reflections will take place. Thus light 

ray can reflect maximum three times in this case . 

. Sol. 19 (A) Focal length is minimum in easel, therefore power 
is maximum. In cases given in options (C) and (D) the focal 

length and power remain same. 

Sol. 20 (A) If distance ofimage is v from lens, we use 

2. = _!_ + _!_ + _!_ + (2-+2-) 
vfff R1R2 

Here we used that ray of light passes through lens thrice and 

reflected twice from the two spherical surfaces oflens 

2. = i +2 (2-+-' ) 
v f R1 R2 

By lens maker's formula, we have 

I ( I I ) -=(µ-!) -+-
f R1 R2 

1 ( I 1 ) - = -+- (3µ-3+2) 
V R, R, . 

f(µ-1) f 
v= =-

3µ-l 7 

Sol. 21 (A) As we know in direction normal to mirror we use 
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No effect of V cos 8 as its in the plane of mirror 
=:, V

1
=2Vsin8 

Sol. 22 (D) 

=:, 

=:, 

=:, 

For no ray to emerge out of side PR, we use 

A >2tlc 

A 
sin 2 >sin Be 

. A ,/3 
sm->-

2 2 

A> 120° 

Sol. 23 (B) As AB is common and 0 1B = Bl and triangles 
t.01 BA and MAI are congruent so 

By symmetry Al is normal to 0 1 to 0 2 and L01AB = LBAI 

=:, 

and 
LBAl=45° 

LBAC=90° 

__ 485J 

Sol. 27 (C) The acceleration of the elevator does not affect 
the apparent depth. 

Sol. 28 (C) For first case, we use 

. 1 l l 
-+-=-
Vi 111 f 

and for second case, we use 

l 1 1 
--+- =-

V2 U2 / 

=:>- ' I 
f- 112 

Vt V2 
But - = - , thus we use 

UI U2 

__[__ = _I_ 
111-f f-uz 

... (I) 

... (2) 

Sol. 29 (C) In Pa biconcave lens ofµ= 1.33 is formed. In Q, 
we have a combination of two convex and one plao-concave 
lenses but overall the converging power is more so both cases 

Sol. 24 (B) The line joining O and I crosses principal axis of are convergent. 

the mirror at centre of curvature. In a convex mirror, for a real 
object image is always virtual, Sol. 30 (D) For image of center of mass of A and B, we have 

Hence the given situation can be achieved only by using a 
concave mirror with object placed a distance 'a' above centre 
of curvature Con principal axis as shown. 

Sol. 25 (B) Figure shows the image formation in focal plane. 
In t.OAB, we use 

=:, 

=:, 

AB r 
tan8=-=-

0B f 

r2ocj2 

Areaocf2 

~B1-~ 
~f----+l 

Sol. 26 (D) The optic axis of a lens does not change even on 
cutting it so in this case as magnification is 2, image of Pwill be 
produced I cm below optic axis oflens which is 1.5 cm below 
lineXY. 

- ,nlvl (-1') 
Vcmx = 

m1 +m2 

=:, 

Sol. 31 (D) For the image of mango when it is located at a 
distance x from the water surface, apprent distance of mango 
appear to tortoise is, 

xapp = µx 

=:, 
d 2 2 

Xapp _ d X 

dt2 - µ dt 2 

=> aapp = µg 
Thus the acceleration of falling mango with respect to tortoise 
is given as 

a 1 • =a+a =g+µg=g(J+µ) re at1ve app 
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Sol. 32 (D) Maximum separation will be 4A when A is the 

amplitude which is given as 

for total internal reflection at top face we use 

Aro=v 

Ai=v 

A=vJ¥ 

Therefore the maximum separation is 4 v J¥ . 
Sol. 33 (B) By Snell's law, we have 

sini 
sinr µ 

In triangles MCD and l!.CEF 

X 

2h-x µ 

Jc2h-x)2 +h2 

In l!.BCG, we have 

. 2h-x X 
sm r= 

J(2h-x)2 +h2 

We also have by similarity of triangles 

h 2h-x -; =-,,-
Solving equation-Ci), (ii) and (iii), we get 

µ= II \/2· 

0 . 0 µI cos 2 =stn = -
' µ, 

... (2) 

Elimination of02 between(!) and (2), we get 

Sol. 35 (A) A ray AB is incident on mirror OM1 at angle a and 

is reflected along BC suffering a deviation 81 = LFBC 

The ray BC falls on mirror OM2 at an angle ofincidence p and is 

reflected along CD suffering another deviation 

... (i) o,= LGCD 

The total deviation is 8 = 81 + 82 

It is clear from the diagram that 

8 = 180'-2aand8 = 180'-2A I 2 P 

... (ii) => 

Now, in triangle OBC, we can use 

... (iii) => 

a+p=0 

8=360°-20 

Which is independent of the angle of incidence a at the first 

mirror. 

Sol. 34 (A) Consider Point A on which by Snell's law, we have 

Sol. 36 (A) Let 0 be the angle between the two mirrors OM1 

and OM,- The incident ray AB is parallel to mirror OM2 and 
strikes the mirror OM1 at an angle ofincidence equal to a. From 

figure we have µ1sin 01 = µ2 sin 02 

and angle of incidence on top face is 

02=90"-0, 

... (I) 
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Similarly for reflection at mirror OM2, we have 

LM2CD = LBCO= LMpM, = 0 

Now in triangle OBC, 30= 180°, therefore 0 =60°. 

Sol. 37 (A) There is no effect on the spot. Rotating the glass 
slab will shift a ray parallel to axis. The direction ofa ray before 
and after the glass slide is unaffected. All parallel rays are 
focussed at the focal point of the lens according to ray optics, 
and there is no effect on the focussed spot. 

Sol. 38 (A) The slab does not object for minimum deviation 
by prism, thus for minimum deviation, we use 

r1 = r2 = 30° as shown in figure 

..--
=:> sin i= v'2 sin30° or i = 45° 

Thus minimum deviation= 2i-A = 90° -60° = 30° 

=:> sin i= v'2 sin30° or i=45° 

Sol. 39 (B) As mirror is moving parallel to itself, it does not 
affect the position of image so length of spot on ground will 
remain same. This can also be seen by similar triangles in figure. 

p 

T t,_ 
I ','-.-. !4-/---+j 

h : ',, .................. 

t ~~----',;;;Lls' 
hi ~ 
+ ' ~ 

Sol. 40 (C) When the lens is tilted by 0, the image is formed 
at the intersection pointP of focal plane oflens in tilted position 
and x-axis. 

tY 
le tu:/ 

-....... f I~ 

·-- 0' /~---~/'----•' 

I ~---' ,, 
Focal plane of lens 

As the lens oscillates. The image shifts on x-axis in between F 
andP. 
Thus distance between two extreme position of the oscillating 
image is 

&=PF=_!_ -f=f(sec0-I) 
cos0 

Sol. 41 (B) We use magnification 

~ = _f_= -------"-! ____ = f 
u u - f distance of object from focus x 

Sol. 42 (D) As we know that a light ray after successive 
reflections from two mutually perpendicular mirrors reverses 
its direction. Thus as the finally reflected ray is having same 
slope as that of the given incident light ray so only option (D) 
can be the correct answer for a given set of mirrors. 

Sol. 43 (A) If the angle of emergence from the first prism is 
'e' calculating step by step by Snell's law, we get 

2 
e=sin-1-

3 

Then for net deviation to be double, the incident rayon side A' 
B' of second prism should make angles i ore with normal. 

A 

C' 

Thus the angle between the given situation be 2e or i + e. 

Solutions of NUMERICAL MCQp Single Options Correct 

Sol. I (A) We know that for a prism deviation angle is given 
as 

o=i+e-A 
45°=i+e-60° 

i+e=I05° . .. (I) 
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' As per given condition, we have 
i-e=20° 

Solving. (1) and (2), we get 
i =60° 30'and e =42° 30' 

sini sine 
Now µ= sinlj = sin(60°-1j) 

~ sin i (sin 60° cos r 1 - cos 60° sin r 1) 

=sin esin r2 
~ 0.8870(0.866 cos r 1 - 0.5 sin r 1) 

= 0.6756 sin r1 

Solving we get 

0.8870 X 0.866 
~ tan r1 = 

1.1191 
r 1 =34° 28' 

sini1 0.8870 
µ= --. - = 0 5659 = 1.567 

smri . 

Distance between images 11 and 12 is given as 
11/ 2 =6-2x=4m 

~ x=lm 

... (2) 

Sol. 3 (B) After -projection of the particle its velocity 
component in vertical direction is given as 

u, = .Jz sin 45° = I mis 

In vertical direction if we consider s 1as the displacement of 
particle and s2 tlie displacement of mirror in time I then we use 

s, =(1)(0.5)- .!.g12 =0.5- .!.gt2 
2 2 

and 
I 

s =- -gfl 
2 2 

Vertical distan~e of particle from mirror is given as 
s=s1-s2=0.5m 

Thus, distance between particle and its image is 
h.s=2s=lm. 

Sol. 4 (B) As we know that along the normal the velocity of 
image is double the velocity of mirror and opposite to the 
velocity ofimage and along the surface of mirror image velocity
components are same as that of object, so velocity of image is 

given as (3i +4}+11k). 

- Ge"onletrica\ Opticsj 

Sol. 5 (B) From the figure in triangle QRS, we have 

90-i+0+2r= 180° 

~ 

~ 

~ 

~ 

~ 

r= (90+;-e) 

p = 180-(90-r)-2i 

(
90+i-0) . 

p=l80-90-+ 
2 

-2, 

180-4i+90+i-0 
p= 2 

p= (270-t-0) 

m=p-0= 180-(90-i)-2i 

(210-
2
3;-e)-e = 90 _; 

Substituting 0 = 20°, we get 

i=30° 

Sol. 6 (D)_ In the figwe MN is the length of image he sees in 
t,he mirror. From the similar triangles EAB and EMN, we have 

r ',,, 0.3 m 
;:::----,A -·r----

' ,:0 I 
B .. ,:r.. 

......... 
0.8 m '?.,, 

f,--X-ol+--X---+\ 

AB 0.3 
MN=-/ 

As MN=2AB,wehave 
l=0.6m 

Sol. 7 (C) Here, PQ is the size of spot formed on the wan. 
From the similar triangles MS'Q and t.MS'N, we have 
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PQ = 2d 
MN d 

PQ=2x8=16cm. 

Sol. 8 (C) Using refraction formula for air-glass interface, we 
use 

u=-x; R=+IOcm; µ1 = I and µ2 =3/2 
By refraction formula, we use 

!':.__.!:J. = µ2 -µI 
V U R1 

µ, -- = 1.5-1 
00 -x 10 

x=-20cm 

Using refraction formula, we have 

!':.__.!:J. = f½ -µI 

-~ 

V u R 

.±_ 1 
_.±_ __ - _3 -
3v R -R 

v=+2R 
Thus the image of child's nose will appear at a distance3R from 
the center of the bowl. The ray diagram is shown in below 

figure. 

l+---2R->I 

Sol. 11 (B) Final image coincides with the object when the 
image produced by lens is formed at centre of curvature of 
mirror or itselfon the pole of mirror. So there are two possible. 
conditions here. 

For the lens, we use u = -15cm and f = +I 0cm so in lens 
As the second surface is flat, rays must become parallel after formula, we use 
first refraction only as from flat surface rays will not suffer any 

J deviation when falls normally. 

Sol. 9 (D) Using lens formula we can see that first image after 
refraction through lens is obtained I 0cm behind the lens from 
which when light rays are reflected from plane mirror next image 
will be ogtained at a distance 20cm behind the plane mirror 
which will act as an object for the next refraction at lens so we 
use 

u=+30cm and f=+IOcm 
Using lens formula, we have 

J 
--- --
v u f 

I 
---=-
v 30 JO 

I J I 4 
- =~+- =-
v 10 30 30 

~ v=+7.5cm 
Thus final image is obtained 7 .5cm to the right oflens. 

Sol. 10 (C) Here nose of the boy is the object & fish is 
observer. So for refraction formula, we use 

u=+R; µ2 =4/3; µ 1=1 and R=-R 

-----
Vi ll f 

J 
---=-
V1 -15 JO 

v 1 =+30cm. 

. Thus image produced must be at the centre of curvature of the 
mirror as it is not possible at the pole because the distance of 
pole to lens is only IOcm. 

R=20cm 

f=!Ocm 

Sol. 12 (A) Equivalent focal length of the system of three 
lenses in contact is given as 

I J J I 
-=-+-+-
hq fa fw fa . 

Where focal length of glass lenses is given as 

R 
J,=-=2R 

. a µ-J 

R=5cm 

... (I) 
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Focal Length of water lens is given as 

R 3R 
fw= 2(µ-l) = 2 =7.5crn 

Now from equation-(!), we have 

;,. =2C~) + (-1
2
5) = /5 

Equivalent optical power of the given syst_em is given as 

I 
P, = 15xIOO =6.67 D 

Sol.13 (A) Equivalent power of the system is given as 
P =2(P +P)+P . eq w g m 

, Where Pw a1_1d Pg are the respective powe,s of the water and 
glass lenses and Pm is the power of the mirror. These are given 

as 

1 

I ( I I ) J., = (µw -1) ;:;;- -60 

I 
P =-cm-1 

w 180 

and Pg= Jg , wherewe use 

and 

1 
P =-cm-1 

g 60 

1 2 
P =-=-cm-1 

m fm 20 

Equivalent power of the system is now given as 

P,q = 1(Pw +Pg)+ Pm' 

( 
1 1 ) 2 

P,q= 2 180+60 +20 

P,q 
13 

90 

Sol. 14 (B) When plane surface is silvered; we use 

p =1P =2(µ-1) 
eq L R 

Then in case when curved surface is silvered, we use 

____ ...;G:..:ecco~etrical Oplicsj 

P,;=2PL+Pm, 

p '=2(µ-1)+~=2µ 
,. R R R 

Given that, .t;.=28cm 

R 
So we use 28 = 2(µ-1) 

When curved surface is silvered, we use 

, R 
f. =- =10 
"I 2µ 

From equation-( 1) and (2) we get, 

14 
µ·=-

9 

... (!) 

•.. (2) 

Sol. 15 (C) For the minimum angle of deviation produced by 

the prism, i= e and r1 = r2, 

=> r1 + r2 =A then,r=45° (sinceA=90°),, 

Using Snell's law for the 1 ~ interface, we have 

=> 
Then 

=> 

Lsini=µ·sinr 

sin i= Hx .}i 
i=60°, 

6mm = (i-r)+ (e-r) = (60-45)+(60-45), 

6mm =30° 

90° 

Sol. 16 (B) Graph between (6 - i) for the prism is shown in 
figure. Here i = Angle of incidence when it is undergoes 
minimum deviation, we have deviation angle 

6=i+e-A 
44° =42°+62°-A 

A=60° 

For the condition of minimum deviation 
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r1+r2 =A 

r=30° 
omin =2(i-r) 

38=2(i-30°) 
i=49° 

A 

...... ., .. 
iij *:,,.,-------;:,. 7,>;:).,,. e = ; z _,,. 

Sol. 17 (A) Ray diagram of the grazing emergence is shown 
in figure. 
Here we have r+ Be =A 

~ r+0c=60 
Using Snell's law at the second surface, we have 

,/2 sin 0, = I sin 90 

. I 
sm0 =-·0 =45° 

C ,12' C 

Then, we have 

' '; 

r=A-0 = 15° 

,. 
', 

A 

C 

Grazing 
emergence 

Using snell's law at the 1~ surface, we have 

I sini= v'2sinr 

and sin i= v'2sinl5 

. . -1(...fi-IJ z=sm --
2 

...fj -1 
(As sin 15°= --) 

2,/2 

Sol. 18 (D) For refraction formula at spherical surface, we 
use 

v=2R; u=oo; µ;=1 an·d µ
2
=µ 

Using refraction formula, we have 

µ2 _.!::J. = µ2-µ1 
V u R 

_!:__ - = µ-1 
2R oo R 

µ=2µ-2 
µ=2 

Sol. 19 (B) Apparent shift in the object O dut to three slabes 

4 
S1, S2 and S3 with respectto the medium ofµ= 3 is given as 

~ Shift= 45[1--
1 

]+24[1--
1 

]+54[1--
1 l 3/2 I 3/2 - - -

4/3 4/3 4/3 

~ Shift= 45 (1-¾)+24 (1-~)+54 (1-¾} 

Shift=5 +(-8)+6=3 cm 
~ Object distance u= 150 cm 
Thus image will be formed on the object itself as light rays fall 
on mirror normally as the object appears to be located at its 
center of curvature. 

Sol. 20 ( C) As, we know 

We use 

dv v2 du 
dt =-;, dt 

I 1 1 
-=-+-
! U V 

I -1 I 
--=-+-
-12 20 .v 

v=-30cm/s 

dv (30)
2 

dt =-
20 

x4=-9cm/s 

i.e., 9 emfs away from the mirror. 

3mg 
Sol. 21 (D) Acceleration of block AB =--

3m+m 

2mg 2g 
acceleration of block CD= -

2
-- = -

3 m+m 

Acceleration ofimage in mirror AB 
=2 acceleration of mirror 

Acceleration ofimage in mirror CD= 2 · ( 
2
:) = 

4
: 
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='>. Acceleration of the two image w.r.t. each otheris given as Applying mirror formula to Band A, we have 

a = 4g -(-3g) = 17g 
rd 3 2 6" 

Sol. 22 (D) The situation described in the question is shown 
in the ray diagram below 

We are given that 
-L.NED=30° 

='> LBED=l2D° 
As BCDE is a cyclic quadrilateral, we have 

LBCD=60° 
The line CE will be angle bisector of LBCD 

We use 

a 
BE=atan30?= Jj 

BE aJi 2 
tani= AB= a/2 = Ji 

. . 2 
sm ,= ..fi 

Using snell 's law, we have 
1. sin i= n sin r 

2 I 
-=nX-
..fi 2 

. 4 
n= ..fi. 

Sol. 23 (B) Incidence angle on face BC is 
i=9O-8 
i ='A= 90-8 > Bc(for light not to cross BC) 

. 6/5 4 
cos8> sin0c=312=s 

4 
='> 8 < cos-1 

5 =37°. 

Sol. 24 (C) If the length ofrod be·'a'. The magnitude of 
transverse magnification of ends A and Bis 2 each. The image 
of Bis virtual and that of A is real. · 

f 

a/2 
A -B 

L 

f 

Solving equation-(!) and (2) we get a= L. 

Sol. 25 (A) As shown in figure, we use 

ct OC' · I 
-=--=-
f3 oc µ 

For small angles, we can use 

f3=µct= (1) (6°)=8° 

----------
='> Bending angle= [3- ct= 2°. · 

... (I) 

I, 

... (2) 

Sol. 26 (B) This is a case of total internal reflection, we use 

I 
0>8 (=sin-1 -J 

C µ 

I 
- <sin 0 
µ 

As at point Bangle of incidence oflight ray is maximum, we 
use 

I 
- <sin45° 
µ 
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As 

µ> I/sin45° 

µ>..fi_ 

C 

Vaccum 

glass ------8\~' B 

' / ' , '/ 
A 

C 
v=-

µ 

/ 
,,,' 

C 3x [08 

v<-=--
..fj_ ..fj_ 

V<2.J X [OB 

~ only (B) is not possible. 

Sol. 27 (D) For the reflection from mirror, we use 

using 

T 
1, + 

I 

4cm ( I 

.d 
I 

D 
10cm-: 

9cm 

A + 

u=-1 cm 

/=-2cm 

l I I 
-+- =-
v II I 

I 
I 

2cm 

1cm 
------t 

2cm 

+c 

B 

_!_ =_!_ _ _!_ =(-l )-(_!_) =l-_!_ 
v f u -2 -1 2 

~ v=2cm 

Now for the slab image / 1 can be taken as the object. Here we 
use 

Where d1 =9 cm, d2 =4cm, µ1=3/2,µ,= I, µ3 = l 

h,pp = C~2 +T). l = 10cm 

i.e. the final image formed at lO cm from side AB of the slab. 
Thus at the object itselfas showo in figuare. Here the image is 
virtual. 

--:.:: __ --_-_ 49~ 

Sol. 28 (C) Image due to plane mirror will be produced at a 
distance of20 cm left of the mirror_ As image formed by two 
mirrrors lie adjacent to each other, fa convex mirror, image 
position has to be at a distance 15 cm towards left_ So for mirror 
formula, we use 

u=+25cmand v=-15cm 
Bymirrorformula, wehave 

I I I 
-+-=-
v u I· 

I I 2 
-+-=-
-15 25 R 

R=-75cm 

Sol. 29 (D) The rays just above x-axis which are considered 
paraxial to the given axis after refraction at curved surface 
intersectx axis at point A which is at a distancex, from 0. By 
refraction formula, we have 

or 

- = µ-l 
R 

R 15 
x=--=-cm 

I µ-[ 2 

p 

37°,; /I 
, ' 

5 / 13 
/ ' , ' //' ! 53° B 

i+---4->f<-l-+i+-X,--+i 
C 

A 

1+-----X,-----.I 

. 3 
The critical angle for air-glass interface is 0 =,sin-1

5 = 37°. The 

rays above the ray incident on curved surface at i = 37° will 
suffer total internal reflection and will not be considered. The 
light ray which incident on curved surface at 8 = 37° after 
refraction'intersect curved surface at point Ba distancex

2 
from 

0 location of which can be obtained from APCB, as . 

3 4 5 
-- =tan53°= - or x = -
l+x2 3 2 4 

~ Required width of region AB is 

15 5 25 
&=x -x = --- = -cm 

I 2 2 4 4 

Sol. 30 (A) This case is the refering to the setup of 
displacement method experiment as product of the two 
magnificaitons is unity. This is showo in figure-xxx below. 
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t 0 
1-----x-l-----hx-----ol 

i t I @ 
hx' ' 

x--+1. 
1-(h-l)x....:.+J 

Using lens formula, we have 

I I I 
-+-=-
TJX X I 

f= TJX 
TJ+l 

h 
. . . (TJ2 -!) 

So we get t e given rat10 1s 
TJ 

Sol. 31 (A) The image coincides with object b if the ray 
starting from O is incident normally on mirror as shown in 

figure-(a) 

Here the image is located at 

4 16 
x=4x-=-

3 3 

In second case the image will coincides with object O if ray 
starting from O is incident normally on mirror as shown in 

figure-(b) 

(a) 

Thus here we use 

136 =h'x ± 
3 3 

C T 
4o+I6/3 

(b) 

136 3 
h'=- x -=34cm 

3 4 

·- --·--· --G-eo_m_e_t,-ic_a_l _O_p_ti_cs~I 

Sol. 32 (A) In the figure shown 

In 1',.00'P & MI' P using similarity, we have 

00' OP 

II' IP 
--=- ... (I) 

also in /1,.00' C & MI' C using similarity, we have 

oo: oc 
II' IC 
--=- ... (2) 

By equation-(!) and(2) 

OP OC 
-=-
IP IC 

OP IP· 
=> oc Ic· 

Sol. 33 (A) In the figure shown below the line 'OA' is normal 
to the mirror passing through the end point A. By ray diagram 
it can be see~ when the insect is located to the left of'O' all its 
reflected rays will be towards right of'O' so it cannot see its 
image because rays are not reaching it and when the insect is 
to the right of 'O' its reflected rays will be on both sides of the 
insect that means the insect will be in the field of view of its 

own image s0 it can see its image. 

So it will be able to see its image till it reaches the point 'B' of' 
the mirror from point 'O', ift is the time for which it will be in 

field of view of its own image, we use 

2 x 1= Cos
3
6oo) x 100 

=> t = 300 seconds. 

y 
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Sol. 34 (A) Byusing mirror formula, we have 

l l I 
-+--=-
v -10 10 

v=+5cm 

Thus magnification by mirror is 

I 
m=+-

2 

I 
So the image revolves in circle of radius 2 cm. Image of a 

radius is erect so particle will revolve in the same direction as 
the particle. The image will complete one revolution in the 
same time 2s so velocity of image will be given as 

2,c l " v= ror= 2 x 2 = 2 emfs= l.57 emfs. 

Sol. 35 (B) If cable ofan elevator breaks then elevator will be 
in free fall at acceleration g. 

11=.ffmts 

And particle starts moving vertically up at speed u sin 0 which 
will be constant with respect to elevator as both elevator and 
particle both are in free fall. Thus separation between particle 
and floor after time I is 

s= usin 0.t= ,J2. sin45° _!_ = -
2

1 
m 

, 2 

Thus separation between the particle and it's image is given as 

I I 
s'=2s=-+-=lm 2 2 . 

Sol. 36 (D) Using mirror formula, we have 

l I I 
-+-=--
v 10 -20 

20 
~ Iv I= 3 cm in front of mirror 

- ::·_ ~--_-__ _::: ====:=4:_-:9:=s1 

· sot. 37 (B) From the given vectors for the direction oflight 
rays we can use 

a 
For the first medium sin 01 = ~ 

,ia- +b2 

C 
and for the second medium sin 02 = ,-,----:, 

,ic2 +d2 

By Snell's law, we have µ1sin 01 = µ2sin 02 

µ1a µ2a 

Ja2 +b2 = Jc2 +d2 

Sol. 38 (C) . Using mirror formula, we have 

I I I 
-+-=
v u J 

I I I 
-+--=--
v -90 -30 

~ v=-45cm 
For velocity ofimage we use velocity magnification along the 
principal axis as 

/!I=/:://!~/.=(:~)' 4= I cm/sec 

Sol. 39 (A) In first case, we use 

I I I 

and 

-+-=-
p q I 

q 
-=m 
p ' 

I +m = !L 
' I 

In the second case, we use 

I I I 
--+-=-
q+x p' I 

and 
q+x 
--=m p' , 

q+x 
m =--, I 

From equations-(] )·and (2), we have 
~ m2-m1=xlf 

X 
f=--

mz -mi 

... (I) 

... (2) 
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Sol. 40 (C) In the ray diagram shown in figure, we can see that 
at refraction at point P, by Snell's law, we have 

. 1 
sm r1 = 2 

~ ,., =30° 
Since r2 = r1 

~ ,.2 =300 
Now considering refraction at point Q, by Snell's law, we have 

sinr2 1 
sini2 = .fj 

' ' \ 

Putting r2= 30° we get i2 = 60° 
The angle between reflected and refracted ray at point Q is 
given as 

n= 180°-(r; +i2) 
n= 180°-(30°+60°)=90°. 

Sol. 41 (B) For multiple layers of parallel sided media, apparent 
depth is given as 

- h - 1, 12 --+-
opp µ, µz 

36 5 3 
-=-+-
7 5/3 µ2 

3 36 15 
-=--3=-
µ2 7 7 

Sol. 42 (B) As object is located at center, all the incident rays 

Sol. 43 (B) By lens makers formula, the focal length of the 
lens is given as 

I ( 1 I ) 
f =(µ- I) Ri- R2 

1 ( I I ) 0.5 x 2 1 
~ f ( 1.5 - l) 20 - 20 = ~ = 20 

~ f=20cm 

Thus the light rays will converge at 20 cm from the optical 
centre of the lens. 

Sol. 44 (C) If prints are similar, total lightenergyrequired for 
the exposure will be same, so we use 

1,I,=l,'i 
Where / 1 & /2 are the intensities reception on print area. If P

1 
and P2 are the light intensities when the source is at a distance 
r1 and r2, we havt: 

As we have 

Jl Pi 
,1=-1 
1j t rl2 

2 
r2 

12 = 2 1, 
'1 

12 = 5 sec 

Sol. 45 (B) Maximum Deviation is for grazing incidence 

The deviation is maximum when i = 90° or e = 90° that is at 
grazing incidence or grazing emergence. 

Let 
~ 

~ 

~ 

By Snell's law 

i=90° 
r, = Csin-1 (!/µ) 
r 1 = sin-1 (2/3)=42° 
r2 =A-r1 = 60°-42° = 18° 

sinr2 = _ 
sine µ 

will be normal to both the inner and outer glass surfaces ofthe ~ 
spherical shell and will not suffer any deviation, so final image ~ 
as seen from outside will be produced at the center only. 

sine= u sinr2= 1.5 sin 18° 
sin e=0.463 

e=28° 
Deviation =orrm 
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=i+e-A 
=90°+28°-60° 
=58° 

. -- -- -- -----~-9-71 
- --- . ---------'-'=· 

Sol. 46 (A) As the sun is very far away, the incident rays are ~ 
considered parallel. 

2R IO 

Nonna! Normal 

For refraction at first surface of sphere we use refraction formula 
as 

&.+µ2 = µ2-µI 
u V R 

I 1.5 1.5-1 
-+-=--
00 v, +8 

~ v1=24cm ... [18(A)] 
The rays will converge at / 1 which will act as an object fur the 
second surface, so using refraction formula for the second 
surface, we have 

&.+µ2 = µ2 -µ, 
u V R 

1.5 I 1-1.5 
-+-=--
-8 V2 -8 

V =4cm 
2 • 

R=5cm 

For image to be obtained on object, light rays on mirror smust 
fall normally to retrace the path of incident rays after reflection. 
So by refraction formula, we have 

3/2 __ I = (-1 _ 1/2) 
oo-d -d5 

d 10 

d=IOcm 

Sol. 49 (B) By lens formula, we have 

I 
--- =-
v u J 

p 

I +I I 
-=--+-
20 +30 V 

· 2F 
Sol. 47 (A) By lens makers formula powerofa lens is given as 

2F 

P=(µ-1) [__l_ __ l ] 
R1 R2 30cm-+t 

-------60cm------.a 
If P

0 
is the lens power in air and Pl is the lens power when 

submerged in the liquid we can use ~ v=60cm 

Sol. 48 (C)By lens makers formula, we can find the radius of 
curvature of the lens surface as 

As triangles OPC & ABC are similar 

2 X 

60 10 

I 
x=-=03cm 3 . 

Sol. SO (B) By lens makers formula, we have 

I ( I I ) I =(µ-I) R
1 
-R

2 
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Differentiating both sides, we get 

=>- df =(_!_ __ I )dµ 
/2 R, R2 

=> - d~ (µ- !)(_!_ __ I ) = (_!_ __ I )dn 
f R,R2 R1 R2 

dµ 
=> -df=f-

µ-1 

but dµ = µ,- µR 

df=-oof 

f,-fu.=-oof 

=---0,4 X J0=4mm. 

Sol. 51 (A) For object 0 1, by lens formula, we have 

I I I 
-+-=-
v 20 f 

for object 0 2, we have 

I 
---=-
v 40 f 

I 

I Q, Q,. 

l---20 l+---40--->I 
,._ ___ , ___ -.v 

From equation-(!) and (2) we get 

/=80/3 

ADVANCE MCQs One or More Option Correct 

Sol. 1 (B, C, D) By lens formula, we have 

~-- =-
V U f 

I ----=-
v (-25) 20 

-=---=-
V 20 25 100 

v=IOOcm 

~IIOcm-Jo! 

From O to I intensity increases and then decreases as it is 
inversely proportional to the area ofimage on screen. So here 
atx=90cm & I 10cm the intensity is same. Radiusatx=200cm 

is equal to the radius oflens. 

Sol. 2 (A, D) For the given lens J = 20cm and µg = ¾, we use 

(f-1) ! = ;0 
=> R:=20cm 

Now u= 30 cm. If/will change to 30 cm, image will be at infinity 
that is possible in two ways. 

Case-I :Ifanother concave lens of J= 60 cm is placed in contact, 
... (I) then equivalent focal length becomes 

-=- -=-
f' 20 60 30 

... (2) => /'=30cm 

9 
(ii) If this lens is immersed in a liquid of refractive index 8, 

then its focal length becomes 

_!_ _ 2-8 2_ _ _!_ 
[
3 9] 

f' - ~ 20 - 30 

=> f'=30cm 

Hence options (A) and (D) are correct. 

Sol. 3 (A, B) For given condition the incident light rays after 
refraction from lens should fall at mirror normally. 

I, 
I, 

-------- ~ ====;; .. 
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so J; =d+2f, 

d= IJ;l-21/21 

As the light beam is reflected as it is, the beam diameter will be 

same as it is retracing it's origianal path. 

If whole arrangement is submerge,! in water then focal length of 
lens would change as it depends upon surrounding medium 
also but that of mirror, /2 will remain same. 

Sol. 4 (A, D) First three images on M1 are formed at distances 

5cm, 35cm and 45cm. First three images on M2 are formed at 

distances 15cm, 25cm and 55cm. · 

I+-2 0 cm -+I 

" 1/, 

0 ------•---

Sol. 5 (A, C) Using Sn ells law at point Q, we have 

µ 1sinS1 = µ,sinS2 

5 4 
- · sin 30" = - · sinS 
3 3 2 

S2 =sin-1 (%) 
For total internal reflection atP, we use 

5 
3 sin60'=µ,·I 

Sol. 6 (A, C) The image ofa point closer to the focus will be 
farther. As the transverse magnification of B will be more than 
A, the image of AB will be inclined to the optical axis. 

Sol. 7 (All) Figure-xxx explains how deviation angle varies 
with the incidence angle. With this figure we can analyze that 
all given options are correct. 

0 

6=1t-2cf---

6=~-c 
2 

6=1t-2i 

i=O i=i0., i=90 

for05i<8., c5=sin-1 (nsin,)-i 

Sol. 8 (A, C) For convex mirror always Im I< I for any real 

object 

As we know that ~mage = - m2 
Vobject 

=> I V:m,ge I < Wobjecl I 

Sol. 9 (A, C) A concave or convex mirror is to be placed left 

of the object. The object and the image both will be real for 

concave mirror and virtual for convex mirror. 

Sol. 10 (A, D) Let the bubbleB is at distance h from the face 
A of the cube which appears to be at 5cm so we use 

h 
h=-=5cm 

I µ 

Similarlywhen looking from oppositefaceB, we have 

12-h 
h =--=3cm 

2 µ 

...,_ __ 12cm----->< 

A'------------'B 

... (I) 

... (2) 

Solvingequations-(1) and (2), wegeth= 7.5 cm andµ= 1.5. 

Sol. II (B, C) A plane mirror always produces an image of 
nature opposite to that of object and the nature of rays after 
reflection on a plane mirror remain same as that of before 
incidence hence options (B) and (C) are correct. 

Sol. 12 (B, C, D) This is a case of displacement method 
experiment in which we have studied that the object height is 
given as 

S
0
=.p;i; =,/9x4 =6cm 

Magnificaiton in first situaiton oflens is 

3 
m=-

2 
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V 3 3 
~ ~ v=-u 

u 2 2 
and v+ u=90 

5 
~ -u=90 ~ u=36cm 

2 
By lens formula, we have 

I 
--- =-
v u f 

I I I 
54 - (-36) = f ~ J=2 1.6cm 

SoL 13 (A, B,D) Figure below shows theraydiagramand path 

oflightrayafterrefraction through the prism · 

In above figure, we have 

1C 
i +i =

I 2 3 

By snell 'slaw at first surface, we have 

l.sin30° = µsin i1 

i 1 =sin-
1 
(;µ) 

By snell 'slaw at second surface, we have 
µsini2 =1 

i2 =sin-1 (t) 

Sol.14 (A,C) Bylensformula,wehave 

I 
---=-
v u f 

Initially as magnification is 0.5, we have 

u 
v=-

2 

I 
--=-

u/2 -u. J 
~ u=3f 

... (!) 

... (2) 

... (3) 

When displaced by 20 cm, real image of equal size is formed. 

- -- -------., 
Geometrical Op)icsJ 

therefore object must have been moved from 3/to 2/so the focal 
length oflens must be 20cm_ 

~ /=20cm 
and u =3f=60cm 

Sol.15 (A, D) As shown in diagram the plane mirror should be 
placed at l2°with horizontal 

-----)12° 
- ..................... Mi 

Sol. 16 (C, D) For the ray to travel as shown in figure, total 
internal reflection should take place at surface AB, for which we 

use 

µsin45° ~I 

I 
µ>--

- sin45° 

~ µ>1-414 
Therefore for refractive index greater than 1.414 (which is the 
case for C andD) total internal reflection takes place_ 

Sol. 17 (A, D) Ifthe angle between the two plane mirror be 0, 

the light ray incident at angle i and angle non mirror M1 & M2 

respectively as shown in figure below . 

The deviation oflight ray due to M1 is 81 = I 80° - 2i 
and the deviation oflight ray due to M2 is '82' = I 80°--2n 

Total deviation o = 81 + 82 = 360° - 2(i + n) 

But 0+ (90-i)+(90-n)= 180° 
As we use from figure 

i+n=0 

~ 8=360°-20. 

Sol. 18 (A, B, D) If a parallel beam oflight incident on lens 
then for refraction at first surface oflens, we have 
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&__&_ = µ,-µ, 
V <X) R 

Then for refraction at second surface of lens, we have 

µ, µ, - µ, -µ, 
7---; - (-R) 

From (i) & (ii), we get 

µ, I 7 = R [µ, - µ, - (µ, - µ,)] 

=> 
µ, I 7 = ;[2µ,-(µ, +µ,)] 

=> ~ = -2._ [µ, (µ, ;µ,)] 
V µ,R 

Ifµ,>(µ';µ, J => v'=+ve (converging lens) 

µ,< (µ' ;µ, )=> v'=-ve(diverginglens) 

... (i) 

... (ii) 

(
µ, + µ, J . ( . h d" . . ) µ, = --

2
- => v = oo ne1t er 1vergmg nor convergmg 

Sol. 19 (B, C) As already studied for emergent ray to exist, 
refracting angle at surface AC in side the prism must be less 
than critical angle and maximum value ofangle r in figure can 
also be critical angle so for this to happen A< 20c 

A 

Iflighl incident at angle i. For emergent ray to exist, we must 
have · 

r> (A-0c) 
=> sin i> µsin (A-0c) 

. . sin(A-0c) 
=:> smz> 

sin0c 

Sol. 20 (B, C) If P is the power of the source. Then energy 
emitted from water surface 

p 
= 4" 2P(l -cos 0,) 

Fraction oflight 
I 

f= 2 (I -cos 0) 

1=!... [,- CT] 2 v--~ . 
Sol. 21 (A, B) If d1 = 120 cm then by refraction at curved 
surface, byrefraction formula, we have 

2_ __ = (¾-1J 

2v -120 60 

=> v= oo 

· Thus parallel light incident normally on mirror and hence image 
will form on object itself, hence option (A) is correct. 

If d1=240 cm then using refraction formula we get v =360cm 
so if d2 = 360 cm, then plane mirror form image at same place and 
again final image form on object itselfhence option (B) is also 
correct. 

' Sol. 22 (B, C) Distance offish as observed by bird is given as 

0.8 

= (¾J+6=6.6m 

And distance of bird as observed by fish is given as 

Sol. 23 (B, C) From figure we can see that 

HT 170 
AB= - = - =85cm 

2 2 

'°'rH A ---------
E • 

G ________ 
160 cm , 

I' ,El",, 
I ",, 
I ,, 

' I ', ~ 

T D 

160 
and MET we have EG = GT= BD = 2 = 80 cm. 
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Sol..24 (All) Ifthe mirrors OM and ON make an angle 0 with 
each other as shown in figure, then we have 

LBLC=240-180=60° 
lnMBC, wehave 

N 

2cj,+2(0-cj,)+60° = 180° 
=> 2cj,.+20-2cj,+60° = 180° 

=> 0=60° 

(
360° ) Number ofimages = --- I = 5 
60° ' 

Hence all option are correct. 

D 

Sol. 25 (A, C) Let us assume that incident ray is AB and 
Reflected ray is BC 

Point ofincidence is B 
Let as calculate the slope of tangent at point B 

.!!._ (y)= .!!._ (lsinm) = l x iccos m= 2 cosm 
dx dx,c 1C 

Since ED and MN are .l to each other 
If slope of MN ism so (slope of MN) x (slope of ED) =-1 
If mx2cosru;=-1 

and 

=> 

-1 
m=.,,..---

2cosm 

LABM=45° 

LMBC=45° 
m=tan 135° 

-1 
tan 1.35°= ~--

2cosm => 

. Geometrical Optics! 

=> 

I 
At x=-

3 

=> 

1C 
nx=-

3 

I 
x=-

3 

2_,c ../3 
y=- sm-=-

" 3 " 
Iflight ray is incidence from right than slope would be 45° 

-1 -1 
=> tan 45°= · => I=~--

2cosm 2cosm 

=> 

=> 

2 
x=3 

2 . icx2 ../3 
y=-sm--=-

" 3 " 

So points are(½,~) and(¾,~) 

Sol. 26 (B, C) Since first reflection should be at plane mirror 
then image of AB would be A 'B' which will be equal distance 
frommirror. 
Now image A 'B'will behave like object and image will be formed 
by convex mirror 

f = + 60 cm for convex mirror 
u'A =- 60 cm (distance ofobject from mirror) 

R= 120cm 

.....,,_ / 

B' A' A B C 

10cm 30cm 10cm 
1+---40cm 50cm 

/ 

' 
u~ = -90 cm (distance ofobject from mirror) 

uf -60x60 -60x60 
=> v'=--=---=---=30cm 

A u-f -60-60 -120 

uf -90x60 -90x60 
=> v~= u- f = -90-60 = -150 = 36 cm 

sizeofimage=36-30= 6 cm 
size ofobject =30 cm 

. 6 1 
overall magnification= 

30 
= 5. 
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Sol. 27 (B, C, D) Given that angle ofincidence = 60° 

When k = k0, we can see that 8 = 0 =} Li= Lr 
Using Snell's law we have 

If i=r 

µI=µ,, 

.&_ =l 
µ2 

=} k
0

=1 
Before k1 i.e. k < k 1 value of8 = O 
So this is the condition of total internal reflection 

So . 8 µI . 1t sm =-=sm-
c µz 3 

" Value of 81 =[r-i[=[90°-60°[= 6 
When k=co then 8 = 82 In this situation after refraction ray will 
travel along the normal. 

So, we have 

" 7t 82 =[r-i[=[0- 3 [= 3 

Sol. 28 (B, C, D) For deviation angle o to be minimum, we 
need 

i=e 

60° 

ifr1 = 30° then ray AB must be parallel to base of prism for 
minimum devation so there can be only single angle of deviation 

but for other deviation angles there can be two angle of 
incidence (8 1, 83). Figure below shows the variation of deviation 
angle with angle ofincidence. 

' ' ' ' ' ' ' ' ' ------,-----
' ' ' ' ~-~--~-~- Angle of 

81 82 83 incidence 

In general for small angled prism, we have · 

o=(µ-l)A 

Where we can see that as µ increases, o also increases. 

Sol. 29 (B, C) Using lens formula for refraction through the 
lens, we have 

I 1 
-;;--;;=1 

uf 
v=--

u+f 
-15x30 

-15+30 
-15x30 

15 
=-30cm 

By reflection at plane mirror image would be produced at a 

distance 45cm behind the mirrow which is 60 cm from lens and 
it will again act as an object for refraction through the lens, so 
again by lens formula we use 

uf 60x-30 
v= u+ f = 60-30 =-60cm 

Thus final image will be real and located 60 cm to the left oflens. 

S 1 30 (A) F - 3F . . . b b . db o . or u = -
4

- image pos1t10n can e o tame y 

lens formula as 

uf -(3F/4)x(F) -3F l4xF 
~ v=--= 

u+ f -3F/4+F F/4 =-3F 

Now for u = - ~ , image position will be given as 

zif -f/2xF -F2 /2 
v=u+f=-f/2+F= +F/2 =-F 

. (-3F+F) 2F Speed of image = 
1 

= - -
1
-

We can find the image coordinate for ~ and : and we can 

find that image speed will be more in previous case. 
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Slatement-{ii) we have alread}'. studied in displacement method 
experiment and is correct. 

Sol. 31 (B, C) The given case is that of displacement method 
experiment in which we have studied that minimum distance 
between a real object and its real image produced by a convex 
lens is 4fso we have d>4f. 

· ----Geometrical Optics) ___ _._ .. , 

In experiment there are two positions of the lens for which 
sharp images are obtained on the screen for which the product 
of magnification is unity, thus we have 

M1 M2 =1 

* * * * * 
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1Wav1:_Qpti~s 

' ANSWER & SOLUTIONS ; 
-~•~ •"w••-

CONCEPTUAL MCQS Single Option Correct 

1 (D) 2 (C) 3 (B) 
4 (A) 5 (C) 6 (C) 
7 (B) 8 (A) 9 (B) 
10 (C) 11 (A) 12 (A) 
13 (D) 14 (C) 15 (A) 
16 (D) 17 (B) 18 (C) 
19 (A) 20 (C) 21 (A) 
22 (C) 23 (C) 24 (A) 
25 (B) 26 (B) 27 (B) 
28 (C) 29 (B) 30 (B) 
31 (C) 32 (B) 33 (C) 
34 (D) 35 (A) 

NUMERICAL MCQS Single Option Correct 

1 (B) 2 (A) 3 (C) 
4 (D) 5 (C) 6 (C) 
7 (C) 8 (B) 9 (B) 
10 (D) 11 (B) 12 (A) 
13 (B) 14 (A) 15 (B) 
16 (C) 17 (B) 18 (C) 
19 (D) 20 (D) 21 (B) 
22 (D) 23 (C) 24 (A) 
25 (B) 26 (C) 27 (C) 
28 (D) 29 (C) 30 (B) 
31 (A) 32 (A) 33 (C) 
34 (D) 35 (B) 36 (A) 
37 (B) 38 (D) 39 (B) 
40 (D) 41 (B) 42 (D) 
43 (D) 44 (C) 45 (A) 
46 (C) 47 (C) 48 (D) 
49 (B) 

ADVANCE MCQs One or More Option Correct 

1 (A, C, D) 2 (B, D) 3 (B, C, D) 
4 (A, C) 5 (B, C) 6 (C) 
7 (A, D) 8 (C) 9 (A, C) 
10 (B, C) 11 (All) 

Solutions of PRACTICE EXERCISE 6.1 

(i) The intensity of the wa~e is proportional to the area of 
tlie slit. Thus we can use the intensities 11 and 12 from the slits 
on screen are in ratio 

!i. = !!L = !!;_ = -
12 bif b2 4 

If a1 and a2 are the_ amplitudes of the waves, then we have 

!i_ = a? = _!_ 
12 a; 4 

------ --·---·----1 
The ratio of maximum to minimum intensity is given as 

]max (a1 +a2 )2 
Jmin (a1 -a2 )2 

lm,x (1+2)2 9 
]min = (1-2)2 = -

(ii) Figure shows the YDSE setup as described in question. 

At a distanc x from screen centre path different between the 
waves from S 1 and S2 is given as 

dx 
;,. = n 

As itis given that at x = d/2, path difference is given as 31' 
because th1rd bright fringe is located in front of one slit on 
screen. Thus we use 

=> 

=> 

=> 

d2 
-=31'. 
2D 

d= .J6'i:i5 = )6x6xl0-7 xi -

d=.)36xl0-7 m 

d=0.6-../w mm 

(iii) (a) Just above point O the direct waves from source 

and reflected waves have a phase difference" due to reflection 
from mirro so these wave interefare destructively so there will 

be dark fringe at 0, therefore intensityoflight at O will be zero. 
(b) From the figure, we can see that the distance of first 
maximum(first bright fringe) from Owill be located at half fringe 
width above, so we have 

=> 

y= % = ( D1';2dJ 
D1' 

y= 4d 
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(iv) We know that intensities due to slits is directly 

proportional to the area of slits or proportional to the width of 

· slits as these are of equal lengths hence we use 

IL= 2. 
/2 4 

Ratios of maximum to minimum intensity on screen is given as 

/max 
-=25 
/min 

(v) (a) Figure shows the calculation of path difference on 
screen at a general point R which is located at a distance y2 
from the center Q. 

BL'===:=!JD 
14-D2 = lOcm-+1 

In above figure angles a_ and 0 are given as 

I Yi 
tana=s andtan0=10 

As slit separation is small compared to D 1 and D2 in figure, we 

can use tath difference between SS1 and SS2 is 
/J.1 = SS1 - SS2 

=:, /J. 1 = dsin a= (0.8 mm>(¼) 
... (l) 

If at point R on the screen, central bright fringe is observed 
then at this point the path differen in waves before slit plane 

and after slit plane must cancel each other. 

Path difference between S,R and Sl would be 

/J.2 = S,R-Sl 
=:> /J.2=dsina ... (2) 
Central bright fringe will be observed when net path difference 

is zero, thus we use 

=:, /J.2-/J.,=0 
=:> dsin 0 =0.16 

0.16 1 
sin0=--=-

0.8 5 

I 
tan0= = 

v24 

Thus we use 

Yi I 
tan0=-=--

D2 ../24 

D2 10 
y2 = 5 = ../24 = 2.04cm 

Thus, central bright fringe is observed at 2.04 cm above point 

Q on side CD of the vessel. 

(b) The central bright fringe will be observed at point Q if the 

path difference created by the liquid of thickness t = 10 cm is 
equal to /J.1, so that the net path difference at Qbecomes zero. 

Figure shows the situation after vessel is filled with the liquid. 

C 

1+-D2 = I 0cm -+I 

The path difference in waves reaching at Q after the slit plane 

is given as(µ- 1 )t, thus to obtain central bright fringe at Q, we 
have 

(µ- l)/=/J.1 
=:, (µ-1)(100) =0.16 
=:, µ-1 =0.0016 

=:> µ=1.0016 

(vi) (a) Phase difference in the two waves reaching at C 
from the two slits must be zero for central bright fringe to be 
obtained at C. Here the phase difference is given as 

Where first term in above expression is the phase difference 

due to the path differenced sin fwhich is there before the slit 
plane due to inclined incidence of the light beam as shown in 
figure. The second term here is the phase difference due to the 
path difference introduced by the thin mica film. Thus for 

central maxima at C, we use 
Ll<j,=0 

dsin<p 
t= 

(wµm -!) 

2xl0-3 xsin30° 

Cwµm -1) 
5 X 10-J 

µ =1.2 w m 

µm =J.2 xµw =1.2 X (4/3)= 1.6 
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!wave Optics 

Hence refractive index of mica slab= 1.6 

(b) A black line is formed at the position where dark fringe is 
formed for both the wavelength. Thus distance of the first dark 
fringe from center bright fringe is 

(2n-l)W 
y= 2d 

For black line, due to both wave lengths, we have 

(2n1 -1):\.1D (2n2 -l):\. 2D 

2d 2d 

... (i) 

Here :\.1 and½ are the wavelengths present in the light beam in 
the water. 

where 

(2n1 -1)° = :\.2 • 

(2n2 -1) :\.1 ' 

"-10 "-20 t, = - and½=.-
µ.,, µ,,, 

(2n1 -l) 7 
=--,-

-(3n2 -1) 5 

For first line we choose minimum values ofn1 and n2, taken as 
n1 =4andn2=3. · 

Hence distance of the first black line from center is 

(vii) 

(2x4-1)4000x 10-10 x40x 10-2 x3 
y= 

2x2xl0-3 x4 
y=2.1 x Io-4m=210µm. 

Path difference due to insertion of a thin film at screen 
centre is given as 

=> 
=> 

A=t{µ-1) 
A= 1.5 x 1a-,;x 0.5 
A=7.5x w·7m 

Phase different between the two waves at screen centre is 

given as 

=> 

=> 

2,c 
~=-XA 

A. 

2,c 
,I.= -- X7.5 X 10-1 
" Sxµ-4 

~=3,c 
Thus resulting intensity at C is given as 

· /R=4/0cos2(ij,/2)=0 

{viii) Figure shows the two waves from the two slits reaching 
point P on screen. If this point is the position of zero order 
maxima and the distance of Pfrom the centre O of the screen is 

~ ------- -------
5071 

y0, so the optical path oflight waves from sourceS1 is given as 
x 1 =S1P+(µ 1-l)t1 

The optical path oflight waves from source S2 
x2=sz1>+(µ,-1J12 

The path difference between the two waves reaching at Pis 
&=x2-X1 

= (Sj'-S1P)+ (µ2- l)t2 -(µ1- l)t1 

As we know the physical path difference from slits to a point 
on screen is given as 

Sj'-S1P=dsin8 = ~o 
D 

~o ) &= D + (µ,-1)12-(µ1- l l1 

For zero order maxima, & = 0 

d~ 
O= Do +(µ2-l)l2-(µ1-l)t1 

For find the condition for zero order maxima at the centre 0, we 

use 

(ix) 

a 
Ts 

Yo=O 

D[(µ1-l)t1 -(µ2 -1)12] 
O= 

d 

In this setup of YDSE, we can use 
d=2mm=2x J0-3 m 
D=l2m 

A 

B 

I 1~-1\--~-')fu=~~~""'" "'--------4,o . 
I min 

l ----S'"'e.' 
[],t-s cm---+-s cm,--a,l....--110 cm--->! 

Region of 
intensity II 
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Fringe width in YDSE or similar setup is given as 

'/,,.D 6xl0-7 xl.2 
P=7= 2xl0-3m 

P=3.6x io-4m 
P=0.36mm 

Width of interference pattern on screen is given as 
AB=OA-OB 

Here by similar triangles, we use 

OB 0.1 

110 10 

~ OB =l.l0cm 

And we also have 

OA 0.1 

115 5 
~ OA=2.3cm. 
Now from equation-(!), we have 

AB=2.3-l.l 

=l.2cm 

(x) (a) For the lens formula, we use 

u=-0.15m and /=+0.!0m 
By using lens formula, we have 

I 
---=-
v u J 

I I I I I 
- = -+- = ---+--
v u J (-0.15) co.10) 

~ v=+0.3m 

In this case lateral magnification by the lens is 

V 0.3 
m=- = --=-2 

u -0.15 

... (1) 

Thus by the two lenses, two images S1 and S2 of S will be 
formed at 0.3 m from the lens as shown in the figure. Image S1 
is due to part I which will be formed at Q.5 mm above its optical 

axis (m = -2). Similarly the image S
2 

which is due to part 2 is 

formed 0.5 mm below the optical axis of this part as shown. 

Now the light waves fromS1 and S2 will interfere on screen like 
a YDSE or an equivalent setup for which the separation betweeo 
S1 and S2 is 1.5 mm and separation between the sources and 
screen is given as . 

D= 1.30-0.30= I.Om= !O'mm; 

Light wavelength is 
'/,,.=500nm=5 x Jo-4mm. 

Thus fringe width is given as 

'/,,.D (5xl0-4)(103
) I 

p = d = (1.5) mm= 3 mm. 

As it is given that the point A is at the third maxima, we use 

OA =3P=3 (l/3)mm 

OA=lmm. 

_ Wav0 _ Optic;J 

(b) lfthe gap be.tween L1 and L2 is reduced, dwill decrease. 

Hence, the fring width will increase so the distance OA will 

increase. 

Screen 

s 
L, I\ • Lj ___________ Jo.5mm 

A 

-+----+-----------.. 0 

L, rrr-------:10.Sm~ 
;+-0.15m~D.30m D-1.0m 

1+-----l.30m-----+1 

(xi) (a) Path difference due to insertion of the glass slab is 
given as 
~ Li= (µ-1)1= (1.5 - l)t= 0.51 
Due to this slab, 5 red fringes have been shifted upwards so 

we use 

!1=5\,., 
0.5t=(5)(7x 107 m) 

/=7xl()'-Om 

(b) Let µ'be the refractive index of glass for green light then 

we have 
,i'=(µ'-1)1 

Now shift is equal to that of6 fringes ofred light so we use 

,i'=6\,, 
I(µ- I)= 6\,., 

( '-1)={6)x(7xl0-7) =0.6. 
µ 7xl0-6 

~ µ'=1.6 
(c) In part (a), shifting of5 bright fringes was equal to 10-3m, 
which implies that 

5P"" = J0-3m 

10-3 
Pre,=-

5
-mc:,0.2x 10-3m 

As fringe width is given as 

We can use 

'/,,.D 
p=-

d 

~green = A,gi-een 

P,oo ,..,,, 

_ '-green_ X _3 (5XJO-') Pgre,n - Pre,1 , -(0.2 IO ) _7 
"'red 7xl0 

p =0 143 x I0-3m green · 

l1P = P=-Pre,1=(0.143-0.2) x !0-3m 

,ip =-5.7] X J0-5m 
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(xii) As the given refractive indices of the glass plates are 
µ

1 
= l.4 andµ,= 1.7 and iftbe the thickness ofeach glass plate 

then the path difference at the screen center 0, due to insertion of glass plates will be 

LI= (µ2-µ1) I=(!. 7 - l.4) I 

=O.Jt ... (!) 
As 5,

h 

maxima (earlier) lies below point O and 6th minima lies 
above point 0, this path difference must lie betwen 5).. and 
5.5)... This situation is shown in figure. 

--- ------,nl 
----- ----ifl~ 

~ s, [D 
. (2n-l)).. (2n-1)0.5 2n-l 

sm 
9 

= 2d = 2 x I.O = 4 
6

1
h Minima 

-7,---- -- -- - 70 

5
1h 

Minima 

(2n-l) 
As sin 9 s l therefore ~ s I or n s 2.5, 

:::, So, n can be either I or 2 

Due to the path difference LI, the phase difference at 0 will be 

21t 21t 

For n = I, we have 

I sin 9 = -
I 4 

$=TL\= T(5)..+LI,) 

:::, $= (101t+ !",,1,) 
In above equation L\1 is considered less than iJ2._ 

... (3) 
When n = 2, we have 

Intensity at point O is given ¾/max so we use the intensity at 

a point where the phase difference between the two waves is """C/1 is given as 

/(<p) = /max cos2( 'i) 
~!max cos

1t}} 
3 _ cos2 (H'.) - - 2 4 

~ t' on '") and ( 4), we have i•rom equa 1 -,, 

" 
. I 

LI,= 6 ,I 

... (4) 

or 

3 sin 0 = -
2 4 

3 
tan e, = ,fi 

{In this case, net path difference .6x :a ih1 -A't'2] 

).. _ 2-!_" = 0.31 \ 

'°'"6-, ---· "T. 
3" . (31 X """' C '"I " ;,;/ ·----------------,__ ,..f -= 18' U 

/= 6(0.'3) _ 93 µ~ , [lnthiscase,&=&,+&,J Io-6m- . , 

1=9.3' ,i', mm :::, y=Dtan9=tan9(D=lm) ~ '),,.=0.\mm,r- \rn s thepositionofminimawill be: l sare- _\ o, 
·venvaue , 0·ffe\ 

1 
26 

... ) For the setup gt ma\\yrtiepal I . Y1 =tan81= ,/15 m=O. m (xm falls nor , 
and D= 

1 
m . cidentbeam s pis, 3 

""'enthetn S pand t .00 -1ans = r;:;m=l.l3m 'a' v-m waves 1 p- d st · d Y

2 

- 2 v? 
~-J the\WO S p-S

1 
- \ 

0 

Tnerelore 
between t; = 1 se . . can be on either side. Cl(=."-~ . ·ty we u as mtmma ·ntens1 ' o \ . ·mum1 ').. \'l,,, ... 
Forrnmi -\)-,11= •' \ 

. \) = ('2.n 'l. ' dS\\\ 
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------------= . -- . . ~----------- - .--there will 'oe four minimas at position± 0.26 m and± 1.13 m on 
:::, 

the screen. 
:::,· 

l Y1 
tan0 =--r.;=-

(.b) When u. = 30°, path difference between the rays before_ 

reaching S1 and S2 is t,.

1 

= dsin u.=(l.0) sin 30°= 0.5 mm=i.. 

So, there is alread)' a path difference of i. between the ra)'S- :::, 
Central maximum is defined as a point where net path difference 

is zero. So we use 

1 -Jl5 D 

l 
:::, y

1 
= -:Jfs m=0.26m 

Therefore, y~coordinates of the first minima on either side of 

the central maximum are y
1 
=0.26mandy2=l.\3m-

b.1 = b., 
dsin u.= dsin 0 

0 =u.=30° 

l Yo 
tan0=13=o 

AtpointP, 
Above P 
Below point P 

l 
y

0
=13mlD=lm1 

y
0

=0.5Sm 

b.x1 = b.xi 
t,x

2 
> t,x1 and 

t,x\> b.xi - Central 
P1 maximum 

ox~O 

_.-ll"'~+-''--'";!.-1 ___ --1': l .,~ 

Note : \n this problem the relation sin 0 "tan 0 " 0 is not valid as 0 is large 

(.JdV) (a) for first minima, we have 
dsin e=i. 

i. 
a=-sine 

6500xl0-
10 

:::, = ------ = 25 l nm 
sin 15° 

(.b) If}..' is the required wavelength, then for first order 
:::, = 2.5 µrn. 

maxnnurn 
dsin0= ~,..' 

2 

,-'=~ 1.5 
,-'= isttxsin\5° 

1.5 
t-'=4300A 

Now, let P
I 

and P
2 

be the minimas on either side of central :::, Solutions of PRACTICE EXE , - 1lCISE 6.2 

maxima. Then, for p2 
i. 

t,.=b.+-
2 \ 2 

2 

I 
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1wave- OPucs L... ____ ,, __ -

Ray 1 is reflected from a denser medium, therefore, it undergoes 

a phase change of rr, whereas the ray 2 gets reflected from a 

rarer medium, therefore, there is no change in phase ofray 2. 

Hence, phase difference between rays 1 and 2 would be$= rr. 
Therefore, condition of constructive interference would be 

6=(n-½)A 

where n=l,2,3 ... 

3.61= (n-½)A 

Least values oft is corresponding to 11 = I so we get 

(ii) By using Snell's law, we have 

I sin i= µsin r 

=> I sin 45= ..fi. sin r 
=> r=30" 
Path difference in air between two reflected rays can be 
calculated from the figure as 

Lix=2µtcosr+ (o-~); 
For constructive interference, we use 

=> 

A 
2µ1 cos r- - =11A 

2 

(2n+ !)A 
2µ1 cos r= 

2 

t= 
(2n + !)A 

4µcosr 

air 

µ 

air 

/45° 
' ' ' ! 

For minimum thickness we use n = 0, so we get 

=> 
A 

t . = --- for minimum thickness 
mm 4µcosr 

511 I --·------· 

A A 
/min= r;; = --r;: = 1224A 

4..fi.x~ 2v6 
2 

(iii) Path difference in the two waves constituting the 

reflected light at normal incidence is given as 
. I 

A 
6=2µ1- -

2 

For destructive interference when the film appears dark we use 

A A 
6=2µ1- - =(2N-!)-

2 2 

)J2 
2µ1 

T 
µ I ___ ,,__ ____ l 

2µt=NA 

NA Nx5800xl0-7 

=> µ=-= 
21 2xl.lx!0-6 

=> µ=0.263N 
Where we use N= 1,2,3, 
As per the given condition on refractive index 1.2 < µ < 1.5 
We get refractive index in the given range at N = 5 

µ = 1318 

(iv)· As indicated in the figure only one of the reflected ray 

suffers a phase inversion. As already discussed we ignore the 

reflections from top surface of top plate and bottom surface of 
bottom plate due to plate thickness. At the thin end of the 

wedge, where the thickness is negligible, the two rays interfere 
destructively. This region is dark in the reflected light. The 

condition for destructive interference in the reflected light is 
2t=NA whereN=O, 1,2, ... 

The change in thickness between adjacent dark fringes is 

M = 'JJ2. · The horizontal spacing between fringes is given as 

d= 1/12 cm= 8.3 x !o-4 m. From figure we can see bysimilarity 
in triangles thatD/L = Mid, thus we have 

AL (5.5xl0-7 m)(0.2m) 
6 = - = -'----"-'---'-

2d 16.6x!0-4 m 

=> D=6.6 x J0·5 m 

(v) For strong reflection of a colour, its wavelength reflected 
from top and bottom surface offilm must interfere constructively 

fo which the path difference in the two waves must be an 
integral multiple of the wavelength. 
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~----------- -----
'"'-5-'-16'-------------· _ _ _ _ 

· c c+v (c+o) ' w"= -- x -- ·w = -- w 
c-V C O C-U · O 

c(l+~) 

w"= ( )"' c_ 1-~ o 
. 1· 1 

, ! 

Sol. 19 (A) Path difference in the two lights from the slits at a 
point in front ofone of the slits is given as 

' - - ' - , 'I 

(¾)-b b2 
t,.=-·-=-

d 2d 
' ., 

For missing wavelength, light waves should destructively 
interfere at this point so we should have path difference between 
waves to be ' ,.r -i 

,., 3,.
2 

s,.
3 

n
4 

A=2'2'T'2'······ 

and 

and 

"'1 b2 b2 
2 = 2d · or "'1:"' 2d, 

3A. · b2 
__ 2 =-

2 2d 

5A.3 b2 b2 
-- ·or 1 =·sa 2-2d ""3 

,, 

Sol. 20 (C) Central fringe will havemaximun intensitywhich· 
is four times the intensity due to each ofindividual slits, and if 
intensity at point A is considered.as IR then_we have 

I 
_Ii_ =0,853 
Ima, 

JR =0,853/~ =·0,-853 X4[ 

The intensity at .point A is given as 
IR=/+10 +2icos/J/ =21(1 +cos/J/)=0,85Jx4J 

- 1t 
IJ/=-

4 

Thus corresponding to the above phase difference the path 

d'ffi . A. 
1 erence 1s 8. 

Sol. 21 (A) It is already discussed that intensity at maxima is 
four times the individual intensity if both waves are of equal 
intensities:In·this situation the intensity at minima is zero. 

Sol. 22 · (C) If each of the sou!ces is producing an intensity I' 
at the point of intereference then at the. central maximum, 

- - - -- --7, ·t• Optics! 
----- ---------------" - . 

intensity will be due to constructive interference· cit' the light 
due to these two sources which will be 41' and this is given as I, 
thus we have 

,, 
1Ji 

Sol. 23 (C) In YDSE, we know fringe width is given as ,, 
'),J] A.(2D) 

J3 = d = 2d = J3 

=> D'=2D, 

Sol. 24 (A) Here we use n1A- 1 = nz'>..2 

n1A-1 l2x600 => n = -- = ~,..,c,~ 18, 
2 "'2 400 

r - ,· ,1·,,, 

Sol. 25 (B)· As we know maximum and minimum amplitudes at 
locations ofbright and dark fringes are given as ' 

amax =al+ ai ~nd amin = a, - a2 

I . (a +;, )2 ' 9 -. . 
=> ~ = 1 2 = - '=> a =2anda =l 

1min ., (a, -a2)2 I 1 2 

al 2 => -=-=2 a, l, . ' ' 

Sol. 26 (B) For a point source oflight we use 
. , I .. , ,.\ 

Joc-
r2 

and as we use A oc .Ji ·· , • <, 

=> ~ocg _r2·~ 
.. 111 

=> Aoc-
r "· 

Sol. 27 (B) For a line source oflight, we use 

/ oc ..!. 
r2· 

=> Aoc./i 
=> A oc,,-112 

Sol. 28 (C) As we know at the point of superposition, resulting 
amplitude is given as : · , 

AR= ~A2 +A2 +2A-Ac~s0_ , 

=> AR= A
2

+A
2

+2A
2

cos(
2
3
") 

=> AR=~Ai+A
2

+2A~{~½} 

=> AR= ../A2 +A2 -'cA2 ='../A2.. =A. 
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lwave opliCS" ~ ·-
1 .. ------ "" 

(xii) As the given refractive indices of the glass plates are 

µ 1 = 1.4 and 11:, = 1.7 and ifl be the thickness of each glass plate 
then the path difference at the screen center 0, due to insertion 
of glass plates will be 

A= (µ2-µ 1) t=(l.7 -1.4)1 
=0.31 ... (!) 

As 5th maxima (earlier) lies below point O and 6th minima lies 
above point 0, this path difference must lie betwen 5;\. and. 
5.5;\.. This situation is shown in figure. 

I 
S1 [I 61

h Minima 

--+--------io 

5
th 

Minima 

Due to the path difference A, the phase difference at O will be 

2,c 2,c 
~= T"' = T(5;\.+A,) 

s, ' 
' ' 

s,~ 
~ dsin8 

.... -. ··1 
__ . ------ 509 

. (2n-1);\. (2n-l)0.5 2n-I 
sm 9 = 2d =c 2 x 1.0 = -4-

. (2n-l) 
As sm 0 <; I therefore 

4 
<; I or n <; 2.5, 

=:> So, n can be either I or 2 
For n = 1, we have 

. =:> 

I 
sin 01 = 4 

I 
tan0 =-

' ../ls 
When n = 2, we have 

~= (10,c+ 
2
; .A1) 

In above equation A1 is considered less than 'JJ2. 

... m . 3 
sm 02 = 4 

3 
Intensity at point O is given 4 I max so we use the intensity at 

a point where the phase difference between the two waves is 

Ql is given as 

=> 

J(q,) = ]max cos2
( f) 

¾]max= Im" cos
2 (f). 

¾=cos
2 (f) 

From equation-(3) and (4), we have 

"-
A,= 6 

=:> 
"- 31 

A= 5;\.+- = -;\. =O 31 
6 6 . 

Solving, we get 

31;\. · (31)(5400x!0-10) 
I= -- = -'-~---~ m, 

6(0.3) 1.8 

=> t=9.3 x I<r'm=9.3 µm. 

... (4) 

(xiii) For the setup given values are-;\.= 0.5 mm, d= 1.0mm 
and D= Im 

(a) When the incident beam falls normallythe path difference 
between the two waves S,_P and S

1
P is, 

A= S2P-S,P"' dsin 0. 
For minimum intensity, we use 

"-d sin 0 =(2n- I) 2 ,n= I, 2,3, ... 

or 
3 

tan0 =-
2 ..fi 

----------------------
P,T 

r --+.~~~-~7~-----0-, 
' ' 
s:'~~' 

(In this case, net path difference ax= Lix1 - AT2] 

y=Dtan0=tan0(D= Im) 
So, the position of minima will be: 

I 
y 1 =tan01= ../ls m=0.26m 

and 
3 

y 2 =tan 02 = ..fi m= 1.13m 

And as minima can be on either side of centre 0. Therefore 
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there will be four minimas at position± 0.26 m and± I. 13 m on 
the screen. 
(b) When a= 30°, path difference between the rays before 

Wave Optics! 

d sin 9 =.?:. 
I 2 

reaching S1 and S
2 

is · ~ 
. 1,. (0.5) l 

sm 91 = 2d = (2)(1.0) = 4 
A1 =dsin a=(I.0} sin 30°=0.5 mm=1,.. 

So, there is already a path difference of 1,. between the rays. 
Central maximum is defined as a point where net path difference 

is zero. So we use 

A1 = A, 
dsina=dsin9 

9=a=30° 

AtpointP, 
Above? 
Below point P 

I Yo 
tan9=-=-./3 D 

I 
y0= ./Jm[D=lm] 

y 0 =0.58m 

Ax! =lu2 
Ax2 > Ax1 and 

Ax1>Ax2 

Now, let P1 and P2 be the minimas on either side of central 

I Yi 
tan9 =-=-

1 ../15 D 

I 
y 1 = ../15 m=0.26m 

Therefore, y-coordinates of the first minima on either side of 

the central maximum are 
y 1 =0.26m andy2 = 1.13 m. 

Note: In this problem the relation 
. sin 9 " tan 9 " 9 is not valid as 9 is large 

(xiv) (a) For first minima, wehave 
dsin9=1,. · ,. 

d=-si_n_9 

6500xl0-I9 
----=25lnm 

sin 15° 
=2.Sµm. 

(b) If 1,.' is the required wavelength, then for first order 

maximum 

d 
. 3,, 

sm9= -11. 
2 
dsin9 

1,.'=--
1.5 

251lxsinl5° 
A'=-----

1.5 
1,.'=4300A 

maxima. Then, for P2 Solutions of PRACTICE EXERCISE 6.Z 

-.F' 

,. 
A =A+-

2 I 2 
. ,. ~- - . ,. - 31,. 

f.,=A1+ 2 =:...+ 2 =2 

31,. 
dsin9 =-

2 2 
/ 

. 31,. (3)(0.5) 
~m 92 = 2d = (2)(1.0) 

3 Y2 
tan9=-=-

2 .ff D 

3 
y 2 = .ff m= 1.13 m 

3 

4 

Similarly for point P1, we use ,. 
At - A,= 2 ,. ,. ,. 

A=A--=1,.--=-
2 I 2 2 2 

. -- (i) Incident ray AB is partly reflected as ray I from the 
upper surfuce and partly reflected as ray2 from the lower surface 
of the layer of thickness I and refractive index µ1 = 1.8 as 
shown in the figure. Path difference between the two rays 
would be given as 

A=2µ/ 
A= 2(1.8)1=3.6 I ,_ 

A 2 
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~-~~e Q~tics 

Ray I is reflected from a denser medium, therefore, it undergoes 
a phase change of 1t, whereas the ray 2 gets reflected from a 
rarer medium, therefore, there is no change in phase ofray 2. 
Hence, phase difference between rays I and 2 would be~= 1t. 

Therefore, condition of constructive interference would be 

where n=l,2,3 ... 

3.6/=(n-½} 

Least values of I is corresponding ton= l so we get 

~ 

~ 

1min - -2-x-3.-6 

6480 
1min= UA 

/min =900A 

(ii) By using Snell's law, we have 

I sin i= µsin r 

~ I sin45= ,J2 sin r 

~ r=30° 
Path difference in air between two reflected rays can be 
calculated from the figure as 

&=2µtcosr+ (o-1).
Fot constructive interference, we use 

A 
2µ1 cos r- - =n).. 

2 

(2n + !)1. 
~ 2µtcosr= 

2 

t= 

air 

µ 

air 

(2n+l)1. 

4µcosr 

\45° 

' ' ' ! 
For minimum thickness we use n = 0, so we get 

~ 

,. 
t . = --- for minimum thickness 
mm 4µcosr 

511 1 . _______ ] 

~ 1min 

1. 1. 
--- = - = 1224A 
4,J2_ X ..[3 2,/6 

2 

(iii) Path difference in the two waves constituting the 
reflected light at normal incidence is given as 

,. 
t,.=2µ1- -

2 

I 

For destructive interference when the film appears dark we use 

1. 1. 
t,.=2µt- - =(2N-l)-

2 2 

)fl 
2µ/ 

T 
µ I 
___ ,t____ ____ l_ 

~ 2µt=NA 

N1. Nx5800xl0-1 

~ µ=-= 
21 2xl.lxI0-6 

~ µ=0.263N 
Where we use N= l, 2,3, 
As per the given condition on refractive index 1.2 < µ < 1.5 
We get refractive index in the given range atN = 5 

µ = 1318 

(iv)· As indicated in the figure only one of the reflected ray 
suffers a phase inversion. As already discussed we ignore t!,e 
reflections from top surface of top plate and bottom surface of 
bottom plate due to plate thickness. At the thin end of the 
wedge, where the thickness is negligible, the two rays interfere 
destructively. This region is dark in the reflected light. The 
condition for destructive interference in the reflected light is 

2t=NA whereN=0, 1,2, ... 

The change in thickness between adjacent dark fringes is 
M = ;v2."The horizontal spacing between fringes is given as 
d= l/12 cm= 8.3 x !o-4 m. From figure we can see by similarity 
in triangles that D/L = Mid, thus we have 

AL (5.Sx!0-7 m)(0.2m) 
t,. = - = ~---'~--'-

2d l6.6xl0-4m 

~ D=6.6 x I0--5m 

(v) For strong reflection ofa colour, its wavelength reflected 
from top and bottom surface of film must interfere constructively 
fo which the path difference in the two waves must be an 
integral multiple of the wavelength. 
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js12 

)Jz+ 2µ1 

,----------"-----~ J, 
glass 

As shown in figure, the path difference in the two waves 
reflected from the film is given as 

t,. = 2µt= NA 

2µ1 2xl.5x3xl0-7 

,. = N = N 

9OOOA 
~ 1-.= ~ for N = I, 2, 3 .. . 

~ 1-.= 9000A, 4500A, 3000A ... . 
White light approximately ranges from 4000A to 8000A so here 
light of wavelength 4500A will be strongly reflected by this 

film. 

(VI) According to the given condition in question, Intensity 
I . 

of ray AB, 1
1 

= f, ·and Intensity of ray A' B' is given 

corresponding to 20% reflection at each surface as 

lo 
1, 5 B B' 

16/0 

A, A'' 125 
' ' I I 41, 

41, 
4), 

125 
25 

5 

For light rays AB and A'B', after interference maximum and 
minimum intensities are given as 

and 

(vii) (a) Shape of the interference fringes will be concentric 
circles with center at point P. This is because at a point on a 
circle with center at Pon the screen, the path difference in the 
light waves coming from source and from its image remain 
constant. 

·- -Wave Optics! 

(b) Intensity oflight reaching on the screen directly from the 
source is say 1

1 
= 10 and intensity of light reaching on the 

screen after reflecting from the mirror is 
12 = 36% of 10 = 0.3610 

10 I {I I 
~ 0.3610 = 0.36 or vT," = 0.6 

( 
l • )

2 

--1 
0.6 

(_l +1)2 
0.6 

16 

(c) Initially path difference P between two waves reaching 
from Sand S' is 

t.=2h+!::. 
2 

Here 'JJ2 is the path difference added in reflected light due to 

reflection from the mirror which is a denser medium: 

p 

f •S 
h 

W///*//ff//7//,7////l, 
h 
.i •S' 

Initial 

p 

f •S 
h±x 

m mJ''//7////7/// m». 
h·±x 

.i •S' 
Final 

For maximum intensity at P, we use for constructive interference 

,. 
t.=2h + - = n1-. 

2 
... (!) 

Now, if the reflecting surface is displaced by a distancex away 
from the source then new path difference will be for maximum 
intensity at Pwill be given as ,. 

t.=2h+2x+ - = (n+l)1-. ... (2) 
2 

~ 2h+2x= [n+1-½]1-. 

Solving equation-(!) and (3), we get 

x= !::. = 
6000 

A=3000A 
2 2 

Solutions of PRACTICE EXERCISE 6.3 

... (3) 

(i) This is a case of Fraunhofer diffraction by a narrow 
rectangular slit in which condition for minima, we use, 

bsin0=n1-. 
Wheren= 1,2,3, ... 
~ 0.025 x 10-3 sin 1°24' =Ix)-. 
~ 1-.=0.025xl0-3 x0.0244 
~ 1-.=6100 x !6-10 m=6100A. 
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!Wave Optics 
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(ii) First order minima on either side ofthe central maxima the second Polaroid is having 20% intensity of the light entering 

are at an angular separation 8 from the screen center, which is this second polaroid, sowe use 

given as I/J1 = 0.2 = cos2 lj,, 
bsin 9=,. => lj,=63.4° 

For small 9, we use sin 9 = 9, so we have 

A. 
9= b 

Where b is the slit width. The half angular spread of central 

maxima (upto first order minima) is given as 
' 

2mm 
tan 9,.9= -- =0.002m 

Im 
Thus we have 

A. 600 X J0-9 

b=--=---=03mm 
. 0.002 0.002 . 

(iii) The condition of minima due to single slit diffraction is 

bsin 9=A. 

=> A.= 0.05 x sin 30° 

=> A.=0.05x0.5=0.025m=2.5cm 

(iv) The angular spread of central bright spot on the screen 

is given as 

1.22A. 
sin9=-

b 
For small 9, we use sin 9 = 9, so we have 

1.22A. 
9=-b-

The radius of the central bright spot on screen can be given as 

r=d9=dx l.22"-

=> 

=> 

b 

r= 2Qxl0_2 x l.22x5900xl0-
10 

m 
IOxl0-2 

r= l.4396 x I 0--0 m 

So/11tions of PRACTICE EXERCISE 6.4· 

(i) (a) Using Malus'law for the second Polaroid, we have 

I,112 = cos2 lj,= cos2 30° = (0.866)2 = 0.75 
Thus three-fourth of the light striking the second Polaroid is 

transmitted. As we know that the first Polaroid allows only half 
the intensity ofunpolarized light through it, thus we have total 

intensity which passes through the second polaroid is 

I 3 3 
-X-=-
2 4 8 

thus (3/8)th of the original light is transmitted out from the 
second polaroid. . 

(b) Now the final intensity is IO percent of the intensity of the 

light entering the first polaroid thus the light coming out from 

(ii) Suppose angle between first and second nicol's prisms 

is 9. Then the angle between second and third nicol's prisms 

becomes 90° - 9. If 10 is the intensity of the incident light on 

the first prism, then intensity of emerging light from this will be 

I 
I= ; . The intensity oflight emerging from second and third 

nicol' s prisms be ( 
1
; }os

2 
9 and [ ( 

1
; }os

2 
9] sin2 9 

respectively. 

,,. .. ," 
,\(90° - 9) 

Thus according to the given condition 

Io lo 
- cos2 9 sin2 9 = -

=> 

=> 

=> 

=> 
=> 

2 16 

I 
(sin 9 cos 9)2 = 8 

(2 sin 9 cos 9)2 = .!. 
- 2 

. I 
sm2 (29)= -

2 

I 
sin 29 = .Jz 

29=45° 

9 =22.5° 

(iii) _ The intensity of the light after passing through the first 

polarizer isJ=J0 cos2 9 1• This light is polarized in the direction 

of the axis of the first sheet, and so its axis makes the angle 

92 - 91 with the axis of the second sheet. Consequently, the 

intensity of the light after passingh through the second 

polarizer is 
l'=Jcos2 (9 -9 )=/ cos2 9 cos2 (9 -9') 2 I O I 2 I 

~---A~~A' 

~I ~:-
A,ai ~-Axi 

' , 
/ 

/Axis 
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(iv) Is should be remembered that the transmitted intensity 31,. I 31,. sin0 
ofunpolarised light will befr/2 for all orientation of polariser =:
sheet whereas the intensity of polarised light varies from zero 

sin0'= -x-=-x--
2 a 2 1,. 

3 3 
to JP. Thus intensity of emerging light from polarising sheet 

will be: 
Imm =lr/2, 

lo 
l =-+I 

max 2 P 
and 

According to given condition; 

=:, 

l""" =4lmm 

lo +l = 4 lo 
2 P 2 

310 
J=-
p 2 

Ip = I 
10 2 

For 0=45°, 
Io 

I= - + I cos2 45° 
2 p 

=:, 

=:, 

J0 IP 
/=-+-

2 2 

10 310 /2 5/0 /=-+--=-
2 2 4 

Sol11tions of CONCEPTUAL MCQS Single Option Collect 

Sol. 1 (D) The phase difference(~) between the wavelets from 

the top edge and the bottom edge of the slit is~= 
2
: (dsin 0) 

where dis the slit width. The first minima of the diffraction 
pattern occurs at 

1,. 
sin 0= -

d' 

21t( 1,.) So ~= T dxd =21t 

Sol. 2 (C) The general condition for Frounhofer diffraction is 

b2 . 
-<<!. 
L1,. 

Sol. 3 (B) For first diili-action minimum 
a sin 0=1,. 

1,. 
=:, a=--

sin0 

For first secondary maximum, we use 

. 31,. 
asm0'=-

2. 

= -x sin30°= -
2 4 

=:, . -1(3) 0'= sm 4 

Sol. 4 (A) The first diffraction minima of light waves of 
wavelength 1,. diffi-acted by a single, long narrow slit of width b 
is given by 

bsin0=1,. 

. 1,. 
sin 0= -

b 
When b is decreased for same wavelength, sin 0 increases, 
hence 0 increases. Thus, width of central maxima will increase. 

Sol. 5 (C) For a slit of width b, light of wavelength 1,., when 
light falls on the slit, the diffraction patterns is obtained. The 
first diffraction minimum occurs at the angles·given by 

1,. 
sin 0 = -

. b 

From the equation, it is clear that width of the central diffraction 
maximum is inversely proportional to the width of the slit. One 
increasing the width size b, the angle 0 at which the intensity 
first becomes zero decreases, resulting in a narrower central 
band and if the slit width is made smaller, the angle 0 increases, 
giving a wider central band. 

Sol. 6 (C) Brewster's angle is given as 

1 
tani=--

sin0c 

=:, 

=:, 

cot i= sin[sin-
1 (¾)] 

5 
tan i= -

3 

Sol. 7 (B) Ultrasonic waves cannot be polarized as these are 
longitudinal waves. 

Sol. 8 (A) As explained in article 6.8.8, if an unpolarised light 
is converted into plane polarised light by passing through a 
polaroid its intensity becomes half. 

Sol. 9 (B) Some crystals such as tourmaline and sheets of 
iodosulphate of quinine have the property of strongly 
absorbing the light with vibrations perpendicular to a specific 
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direction ( called transmission axis) transmitting the light with 

vibrations parallel to it. This selective absorption of light is 
called dichroism. 

Sol. 10 (C) According to Malus' law, we use 
I= 10 cos2 0 = /o( cos2 60°) 

Sol. 11 (A) According to Mal us' law, we use 
I= 10 cos2 0 

I 
!tensity of polarized light= ; 

I I 
=:> Intensityofuntransmitted light= / 0 - ; = ; 

Sol. 12 (A) Optical rotation or optical activity is the rotation 

oflinearlypolarized light as it travels through certain materials. 

It occurs in solutions of chiral molecules, solids with rotated 

crystal planes and spin polarized gases of atoms or molecules. 

Sol. 13 (D) For liquid A, we have 

L1 = 20 cm, 0 1 = 38; concentration= C
1 

Specific rotation is given as 

01 38° 
a=--=---

1 L,C1 20xC1 

Similarly, for liquidB, we have 

L2=30 cm, 02 =-24°, concentration= C
2 

Specific rotation is given as 

0
2 

(-24°) 
a=--=---

' L,C, 30x C2 

The mixture has 1 part ofliquidA and 2 parts ofliquid B, 
=:> Ct C,'= 1 :2 
=:> 0=(a1C1'+a,C,'}/ 

0= {~xc, + (-240) x2C'}x30 
20xC1 3 30xC2 3 

0 = [9'-16°=3° 
Thus, the optical rotation of mixture is + 3° in right hand 
direction. 

Sol.14 (C) The strength of solution is given by 

0 
C=-

/xs 

Where the symbols have their usual meanings. 
Here, 0=19°,/=20cm=0.20m 

S = 0.5 deg m2 kg-1 

_ 19 _ -J 
C- 0_20x0.5 - I90kg-m 

The sugar smaple dissolved in a m3 of water is 200 kl! in which 

190 kg is pure sugar. Therefore, purity is given as 

190 
x100=95% 

200 

Sol. 15 (A) Ifinitial intensityofincident light is/
0
the intensity 

I 
of light after transmission from first polarid will be ; and 

intensity of light emitted from P3 is given by Mal us' law a~ 

I 
I = ~cos2 0 

1 2 . 

Intensity of light transmitted from last polaroid will be given 
by Malus' law as 

P2 = / 1cos2 (90° - 0) 

P
2 

= 
10 

cos2 0sin2 0 
2 

lo 
P2 = 8 (2 sin 0 cos 0)2 

lo 
P2 = 8 sin2 20. 

Sol. 16 (D) The resulting amplitude in the given four cases 
are 4a0, 2a0, 2a0and4a0• Thus in case I and IV intensitywill be 
maximum and equal. 

Sol. 17 (B) Resulting intensity at points A is given as 

=:> IA= 1, + 1, + 2)1,1, case, 

=:> IA=I,+I, 
=:> IA =51 
Similarly resulting intensity at point Bis given as 

18 =!1 +/2 +2)1/2 cos02 

=:> !8 =!1+!2 +2)!1/ 2 cos11 

=:> !8 =! 
Difference in light intensities at points A and Bis given as 

/A-JB=5/-/=4/ 

Sol. 18 (C) Frequency of electromagnetic waves going towards 
the approaching mirror is given by Doppler's effect as 

c+v 
w'=--·w, 

C 

Frequency of waves reflected from mirror and moving towards 
source is also given by Doppler's effect as 

C . 
w"=--·w' 

c-v 
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c c+v (c+u) w"=--x--·w= -- w 
C-V C O C-U 0 

V 
whereP= -

C 

Sol. 19 (A) Path difference in the two lights from the slits at a 

point in front ofone of the slits is given as 

( %}b b2 
!!.=--=~ 

d 2d 

For missing wavelength, light waves should destructively 
interfere at this point so we should have path difference between 

waves to be 

and 

and 

_ i., 31.2 51., 71.4 
A-2,2,z,z,······ 

i., b2 
2 =2d 

31. b2 
_2 =-

2 2d 

51.3 b2 
2=2d 

b2 
or 1.1= 2d 

b2 
or ).,= 3d 

b2 
or "', = 5d 

_w _ay_e ~§_p_f~sJ 
intensity will be due to constructive interference of the light 
due to these two sources which will be4I' and this is given as 1, 
thus we have 

/ 

Sol. 23 (C) In YDSE, we know fringe width is given as 

A= 1.D = 1.(2D) =A 
"d 2d" 

=> D'=2D. 

Sol. 24 (A) Here we use n 11.1 = n21.2 

n11.1 12x600 
=> n = -- = 18. 

2 A.2 400 

Sol. 25 (B) As we know maximum and minimum amplitudes at 

locations ofbright and dark fringes are given as 

amax =al+ a2 and amin = al - a2 

9 
= - => a =2 and a = l J I 2 

Sol. 26 (B) For a point source oflight we use 

/ocJ... 
r2 

and as we use A oc .Ji 
Sol. 20 (C) Central fringe will have maximun intensity which 

=> 
is four times the intensity due to each ofindividual slits, and if 

Aoc /1 \/? 
intensity at point A is considered as IR then we have 

I 
-/- =0.853 

max 

1. =0.853 I""" =0.853 x 4/ 

The intensity at point A is given as 

IR=I+I0 +2Icos$ =2/(1 +cos$)=0.853 x4/ 

7t 
$=-

4 

Thus corresponding to the above phase difference the path 

d'ffi . ). 
1 erence 1s 8. 

Sol. 21 (A) It is already discussed that intensity at maxima is 
four times the individual intensity if both waves are of equal 
intensities. In this situation the intensity at minima is zero. 

Sol. 22 · (C) If each of the sources is producing an intensity/' 

at the point of intereference then at the central maximum, 

Sol. 27 (B) 

I Aoc
r 

For a line source oflight, we use 

I /oc-
,2 

Sol. 28 (C) As we know at the point of superposition, resulting 
amplitude is given as 

AR= ~A2 +A2 +2A·Acos0 

=> AR= A
2

+A
2

+2A
2

cos(
2
3
") 

=> AR=~Ai+A
2

+2A
2 (-½) 

=> AR=~A2 +A2 -A2 =li =A. 
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Sol. 29 (B) In a YDSE setup the light intensity on.screen due 
to any slit is directly proportional to its slit width, so we use 
As Intensity oc slit width 

1, 4_ 
12 =, 
a,_r;-_ 

=> .a2 -vTi -2 

Sol. 30 (B) Since there is no shift in central maxima the path 
difference introduced by the two sheets should be equal and 
nullify each other, so we have 

(µ, - I) I I = (µ2 - I) l2 

where µ1 and µ2 are refraction indices of the two sheets 

1, (µ2 -1) (1.5-1) 0.5 
=> -i;_ = (µ, -1> = <1.25-1) = 0.25 = 2 

Sol. 31 (C) Increase in optical path is given as 
A =µt-t=(µ-l)t. 

Sol. 32 (B) 
and 

PR=d 
PO=dsec 8 

and CO=PO cot28 = dsec 0 cos 20 
path difference between the two rays is, 

&= CO+ PO= (dsec 8 + dsec 0 cos 20) 
path difference between the two rays is, 

Lliji = ,c( one is reflected, while another is direct) 
Therefore, condition for constructive interference should be 

A 

B 

')._ 31'. 
&=2·2··· 

A. 
dsec 8 (I +cos 20)= 2 

(_<!___) (2 cos2 8) = .Z:. 
cos0 2 

A. 
cos 0 4d 

R 

Sol. 33 (C) -In such type of question, we should obtain phase 
difference (A<I>) at the given point 

Acp 
1=41cos2 -

o 2 

I = 41 cos2 Acp 
0 o 2 

2,c 
Lliji= -

3 

(": I= 10 Given in the question) 

We know that, 
2,c 

Lliji= - & 
')._ 

In the YD~E setup, we have 
\ 

\ 

\ 

yd 
&=-

D 

yd =.Z:. 
D 3 

1'.D 
y=-.:;;;-

[From the above relation] 

Sol. 34 (D) If a parallel beam of white light is incident on the 
plane, then there is only one point where all light falls on the 
screen, which in the central maxima. Hence, position of the 

d 
central maxima is at bisector of .he two slits, which is at 6 
distance above the point 'O'. 

Sol. 35 (A) Path difference in air at point 0, is given as 
&= [(S1- 0-t) n2 + tn3-(S2 O)]t 

=> &= [S10-S,0) n2 + (n3 -n2)1], 
=> &= (n3 -n2) I 

Phase difference, Lliji = 
2

" x Path difference in air, 
A.a 

2,c 
Lliji = ---, (n3 - n,)t 

n,r.. 

Solutions of NUMERICAL MCQS Single Options Correct 

Sol. 1 (B) In YDSE setup angular width of fringes on screen is 
given as 

A. 
0=

d 

d 
= 6xI0-1 xl80x7 

0.Ix22 =0.344 mm. 

Sol. 2 (A) In YDSE setup fringe width is given as 

P
- 1'.D = 5893xl0-8 x200 =O 

14 3 - d 0.08 . 7 cm. 
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Sol. 3 (C) Diffraction Limit ofresolution of the telescope is 
given as => 

1.22A. d 
a=--=-

a· X 

l.22A.X 
d=--

a 

=> / 

I 

!'.. =tan60°= jj 
V 

d= l.22x5x!0-7 x8xJ016 

0.25 
d=l.95x 1011 m. 

z v= fix 108 m/s. 

/
! , Sol. 8 (B) For the path difference due to plate is compensated 
1 by the physical path difference, we use 

J 
Sol. 4 (D) In single slit diffraction pattern, angular separjlion 
of first dark fringe from central bright fringe is given as; r 

bsin0=A. · ,,., 
"/". I 

For small angle we can use / / 
sin0=0 ' .• .' I 

xd 
(µ-l)t= -

D 

xd 
=>µ=!+

DI 

. Separation distance of first dark fringe from central inaxima is => 
_ 

1 
0.5x 0.2 

µ- + !Ox0.05 I +0.2:= 1.2 

given as 
x=D0 

I 
600xI0-9 x2 ' , 
-----=12x 10~m 

Ix 10-3 

So, distance between the first dark fringes on either side of the 
central bright fringe 

s=2x 
s=2x\2x\0-4m 
s=24x I0-4m=2.4mm. 

Sol. 5 (C) Width ofcentral maxima is given as 

2DA. 
y=-

b 

If slit width is reduced to half and wavelength is 'changed to 
6000A, new width of central maxima is given as 

Sol. 9 (B) We use, from the figure 
ib =r+o 

ib =r+24 
Moreover, ib + r =90° 
From Eqs. (i) and (ii), we get 

ib + (ib -24) =90° 

Sol. 10 (D) 

ib =57° 

By Brewster's law, we have 
µ=tan ep 
µ=tan 54.74° 
µ= 1.414 

... (i) 
... (ii) 

Sol. 6 (C) After first polaroid the intensity reduces to half. If => 
!
0 

is the initial incident intensity then after next four polaroids, 
For an equilateral parism, we use prism angle 60° and the angle 
of minimum deviation is given by the relation 

intensity will become 

I= 
10 -cos4 (60°) 
2 
1

0 
1 , 

l=-·-
2 (4)4 

Sol. 7 (C) From Brewster's law, we have 
µ=tani• 

. (A+li,,) sm--
'2 

µ= sin( 1) 

1.414 = . (600) 
sm -

2 

. (60°+1im) sm 
2 
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=> 
l.414xl . (60°+8m) ---=Slil 

2 2 

=> 45°= (
60°+8n,) 

2 

=> 

Sol. 11 (B) Distance offifth bright fringe is given as 

x =n 1..D = 5x6.5x 10-
7 

xi = 32_5 ~ l0-4m 
SB d 10-3 

Distance of third dark fringe is given as 

1,. D 5x6.3xl0-7 xi 
x30 =(2n-l}-

2 
-d = ---~- 16.25 x J0-4m 

2xl0-3 

Sol.12 (A) As ratio of slit widths= Ratio of intensities 

=> .!!_ = 2. 
1, 4 

al 3 
=> a2 2 

Maximmn and Minimum amplitude are given as 

amax =a1 + a2 =3 + 2= 5 
and amin =3-2= I 

=> /max = (al +a2)
2

. 

/min (al-a2}2 

(3+2)2 

(3-2f 

Sol. 13 (BJ In case of moving light source, apparent frequency 
will be 

and 

c+v v'=--·v 
C 

v' c+v A. 
V C 1,.' 

=> 1,.' = 1,.c = 5500xc = 5500x2 = 3667A 
c+v c+0.5c 3 

=> M=(5500-3667)A= 1833A 

Sol. 14 (A) If shift of fringes is x then_ we use 

xd =(µ-l)t 
D 

(µ-!)ID 
=> x= d 

(1.5-J)xl0-3 xJOO 
=> x= 0.25 =0.2cm. 

-- ___ 519J 

Sol. 15 (B) Angular width of central maxima in diffraction 
pattern is given as 

:20=30° 

Where we have 

sin30° = ~ 
b 

=> b = ___ i.._ = 6000 xIO-'° = 12ooox 10-10 m 
sm30° 1/2 

=> b = J2 X J0-7 m 

Sol. 16 (C) For angular positions of central minima, we use 
bsin 0=n1.. 

=> b-~=n1.. 
D 

D 
=> b=n1,.

x 

a-x 
=> D= n1.. 

3xl0-4 x4xl0-3 

=> D 10 =2.0m. 
lx6000xl0-

Sol. 17 (B) By Doppler's effect in light we use 

V t,_1,_ 

=> 

~ = T· 

M l.2xI06 

1.. c- 3xl08 

12 105 
= -x- =4X 10-3 

3 108 

=> A: x_ 100=0.4i.e.,0.4%. 

Sol. 18 (C) Diffraction minima on either side of central maxima 
is given as 

bsin0=n1.. 

=> b·3._ =n1.. 
D 

D= bx= 2xl0-4 x5x10-
3 

= 2_0 m 
n1.. Jx5000xJO-'° 
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Sol. 19 (D) Doppler shift is given as 

d).= f x J.= Rro (~) 

=> R(2") '!::_ =d>. 
· T c 

Substituting values, we get 

T= Rx21tx'!::_ 
dJ. C 

=> T=25 days 

Sol. 20 (D) Shift in no. of fringes is given by 
nJ.=(µ-1)1 

(µ-1)1 (l.5-l)x2xio-6 • -

=> n= -,.- = ·5ooox10-10 frmges=2 

Sol. 21 (B) When source is fixed and observer is moving 
towards it, by Doppler's effect the apparent frequency is given 

as 

c+a v'=--·v 
C 

When source is moving towards observer at rest, we use 

. [1+E.l c c+a v"= -- v'= --·v=c __ c v 
c-a c-a a 1-

c 

2av 2a 
~ /J.v=v'-v= -- = -C ,_ 

=> a=J. Av = 0.5xl000 = 2SOms-l 
2 2 

=> a=900km/hr 

Sol. 22 (D) In single slit diffraction pattern, nth order minima 
is given as 

bsin0=nJ. 
=> 0,3 X 10-J X 0 = 6000 X 10-IO 
=> . 0=2 X 1Q-3 rad. 

Sol. 23 (C) By Doppler's effect, we have 

M V 

=> 

-=-
,_ C 

M= ,_A 
C 

Change in wavelength for two edges= ±A,. 

=> 

=> 

Total change is 8J.=2A,.=2 '-V 
C 

COJ. 
v=-z,. 

Time period ofrevolution is given as 

2itR 2,. 41tRJ. 
T=-=ZitRx-=--

v COJ. COJ. 

__ ___ Wave Opticsj 

=> T= 4x3.14x6.95xl08 x0.59xlO--,; d 
3 X 108 X 8 X 10-12 X 86400 ays 

=> T= 24.8 days., 25 days 

Sol. 24 (A) For first diffraction minima at angle 0, we can use 
d(sin 0- sin 00) =±,.. 

Here 0
0 

is the angle at which central maxima is obtained . 
. For one side of central maxima, we use 

· e · 0 '" sm 1=sm 0 +d 

=> 01 = 33.37".- : 

Sol. 25 (B) For first diffraction min. dsin 0 =,. 
imd ifangle is small, sin 0 = 0 
=> d0=J. 
Angular width of first dark fringe from central maxima is 

0=~ 

Full angular width of central maxima is 

, 2,. 
w=20=d 

Also we can use 

II.' w' 
=> T = -;;;-

·w• 
=> ,., =--w 

2J.' 
w'=-

d 

=> ,.'=6oooxo.7=4200A. 

Sol.26 (C) BySnell'slawwehave 

sini 
µ= sinr 

. sini 0.788 => smr=--=--=06 · - µ 1.33 . 

=> cosr= ~l-sin2 r = )1-(0.6)2 =0.8 
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For constructive interference on reflection 

,_ 
2µtcosr=(2n+I) 2 

(2n + ])),_ (2n + I) x 0.6 
=;, t= 4µcosr = 4xl.33x 0.8 

=;, t= 0.14 (22 + I) µm 

Sol. 27 (C) For diffraction minima due to a single slit of width 
b, we use 

bsin0=nA 

=;, b= ~ = 2x6000xl0-10 

sin0 · sin30° 

=;, b= 2 x6000x!O-IO =4x6000x 10-10 
112. 

=;, b=24x 10-7 m=24x J0-5 cm. 

Sol. 28 (D) Fringe width in YDSE setup is given as 

A[) 
fl=-

d 

Angular fringe width is given as 

· fl ,_ 
9 = D =d 

Angular widths of two wavelengths are given as 

'-1 '-2 
01 = d' 0,=7 

5890 x ~:~~ = 6479A. 

Sol. 29 (C) Shift in fringe pattern due to insertion ofa sheet in 
front of slits is given as 

xd 
n=(µ-I)t 

(µ-l)tD 
x= d 

When distance between screen and slit is doubled, them fringe 
width becomes 

As per the given condition, we have 
fl=x 

2AD 
d 

(µ-!)ID 

d 

(µ-1)1 (l.6-l)xl.964xl0-6 

=;, i,_=-2-= 2 

=;> i,_=0.5892 X Jo-6m=5892A. 

-- --- 52_1i 

Sol. 30 (B) Fringe width in YDSE setup is given as fl= '-: 

Difference in fringe widths is given as 

- '= 3xl0-s x!0-3 
- "' 6000A 

5xl02 

Sol. 31 (A) Fringe width on screen is given as 

AD 5000xl0-10 xi 
fl=d= 5x!0-4 =O.OOlm=lmm 

Shift in fringe pattern x due to insertion of glass plate is given 
as 

xd - =(µ-])/ 
D . 

=> x= 
(µ-l)Dt (l.5-l)xl.5x!0-6 xi 

d 5xl0-4 

= 1.5 x !0-3m= l.5mm= 1.5fl 
Thus after insertion, at screen center there will be a dark fringe 
so intensity will be zero. 

Sol. 32 (A) Path diflerence at a distance x from the central 
maxima on screen is given as 

Ll.= xd = 10-' x2x!O_, 8000A 
D 2.5 

For bright line at this position, we use 
8000 =n1 i,_1 

If n1 =2, we get 
,.1 =4000A 

Thus second bright line for visible region is present. 

Sol. 33 (C) In a liquid the wavelength oflight changes to 

A.air 
),_=

L µL 

In YDSE setup the fringe width is given as 
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When the setup is submerged in a liquid fringe width changes Sol. 38 (D) Diffraction minima on either side of central maxima 
to is given as 

6300xl0-10 xl.33 

l.33xl0-3 0.63mm. 

Sol. 34 (D) On screen distinguished fringes are seen until the 
bright fringe ofone wavelength overlaps with the dark fringe of 
other so we use 

nA = (n+.!.),_ 2 2 I 

=> n= 5890 =589 
10 

5895 -5890 . 5 
5890 - 5890 

Sol. 35 (B) For maximum reflection ofa specific wavelength, 
we use 

"-2µ1 =(2n+ !) 2 

"- (2n+l) 
=> µ= 2 21. 

=> µ=1.33/ 

(2n + I) x 5320 x I 0-10 

2x5x!0-5 x10-2 

Sol.36 (A) By Brewster's law, weuse 
µ=taniP 

=> taniP = 1.54 
=> i =tan-1 1 54=57° p . 

At polarizing angle we use 
r+i =90° p 

=> r=90°-i p 
=> =90°-57=33°. 

Sol. 37 (B) For diffraction minima bya single slit of width b, 
we use 

bsin0=nA 

=> A,=l.()x !0-5 xsin30° 

A,= 1.0 X lQ-S X ½ 
A.=0.5 X )0-5 =5 X )(,"cm 
A=500A 

b sin 0= nA 

=> sin 0 = nA = 6328 x 10-
10 

x I 
a 0.2xl0-3 

=> sin0=3164x 10-0rad=0.003164radian 
Angular width of central maxima is given as 

180° 
20=2x 0.003164.x - =0.36°. 

1C 

Sol. ·39 (B) Location of diffraction minima in single slit 
diffraction pattern is given as 

bsip0=nA 

=> b-~ =nA. 
D 

bx 
=> A= nD 

=> A= 2x!0-4 x6x!0-3 

lx2 
6000A. 

Sol. 40 (D) Angular spread of central maxima in a single slit 
diffraction pattern with slit width band for light of wavelength 
A on either side is given by 

"- I 0=-=-rad 
b 5 

Sol. 41 (B) Fringe width in YDSE setup is given as 

P="'D=5x!0-7x2 10-'m=lmm. 
d 10-3 

Sol. 42 (D) By Doppler's effect in light shift in wavelength is 
given as 

cAA 
=>v=T 

=> 
3 X J08 X 1.9 X 10-IO 

v=-'--"-'---""---'-c--=!OOkms-1• 
5700x!O-IO 

Sol. 43 (D) Fringe width in YDSE setup is given as 

As in both setups fringe widths are equal, we use 
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Sol. 44 (C) Distance of n th bright fringe in a YDSE pattern 

from central maxima is given as 

D D 
x=nA d =(n+ l)A'd 

=> nxI2000=(n+I)xIO000 

D 
=> n=5 and x=nAd 

=> d= nAD = 5xl2000x!0°
10 

x2 m 
X 6xJ0-3 

=> d=2xJ0-3 m=2mm. 

Sol. 49 (B) Fringe width, 

AD 
ro=-ocA 

d 

523 

When the wavelength is decreased from 600 nm to 400 nm, 

4 2 
fringe width will also decrease by a factor of 6 or 3 or the 

nuber of fringes in the same segment will increase by a factor 
of 3/2. Therefore, number of fringes observed in the same 

3 
segment= 12 x - = 18 

2 

Concept: 
Since ro oc A, and ifYDSE apparatus is immersed in a liquid of 
refractive indexµ, the wavelength A and thus the fringe width 
will decreaseµ times. 

Sol. 45 (A) Fringe widths p and P' in a YDSE setup is given as AD VANCE MCQs One or More Option Correct 

AD AD' 
P=- and P'=-

d d 

A(D-D? 
=> P-P'= d. 

A(D-D? 
=> d= CP-P? 

6000xI0-10 x5x!0-2 
=> d=-'--'---'---c---'-- 10-3 m=lmm. 

3xI0-5 

Sol. 46 (C) First polariser, polarises the light and hence 

intensity oflight reduces by 50%. 

Sol. 47 (C) The concentration of solution is given as 

0 
C=-

1S 

0 9.9 
=> S= iC = 2x0.075 

=> S=66° 

Sol. 48 (D) The angular width ofinterference fringes in YDSE 

setup for the two wavelengths are given as 

A1 A2 
01= d and02= d 

01 A1 
=> e; = A2 

=> ½=A x~ 
I 01 

0.22 64 A 
=> ½=5890x 0.20= 79 . 

Sol.1 (A, C, D) Glass slab introduces extra path difference o 

fringe pattern will get shifted towards covered slit. Due to 

reduced intensity ofone of the slits, intensity of bright fringe 
decreases and that of dark fringe increases. Fringe width is 
given as 

AD 
P=7 

. Hence fringe width will remain constant. 

Sol. 2 (B, D) For sustained interference the phase difference 

must remain conststant between the interfering waves, if it 
varies with time then the resulting intensity at the point of 
interference will change with time so the interfering waves 

must be coherent. With change in amplitude and intensity of 
the two waves, only the resulting intensity will be affected but 
it does not change, hence option (B) and (D) are not necessary 

for sustained interference. 

Sol. 3 (B, C, D) As analyzed in article 6.4.5 options (B), (C) 
and (D) are correct. 

Sol. 4 (A, C) The path difference in the two waves from S1 
and S2 is given as 

.1=dsin0 
and frequency of the waves is f = I 06H2 and wavelength is 

given as 

3xlo' 
A=--=300m 

10• 
Case-1: If0=90°,wehave 

.1=d 
Thus phase difference between waves is 

2rr 
.1q,= ~ .1x 
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21t 
A~= - x 150=n 

300 

Thus resulting intensity is given as 

0 
I=l cos2 

-
0 2 

I =0 

Case-2 : If0 = 30°, we have 

A= dsin 30° = !!_ 
2 

Thus phase difference between waves is 

21t " 
114> = T x ru: = z 

Thns resulting intensity is given as 

/(0)=I cos2 ~ = 
10 

o 4 2 

Case-3.: If0= 0°, we have 
A=0 

-=> 114> =0 
/=Io 

Sol. 5 (B, C) As fringe width in YDSE is directlyproportional 
to the wavelength oflight used, fringe width will decrease due 
to which overall fringe pattern will shrink. As the fringe pattern 
is obtained only within the central diffraction maxima of each 
slit on screen, due to" reduced fringe width, total number of 
bright fringes willincrease. 

Sol. 6 (C) For a wavefront, we know that time taken by all 
points on it from one position to anotherofsame wavefront are 
equal. If tis the time taken by the wavefront in travelling from 
position AB to position MN as shown in figure, then we use 

tvm=d 

tvair=b , 
Where v mis the speed oflight in water and v'"' is the speed of 
light in air. Dividing the above two equations, we get 

vm = !!_ 
Vair b 

µm b --=-

Sol. 7 (A, D) When light is reflected from the boundary of a 
denser medium, it suffers an addition of extra path ')JZ or an 
additional phase Jt. Reflected light from top surface offilm will 
have constructive interference with the reflected light from its 
bottom surface when at any reflection it will not suffer an extra 
path of half wavelength to interfere constructively hence op
tion (A) is correct. Similarly in transmitted beams, one is di
rectly transmitting and other is reflecting from bottom surface 
offilm then its top surface, again it will constructively interfere 
with the directly transmitted light when its reflection is from the 
boundary ofrarer media hence option (D) is also correct. 

Sol. 8 (C) As light is travelling along Y direction(+ or-), its 
wavefront must be parallel to XZ plane as wavefront is always 
normal to the direction of propagation oflight, hence only op
tion (C) can be correct. 

Sol. 9 (A, C) The angular positions of diffraction minima in 
single slit diffraction pattern is given by the relation 

b sin8=n1c 
In above relation as b decreases sin0 increases so width of 
central maxima will increase hence option (B) is correct. As slit 
width becomes equal to the light wavelength then fringe pat
tern will disappear and central maxima will spread upto infinity 
hence option (C) is correct. 

Sol. 10 (B, C) For equal intensity waves, after interference, 
resulting intensity is given as 

/=I cos2 ~ 
0 2 

If resulting intensity is //2 then solving we get options (B) 
and (C) are correct. 

Sol. U (All) When each polaroid is placed with its optic axis 
at 90° with the previous and next polaroid then no light will 
come out. 

* * * * * 

i 
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