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FOREWORD

Punjab School Education Board has continuously been engaged in
preparation and review ol syllabi and textbooks. In today’s scenario, imparting
right education to students Is the joint responsibility of teachers as well as
parents. With a view to carry out entrusted responsibility, some important
changes pertaining to present day educational requirements have been made in
the textbooks and syllabus in accordance with NCF 2005,

Science has an important place in school curriculun and a good textbook is
the lirst requisite to achieve desired learning culcomes. Therefore, the content
matter of Physies for the class XII has been so arranged so as to develop reasoning
power of the students and to enhance their understanding of the subject. Graded
questions and exercises have been given to suit the mental level of the students.
This book s prepared by NCERT, New Delhi for class XII and is being published
by Punjab School Education Board with the permission of NCERT, New Delhi,
This step was taken to maintain the uniformity in the Biology Subject so that
Science student will have no problem while facing the common entrance lestat a

senior secondary stagde.

Every effort has been made to make the book useful for students aswell as for
the teachers. However, constructive suggestions for its furiher improvement
would be gratefully acknowledged.,

Chairman
Punjab School Education Board

mrriee fenit, sifoerfasy »im uig farest feaar’ Uee
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Chapter Nine

RAY OPTICS
AND OPTICAL

INSTRUMENTS
.

9.1 INTRODUCTION

Nature has endowed the human eye (retina) with the sensitivity to detect
electromagnetic waves within a small range of the elecromagnetic
spectrum. Eleciromagnetic radiation belonging to this region of the
specirum (wavelengih of about 400 nm to 750 nm) 1s called light. It 1s
mainly through light and the sense of vision that we know and interpret
the world around us.

There are two things that we can intuitively mention about light from
common expetience. First, that it travels with enormous speed and second,
that it travels in a straight line. It took some time for people to realise that
the speed of light is finite and measurable. Its presently accepted value
in vacuum is ¢ = 2.99792458 x 10° m s'*. For many purposes. i suffices
to take ¢ = 3 % 10° m s . The speed of light in vacuum is the highest
speed attainable in nature.

The intuitive notion that light travels in a straight line seems to
contradict what we have learnt in Chapter 8, that light is an
electromagnetic wave of wavelength belonging to the visible part of the
spectrum. How to reconcile the two facts? The answer is that the
wavelength of light is very small compared to the size of ordinary objects
that we encounter commonly (gencrally of the order of a few cm or larger).
In this siimation, as vou will learn in Chapter 10, a light wave can be
considered to travel from one point to another. along a siraight line joining
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them. The path is called a ray of light, and a bundle of such rays
constitutes a beam of light.

In this chapter, we consider the phenomena of reflection, refraction
and dispersion of light, using the ray picture of light. Using the basic
laws of reflection and refraciion, we shall study ithe image formation by
plane and spherical refllecting and refracting surfaces. We then go on (o
describe the construction and working of some important optical
instrmments, including the human eye.

9.2 REFLECTION OF LIGHT BY SPHERICAL MIRRORS
We are [miliar with the laws of rellection. The

Normal angle of reflection (i.e., the angle between reflected

Incident cay

Reflected ray  ray and the normal to the reflecting surface or
the mirror) equals the angle of incidence (angle
between incident ray and the normal). Also that

g the incident ray, reflected ray and the normal 1o
the reflecting surface at the point of incidence lie
in the same plane (Fig. 9.1). These laws are valid

/ at each point on any refleciing surface whether

plane or curved. However, we shall resirici our
discussion io the special case of curved surlaces,

FIGURE 9.1 The incident ray, reflecied ray  thatis, spherical surfaces. The normal in this case
and the normal w the reflectng surlace lie g to be taken as normal to the tangent to surface

in the same plane

at the point of incidence. That is, the normal is
along the radius, the line joining the centre of curvature of the mirror to
the poini of incidence.

We have already studied that the geomeiric cenire of a spherical mirror
is called its pole while that of a spherical lens is called iis optical cenire.
The line joining the pole and the centre of curvature of the spherical
mirror is known as the principal axis. In the case of spherical lenses, the
principal axis is the line joining the opiical centre with its principal focus
as you will see later.

9.2.1 Sign convention

Uhierto it Mlmn To derive the relevant formulae for
Heights Incident light reflection by spherical mirrors and
upwards I refraction by spherical lenses, we must
Bk { first adopt a sign convention for

{ Distances against .

-+ x-axis  measuring distances. In this book, we
shall follow the Cartesian sign
convention. According to this

tneident light
Hegnts  TOERTTE convention, all distances are measured
downwards | Distances along from the pole of the mirror or the optical
negative incident Hght cenilre of the lens. The distances
pasiiive measured in the same direction as the

FIGURE 8.2 The Cartesian 5ign Convention

222

incident light are taken as positive and
those measured in the direction
opposite to the direction of incident light are taken as negative (Fig. 9.2).
The heights measured upwards with respect to xaxis and normal to the



Ray Optics and
Optical Instruments

principal axis {(x-axis) ol the mirror/lens are taken as positive (Fig. 9.2).
The heights measured downwards are laken as negalive.

With a common accepled conventiorn, it turns out that a single formula
for spherical mirrors and a single formula for spherical lenses can handle
all differenit cases.

9.2.2 Focal length of spherical mirrors

Figure 9.3 shows what happens when a paralle]l beam of light is incident
on [a) a concave mirror, and (b) a convex mirror. We assume that the rays
are paraxial, 1.e.. they are incident at points close to the pole P of the mirror
and make small angles with the principal axis. The reflecied rays converge
at a point F on the principal axis of a concave mirror [Fig. 9.3(all.
For a convex mirror, the reflected rays appear to diverge from a point F
on its principal axis [Fig. 9.3(b)]. The point F is called the principal focus
of the mirror. If the parallel paraxial beam of light were incident, making
some angle with the principal axis, the reflecied rays would cornverge (or
appear (o diverge) [rom a point in a plane through F normal to the principal
axis. This is called the focal plane of the mirror [Fig. 9.3(c]].

- e ¥
»* " —
£ IR ] I
—P_'_'_'_-. # -._."
*’__.--' = __.. ="
-
[a] )

-— , PO S W
IR |

e F
~  Focal plane

e T
——
— b S
.

(el

FIGURE 9.3 Focus of a concave and convex mirror.

The distance between the focus F and the pole P of the mirror is called
the focal lengih of the mirror, denoted by [ We now show that f= R/2,
where R is the radius of curvature of the mirror. The geometry of reflection
of an incident ray is shown in Fig. 9.4.

Let C be the centre of curvature of the mirror. Consider a ray parallel
to the principal axis striking the mirror at M. Then CM will be
perpendicular io the mirror at M. Lel @ be the angle of incidence, and MD

223
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be the perpendicular from M on the principal axis. Then,

- = M - -
!i-p-r' \ SZMCP = fand ~AMFP =28
| —
_A3a
c g D| P _MD MD
tanf = ch and tan 28 D (9.1)
For amall 6, which is true for paraxial rays. tané = §,
fia) ian 20~ 24, Therefore, Eq. (9.1) gives
MDD _g MDD
FD & CD
CD
or, FIo = T (9.2)

Now, for small 8, the point D is very close to the point P.
Therefore. FD = fand CD = R. Equaiion (9.2) then gives
f=R/2 (9.3]

9.2.3 The mirror equation

If rays emanating from a point actually meet at another poinr

F]GURE‘.Q"‘ '3f:*_Jm-.':tr'_~: o alier refllection and/or refraction, thai point is called the image

rellection of an neident ray o0 oevpe fesi point, The image is realif the rays actually converge

@) concave spherical MITOL. 4 o o Soint; it is virtual if the rays do not actually meet but
and (b) convex spherical mirTor ’ ) 3 :

appear to diverge from the point when produced

o backwards. An image is thus a peint-to-point

A N \ > correspondence wilh the objecl established through

reflection and/or refraction.

In principle, we can take any owo rays emanating
from a point on an object, trace their paths, find their
point of intersection and thus, obtain the image of
the point due to reflection at a spherical mirror. In
practice, however, it is convenient to choose any two
of the following rays:

i  The ray from the poini which is parallel to the
principal axis. The reflected ray goes through
the focus of the mirror,

(iiy The ray passing through the centre of
curvature of a concave mirror or appearing to
pass through it for a convex mirror. The
reflected ray simply retraces the path.

(iii) The ray passing through (or directed towards) the focus ol the concave
mirrer or appearing to pass through (or directed towards) the focus
of a convex mirror. The reflected ray is parallel to the principal axis.

(iv) The ray incident at any angle at the pole. The reflected ray follows
laws of reflection,

Figure 4.5 shows the ray diagram considering three rays. It shows
the image A'B' (in this case, real) of an object AB formed by a concave

mirror. It does not mean that only three rays emanate from the point A,

An infinite number of rays emanaie [rom any source, in all directions.

Thus, point A’ is image point of A if every ray originating at point A and

224 falling on the concave mirror after reflection passes through the point A’

FIGURE 9.5 Ray diagram for image
formation by a concave mirror
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We now derive the mirror equation or the relation between the object
distance (u), image distance (v) and the focal length ().

From Fig. 9.5, the two right-angled triangles A'B'F and MPF are
similar. (For paraxial rays, MP can be considered to be a straight line
perpendicular to CP.) Therefore.

B’A’ BF

FM FP
B’A"_BF 5
BA _ FP («-PM = AB) (9.4)

Since £ APB = £ A'PB', the right angled trlangles A'B'P and ABP are

also similar. Therefore,

or

B'’A’ B'F
BA BP (9.5)
Comparing Eqs. (9.4) and (9.5), we get
B'F BP-FP B'P
= = (9.6)

FP FP BP
Equation (9.6) is a relation inveolving magnitde of distances, We now
apply the sign convention. We note that light travels from the object io
the mirror MPN. Hence this is taken as the positive direction. To reach
thie object AB, image A'B' as well as the [ocus F [rom (hie pole P, we have
io travel opposiie to the direction of incident light. Henece, all the three
will have negative signs. Thus,
B'P=-u, FP=-f. BP=-u
Using these in Eq. [9.6), we get
-p+f =v
-1t

Dividing it by v, we get
| R ol -

o ©.7)

This relation is kmown as the mirror equation.

The size of the image relative Lo the size of the object is another
impertant quantity to consider, We define linear magnification (m) as the
ratio of the height of the lmage (i) to the helght of the object (h):

h?

m= “F'{ (9.8)
hand h'will be taken positive or negative in accordance with the accepted
sign convention. In triangles A'B'P and ABP, we have,

BA’_BP
BA BP
With the sign conveniion, this becomes

22
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=R _ =
h  -u
so that
h' U
== - 9.9
m=7 = (2.9)
We have derived here the mirror equation, Eq. (9.7), and the
magnification formula, Eq, (9.9), lor the case of real, inveried image formed
by a concave mirror. With the prrggcr use of sign convendon, these are.
in fact, valid for all the cases of reflection by a spherical mirror (concave
or convex) whether the image formed is real or virtual. Figure 9.6 shows
the ray diagrams for virtual image formed by a concave and convex mirror.
Yﬂﬁ should verify that Eqgs. (9.7] and (9.9) are valid for these cases as
wiell,
. & M
’ o "
":‘. u I B NS
A e i 3
¢ —F & E B . c
.a-"""'rﬂ.r’ s
£ &)
FIGURE 9.6 Image formation by (a) a concayve mirror with object between
P and F,-and (b} & convex mirror
Example 9.1 Suppose that the lower half of the concave mirror's
reflecting surface in Fig. 9.6 is covered with an opaque (non-reflective)
malerial. What effecl will this have on the image of an object placed
o in front of the mirror?
@ Solution You may think that the image will now show only hall of the
8 object, but taking the laws of reflection to be true for all points of the
g remaining part of the mirror, the image will be that of the whole ohject.
Ei However, as the area of ithe reflecting surface has been reduced, the
intensity of the image will be low (in this ease, half},
Exzample 9.2 A mobile phone lles along the princtpal axis of 4 concave.
mirror, as shown in Fig, 9.7. Show by suitable diagram, the formation
of its image. Explain why the magnification is mot uniform. Will the
distortion of image depend on the localion of the phone with respect
io the mirror?
M P
- ailA
=
- W
2 “a
=] =
226 FIGURE 9.7
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Solution

The ray diagram for the formation of the lmage of the phone {8 shown
in Fig. 9.7. The image of the part which is on the plane perpendiciilar
1o prineipal axis will be on the same plane, It will be of the same size,
ie,. B'C = BC. You can yvoursell realise winy the image i= distorted.

Example 9.3 An object iz placed at (i} 10 cm, (ii) 5 cm in front of a
concave mirror of radius of curvature 15 cm. Find the posidon, nature,
and riagnification of the image in each case.

Solution

The [ocal lengih f=-15/2 ¢m = -7.6 cm

(i The object distance u = -10 cm. Then Eq. (9.7) gives

1,1 _ 1
u- =10 -7h5
10%7.5
or b= .";-:5 == 30 cm
The image 1s 30 cm from the mirror on the same side as the object.
Also on m = —o=-o03
. magnification m = u (-10)

The image is magnified, real and inverted.
{ii} The object distance u = -5 cm- Then from Eq. (9.7].

e et
o8 78
THh
or =15 ¢cm
(7.5-5)
This image is formed ai 15 cm behind the mirror. It is a virtual image. g
(7] 15
Magnification m = — —=- ——=3 =
- u (-5 =
The image is magnified, virtual and erect. w

Example 9.4 Suppose while sitting in a parked car, you notice a
jogger approaching towards you in the side view minotr of R=2m. If
the jogger Is running at a speed of 5 m 57, how fast the lmage of the
quger appear o move when the joggér is {a) 38 m, (b) 29 m, (¢] 19 m,
and (d) 9 m away.

Solution

From the mirror equation. Eq. (9.7). we get
__fu

U—u—j

For convex mirror, sinee R = 2 m, f= 1 m. Then

_(-39)x1 39

for u=-39m, v= 391 40

gince the jogger moves at a tﬁnsl&mt speed of 5 m 57, after 1 = the
position of the image v {for 11=-39 + 5 = -34) 15 [34/35 Jm.

6 TT14NVEH
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Examrir 9.4

(1 Kormal

Incident may

The shift in the positlon of image 1 & 15
39 34 1365-1360 _ 5 _ 1
40 35 1400 1400 280
Therefore, the average speed of the image when the jogger is between
39 m and 34 m from the mirror, is (1/280) m s~
Similarly, it can be seen that for u = -29 m, —-19 m and —9 m, the
speed with which the image appears to move is
1 1

1 o
-1 bl ot :
Tag™s " ggms and Tp™5 - respectively,

Although the Jogger has been moving with a constant speed, the speed
of hi&_i,-'"hm' image appears to increase substantially as he/she moves
closer to the mirror. This phenomencon can be noticed by any person
siiting in a stationary car or a bus. In case of moving vehicles, a
similar phenomenon could be observed if the vehicle In the rear is
moving éloser with a constani speed,

9.3 REFRACTION

When a beam of light encounters another transparent medium, a part of
light gets reflected back into the first medium while the rest enters the
other. A ray of light represents a beam, The direction of propagaiion of an
obliquely incident (0°< i < 907) ray of light that enters the other medium,
changes atl the interface of the two media. This phenomenon is called
refraction of light. Snell experimentally obtained the following laws
ol relraction:

i) The incident ray, the refracied ray and the
normal to the interface at the point of

Reflecied ray incidence. all lie in the same plane.

(i) The ratio ol the sine of the angle of incidence
to the sine of angle of refraction is constant.
Remember that the angles of incidence (1) and
refraction (r) are the angles that the incident
and its refracted ray make with the normal,
respectively. We have

sini fi _—
\ sinr =:20)
Refracted ray where n,, Is a constant, called the refractive

index of the second medium with respect 1o the

FIGUHE 9.8 ]'{F.[-'J"".I:'H.L'.lrl .'L'I'l.‘d 'I'E"!'-i.i_'t'. Hion I:-'{- .l'll;j'li f]rS'L nlcdj_un]_ Equaﬁun !g. IG] iB ﬂ]_c weu_lmﬂm
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Snell's law of refraction. We note that n,, is a
characteristic of the pair of media (and also depends on the wavelength
of light], but is independent of the angle of incidence.

From Eq. (9.10).if n,; > 1, r< i. i.e., the refracted ray bends towards
the normal. ITn such a case medinm 2 is said to be optically denser (or
denser, in short) than medium 1. On the other hand, if n,, <1, r> (, the



refracted ray bends away from the normal. This
is the case when incident ray in a denser
medium refracts into a rarer medium.

Note: Opfical density should not be
confitsed with mass density, which is mass
per unil volume. It is possible thal mass
density of an aptically denser medium may
be less than that of an optically rarer
medium foptical density is the ratio of the
speed of light in two media). For example,
turpentine and water, Mass density of
turpentine is less than that of water but
its optical density is higher.

If n,, is the refractive index of medium 2 with
respect to medium 1 and n,, the refractive index
of medium 1 wilh respect to medium 2, then it
should be clear that

1

M o, (9.11)

It also follows that if n,, is the refractive index
of medium 3 with respect to medium 2 then n,, =
My % n,, where n,, is the refractive index of
medium 3 with respect 1o medium 1.

Some elementary results based on the laws of
refraciion follow immediately. For a rectangular
slab, refraction lakes place at two interfaces (air-
glass and glass-air]. Il is easily seen from Fig. 9.9
that r, = i;. i.e., the emergent ray is parallel o the
incident rayv—there is no deviation. but it does
suffer lateral displacement/ shift with respect to the
incident ray. Another familiar observation is that
the bottom of a tank filled with water appears to be
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FIGURE 9.10 Apparent depth for

(&l nmormal, and (b oblique viewin

raised (Fig. 9.10). For viewing near the normal direction, it can be shown
that the apparent depth (i) is real depth (h,) divided by the refractive

index of the medium fwater).

9.4 TotaL INTERNAL REFLECTION

When light travels from an optically denser medium to a rarer medium
ai the inierface, it is parily reflected back into the same medium and
parily refracted o the second meditum. This reflection is called the infernal

reflection.

When a ray of light enters from a denser medium to a rarer medium,
it bends away [rom the normal, for example, the ray AO, B in Fig, 9.11.
The incident ray AQ, is partially reflected (O,C) and pardally transmitred
[01]3] or refracied, the angle of relraction (r] being larger than the angle of
incidence (i). As the angle of incidence increases, so does the angle of

o
o

229
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2 | <B refraction, ill for the ray AQ,, the angle of
Rarer F refraction is n/2. The refracted ray is bent
medim T L : so much away [rom the normal that it
(Air) W, F e Wilcr-aie grazes the surface at the interface between
G,iﬁf" 0L~ Oy D o interface the two media. This is shown by the ray

wy Y :l‘ ;r”iC E}{f’fﬂf& S i%n in F‘iﬁ E::i]ﬁ 12 Ifthe angle Emc:ﬂ;g:‘.e
NS e . - creased s further (e.g., the ray AQ,),

+ j',Iz” N o E:ﬂt:ftﬁ'm refraciion is not possible, and the incident

Denser | / -~ -~ A 4 R ray is totally reflected. This is called total
‘?;ﬁ‘:ﬂm = N Pmﬁ internal reflection. When light gets
e - = reflected by a surface, normally some

FIGURE 9.11 Refraction and inlemal rellection fraction of it gets transmitted. The
of rays [rom a poeint A in the denser medivom refllecied ray, therefore, is always less
(water) incident at different angles at the lnterface  intense than the incident ray, howsoever
with @ rarer medium (air]. smooih the reflecting surface may be. In

total internal reflection, on the other hand.
no transmission of light takes place.

The angle of incidence corresponding to an angle of refraction 90°,
say J&DSN is called the critical angle [ic] for the given pair of media. We
see from Snell's law [Eq. (9. 10)] that if the relative refractive index of the
refracting medium is less than one then, since the maximum value of sin
r iz unity, there is an upper limit to the value of sin i for which the law
can be satisfied. thatis, i={ such that

sini =n, (9.12)

For values of i larger than i, Snell's law of refraction cannot be
satisfled, and henee no refraction is possible.

The refractive index of denser medium 1 with respect to rarer medium
2will be iy, = 1/sini.. Some typical critical angles are listed in Table 9. 1.

TasrLe 9.1 CRITICAL ANGLE OF SOME TRANSPARENT MEDIA WITH RESPECT TO AIR

Water 1.33 48.75
Crown glass 1.52 41.14
Dense flint glass 1.62 37.31
Diamond 2.42 24.41

A demonstration for total internal reflection

All optical phenomena can be demonsirated very easily with the use of a
laser torch or pointer, which is easily available nowadays. Take a glass
beaker with clear water in il. Add a [ew drops of milk er any other
suspension to water and stir so that water becomes a little turbid. Take
a laser poinler and shine ils beam through the turbid waler. You will

350 find that the path of the beam inside the waler shines brightly.
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Shine the beam from below the beaker such that it strikes at the
upper water surface at the other end. Do you find that it undergoes partial
reflection (which is seen as a spot on the table below) and partial refraction
[which comes out in the air and is scen as a spot on the roof: Fig. 9.12(a)]?
Now direct the laser beam from one side of the beaker such that it strikes
the upper surface of water more obliquely [Fig. 9.12(b)]. Adjust the
direction of laser beam until you find the angle for which the refraciion
above the water surlace is totally absent and the beam is totally reflecied
back to water, This is total internal reflection at its simplest.

Pour this water in a long test tube and shine the laser light from top,
as shown in Fig. 9.12(c). Adjust the direction of the laser beam such that
it is totally internally reflected every time it strikes the walls of the tube.
This is similar to what happens in optical fibres.

Take care not to look into the laser beam directly and not to point it
at anybody’s face.

9.4.1 Refraction at a spherical surfa

(i) Prism: Prisms designed to bend light by 20° or by 180° make use of
lotal internal refleciion [Fig. 9.13(a) and (b)]. Such a prism is also
used to invert images without chxanging their size [Fig. 9.13(c)].

In the first two cases, the critical angle i_for the material of the prism
must be less than 457, We see from Table 9.1 that this is true for both
crown glass and dense flint glass.

(ii} Optical fibres: Nowadays optical fibres are extensively used for
ransmitting audio and video signals through long distances. Optical
fibres too make use of the phenomenon of total internal reflection.
Optical fibres are fabricated with high quality composiie glass/quariz
fibres. Each fibre consists of a core and cladding. The refractive index
of the material of the core is higher than
that of the cladding. é\
When a signal in the form of light is &

directed at one end of the fibre at a suitable 1_,' 2551

angle, it undergoes repeated total internal )

reflections alomg the length of the fibre and - 90° L

finally comes out at the other end (Fig.

9.14). Since light undergoes lotal internal

reflection at each st age, there is no B ._I Al

appreciable loss in the intensity of the light L

signal. Opiical fibres are [abricated such (a)

that light reflected at one side of inmer

[14]]
[c)
FIGURE 9.12
Observing total internal
reflection f11 water with
g laser beam [refraction
due to glass ol beaker

neglecied being very
thin].

surface sirikes the other at an angle larger
than the critical angle. Even il the fibre is

bent. light can easily travel along its lengih. _&“ -~
Thus. an oprical fibre can be used 1o act as _""’[_C,"'"' -
an optical pipe.

A bundle of optical fibres can be put to FIGURE 9.13 Prisms designed to bend rays by
several uses. Opilcal fibres are extensively 907 and 120" or Lo inverl image without chisnging
used for transmitting and receiving fts size make use of total internal reflection.
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elecirical signals which are converted to light
Low n by suitable transducers. Obviously. optical
N fibres can also be used for transmission of
optical signals. For example, these are used
as a 'light pipe’ to facilitate visual examination
of inlernal organs like esophagus, stomach
and intestines. You might have seen a
commonly available decorative lamp with fine
FIGURE 9.14 Light undergoes successive lolal plastic fibres with thelr free ends forming a
internal reflecdnns as it moves through an fountain like siructure. The oither end of the
fibres is fixed over an eleciric lamp. When the
lamp is switched on, the Light travels [rom ihe botlom of each fibre and
appears ai the tip of its {ree end as a dot of light. The fibres in such
decorative lamps are optical fibres.

The main requirernent in fabricating optical fibres is that there should
be very little absorption of light as il iravels [or long distances inside
them. This has been achieved by purification and special preparation of
materials such as quartz. In silica glass fibres, it is possible to transmit
more than 95% of the light over a fibre length of 1 km. {Compare with
what you expect for a block of ordinary window glass 1 kam thick.)

High n

optical fibre.

0.5 REFRACTION AT SPHERICAL SURFACES
AND BY LENSES

We have so [ar considered refraction at a plane interface. We shall now
consider refraction at a spherical interface between two transparent media.
An infinilesimal part of a spherical surface can be regarded as planar
and the same laws of refraction can be applied at every point on the
surface. Just as for reflection by a spherical mirror, the normal at the
point of incidence is perpendicular to the tangent plane to the spherical
surface at thai point and, therelore, passes through iis cenire ol
curvature, We first consider refraction by a single spherical surface and
follow it by thin lenses. A thin lens is a transparent optical medium
bounded by two surfaces; at least one of which should be spherical.
Applying the formula for image formaton by a single spherical surface
successively al the two surfaces of a lens, we shall obiain the lens maker's
formula and then the lens formula.

9.5.1 Refraction at a spherical surface

Figure 9.15 shows the geometry of fonmation of image I of an object O on
the principal axis of a spherical surface with centre of curvature C, and
radius of curvalure R. The rays are incidenl [rom a medium of refractive
index n,, to another of refractive index n,. As before, we take the aperture
{or the lateral size) of the surface to be small compared (o other distances
involved, so that small angle approximation can be made. In particular,
NM will be taken to be nearly equal to the length of the perpendicular
from the point N on the principal axis. We have, for small angles,

MN

232 tan S NOM = oM
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, MN
tan ZNCM = MO
: ~ MN
tan SWNIM = _MI

Now, for ANOC, iis the exterior angle, Therelore, i
= ANOM + ANCM

i= E-t-@ [2.13)
OM MC
Similarly, FIGURE 9.15 Refraction at a spherical
r=NCM - /NIM surface separating two media,
_MN _MN
Le.r=1e ~ M (9.14)

Now, by Snell's law
nsini=n,sinr
or for small angles
L= 1,r
Substituting i and r from Eqs. (9.13) and (9.14), we get

Sy Ta=Th
GM+MI MC (8.15)

Here, OM, M1 and MC represent magnitudes of distances. Applying the
Cartesian sign convention,

OM = -u, MI=+u, MC = +R
Substituting these in Eq. {9.15]), we gel

My ™ My
o R (9.18)
Equation (9.16) gives us a relation between object and image distance
in terms of refractive index of the medium and the radius of
curvature of the curved spherical surface. It helds for any curved
spherical surface.

Example 9.5 Light from a poinl source in air falls on a spherical
glass surface (n = 1.5 and radius of curvature = 20 em). The distance
of the light source from the glass surface is 100 cm. At what position
the image is formed?

Solution

We use the relailon given by Eq. (9.16). Here
u=-160em, v=7?, R=+320cm, n =1. and n, = 1.5.
We then have

15 1 05
v 100 20
or p=+100 em

The image is formed ai a distance of 100 em from the glass surface,
in the direction of incident Hghi.

G'H ATdRVEH
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9.5.2 Refraction by a lens

Figure 9.16(a) shows the geometry of image formation by a double convex
lens. The image formation can be seen in lerms of two steps:
(i) The first refracling surface forms the image I, of the object O
[Fig. 9.16(b)]. The image I, acts as a virtual object for the second surlace
that forms the image at [ [Fig. 9.16(c)]. Applying Eq. (9.15) to the first

interface ABC, we get

L L Ll
OB Bl BC,

A\ o

rael

(c)

FIGURE 9.16 (a) The positlen of object, and the

image [ormed by a double convex lens,
{b) Relraciion al the lrst spherical surface amd
fc) Refraction at the second spherical surface:

(9.17)

A similar procedure applied o the second
interface” ADC gives,

n, n n,-m
S e Sy o 4
DL DI DC, (8.18)
For a thin lens, Bl, = DI,. Adding
Eqgs. (9.17) and (2.18). we get

oM el Lo 1
oB o~ ™| 5e, *oe, (9.19)

Suppose the object is at infinity, i.e.,
OB — o and DI = f| Eq. (9.19) gives

ﬁ = .[ -n ] 1 + i]
¥ =Ty BC, ' DC, (9.20)
The point where image of an object

placed ai infinity is formed is called the
Jocus F, ol the lens and ithe disiance fgives
its focal length. A lens has two foci, F and
F', on either side ol it (Fig. 9.16). By the
sign convenlion,

BC,=+R,.

DC,=-R,
So Eq. (9.20) can be written as

l:{ -]_} i—i vE TR :ﬁ
7w R [ w2

Equation {9.21) is known as the lens
maker’s formula, It is usefud o design
lenses of deslred focal length using surfaces
of suitable radil of curvaiure. Note that the
formula is true for a concave lens also. In
that case Rjis negative, R, posilive and
therefore, [is negative,

' Note that now the refractive index of the medium on the right side of ADC is n,

2934 while on its left it is n

Further DI, is negative as the distance is measured

againsi the direcdon of incident light.
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From Eqgs. (9.19) and (9.20}, we gel

oy
OB DI
Again, in the thin lens approximation, B and D are both close Lo the
optical centre of the lens. Applying the sign convention,
BO =-u, DI = +u, we gel

9.22)

e 3 (9.23)

Equation (9.23) is the familiar thin lens formula. Though we derived
it for a real image formed by a convex lens, the [ormula is valid for both
convex as well as concave lenses and for both real and virtual images.

It is worth mentioning that the two foci, F and F', of a double convex
or concave lens are equidistant from the optical centre. The [ocus on the
side of the (original) source of light is called the jirst focal poini, whereas
ihe other is called the second focal point.

To find the image of an object by a lens. we can, in principle, take any
two rays emanating from a point on an object; trace their paths using the
laws of refraction and find the point where the refracted rays meet {or
appear to meet). In practice, however, It is convenlent io choose any two
of the [ollowing rays:

([} Aray emanating from the object parallel io the prineipal axis of the
lenis afier refraciion passes through the second principal focus F' (In

a convex lens) or appears to diverge (in a concave lens) from the first

principal focus F.

(if) A ray of light, passing through the optical

centre of the lens. emerges without any Object X i

deviation after refraction.

{iii) (a) A ray of light passing through the first
principal focus of a convex lens [Fig. 9.17(a)]

emerges parallel to the principal axis after
refraction.
(b) A ray of light incident on a concave lens

appearing ic meet the principal axis at [———— g ————»

second focus point emerges parallel to the
principal axis after refraction [Fig. 9.17(b]].
Figures 9.17(a) and (b) illustrate these rules
for a convex and a concave lens, respeciively.
You should practice drawing similar ray 3

diagrams lor different positons of the object with ~ Ohject \_._
respect Lo the lens and also verily that the lens e

-
Image

formula. Eq. (9.23). holds good for all cases. aF F ]
Here again it must be remembered that each
point on an object gives out infinite number of

rays. All these rays will pass through the same [Ey:

image point after refraction at the lens.

defined, like that for a mirror, as the ratio of the
slze of the image to that of the object. Proceeding

FIGURE 9.17 Tracing rays through (a)
Magnification (m) produced by a lens is convex lens (D) concave lens.
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Exaurre 9.6

in the same way as for spherical mirrors, il is easily seen thal
for a lens
h u

m= d]'? = E (9.24)

When we apply the sign convention, we see that, for erect (and virtmal)
image formed by a convex or concave lens, m is positive, while for an
inverted (and real) image, mis negarive.

Example 9.6 A magician during a show makes a glass lens with
n= 1.47 disappear in a trough of iquid. What s the refractive Index
of the liguid? Could ihe liquid be waler?

Solution

The refractive index of the Hguid must be equal to 147 in order to
make the lens disappear. This means n, = n,. This gives 1/f =0 or
J =+ = The lens in the liguid will act like a plane sheet of glass, No,
the Houid is not water. It could be glycerine,

9.5.3 Power of a lens
Power of a lens is a measure of the convergence or
divergence, which a lens introduces in the light Ialling on

H“ﬁ it. Clearly, a lens ol shorter local length bends the incident
light more, while converging it in case ol a convex lens
B F and diverging it in case of a concave lens. The power P of
- a lens is defined as the tangent of the angle by which ii

FIGURE 9.18 Power of a lens.

Exivmpre 9.7

converges or diverges a beam of light parallel to the
principal axis falling at unit distance from the optical
centre (Fig. 9.18).

h

tan d =F;1fh=i. tEIIIE:i

or fT:F for small

value of & Thus,

s 9.25
= 9.25)

The S unit for power of a lens is dioptre (D): 1D = 1m™. The power of
a lens of focal lengih of 1 meire is one diopire. Power of a lens is positive
for a converging lens and negative for a diverging lens. Thus, when an
optician prescribes a corrective lens of power + 2.5 D, the required lens is
a convex lens of [ocal lengih + 40 cm. A lens of power of — 4.0 D means a
concave lens of focal lengih - 25 cm.

Example 8.7 (i) I /= 0.5 m for a glass lens, what is the power of the
lens? (if) The radii of curvature of the [aces of a double convex lens
are 10 cm and 15 cm. Its focal lengih is 12 om. What is the refractive:
index of glass? (iif] A convex lens has 20 em focal length in air. What
is focal length in water? (Refractive index of afr-water = 1,53, refractive
index for alr-glass = 1.5.)
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Solution
(i} Power = +2 dioptre.
(i) Here, we have f=+12 em, R, = #10 cm, R, =-15 cm.
Refractive index of air is taken as unio,
We use the lens formula of Eq. (9.22). The sign convention has to
be applied for f, R, and R,
Subsiituting the values, we have

1 1 1
-1 [1_0'3]
Thiz gives n= 1.5.

(iii) For a glass lens in air, n, = 1.5, n, = 1, f=+20 cm. Hence, the lens
formula gives

1 I 1
et i B
L
For the same glass lens in water; n, = 1.5, n, = 1.33. Therefore,

1.33 1 1
ket SR g [ iy (e 1 PR
T ]|:R1 Rz] i

Combining these lwo e-flua.tions. we find =+ 78.2 em.

9.5.4 Combination of thin lenses in contact

Consider two lenses A and B of focal lengih [] and
[, placed in contact with each other. Let the object
be placed at a point O beyond the focus of the first
lens A (Fig. 9.19). The first lens produces an image
at [,. Since image I, is real. it serves as a virtual
object for the second lens B, producing the final
image at I. It must, however, be borne In mind that
formation of lmage by the first lens is presumed 7777 M
only to facilitate determination of the position of the
final image. In fact, the direction of rays emerging
from the first lens gels modified in accordance with
the angle at which they strike the second lens. Since the lenses are thin,
we assume the optical centres of the lenses to be coincident. Let this
central point be denoted by P.
For the image formed by the first lens A, we get

= oo 9.27
S TR (9.27)
For the image formed by the second lens B. we get

111 -

vy 18:28)
Adding Eqgs. (9.27) and (9.28), we get

10 5 -
vou f f 24

If the two lens-sysiem is regarded as equivalent to a single lens of
focal length f, we have

L6 TFIdMVER

FIGURE 9.19 [mage formation by a
combination of two thin lenses 0 écontact,
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s0 that we get
Lt &
U PR P 230
The derivation is valid for any number ol thin lenses in contact. If

several thin lenses of focal length [, f;. f.... are in contact, the effectve
focal lengih of their combination is given by

W D | 1

ol ~e e e G R L

f 5L B T

In terms of power, Eq. (9.31) can be written as

P=P +P,+P+.. (9.32)
where Pis the net power of the lens combination. Note that the sum in
Eq. (9.32}) is an algebraic sum of individual powers, so some of the terms
on the right side may be positive ([or convex lenises) and some negative
{for concave lenses), Combination of lenses helps (o obtain diverging or
converging lenses of desired magnificalion. It also enhances sharpness
of the image. Since the image formed by the first lens becomes the object
for the second, Eq. (9.25) implies that the total magnification m of the
combination is a product of magnification (m,, m,. m,,...) of individual
lenses

(9.31)

L=y My, My ... [9.35)
Such a system of combination of lenses is commonly used in designing
lenses [or cameras, microscopes, telescopes and other optical instnuments.

Example 9.8 Find the position of the image formed by the lens
combination given in the Fig. 9.20. '

|

+——30cm —*

f= +10,-10 +30cm

Fg;l-—é%—ﬂ
FIGURE 9.20

Solution Image [ormed by the first lens
PR

—_—_————

vouy S

Exawrmir 9.8
=
&
(=)
[
o
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The image forined by the first lens serves as the object for the second.
This is at a distance of (15 — 5] em = 10 ¢m to the right of the second
lens. Though the image is real, it serves as a virtual object for the
second lens, which means that the rays appear to come from it for

the second lens.

L
v, 10 =10
or U, =w

The virtual image i formed al an infinite distance to the left of the

second lens. This acts as an object for the third lens.

Sl S
vy Iy fs

1 1 1
o SotE

or v, =30em
The final image 1s formed 30 cm to the right of the third lens.

9.6 REFRACTION THROUGH A PRISM

Figure 9.21 shows the passage of light through
a triangular prism ABC. The angles of incidence
and refraction ai the first face AB are iand r,,
while the angle of incidence (from glass to air) at
the second face AC is 7, and the angle of refraction
or emergence e The angle beitween the ernergent
ray RS and the direction ol the incideni ray PQ
Is called the angle of deviafion, 4.

In the quadrilateral AQNR, two of the angles
[at the vertices @ and R] are right angles.

=
e
:

Therefore. the sum of the other angles of the

quadrilateral is 180°. FIGURE 9.21 A ray of Ught passing through
ZA + ZQNR = 180° a lriangular glass prism.
From the triangle QNI

r, tr, + ZQNR = 180°
Comparing these two equations, we get
rp+rn= A
The total deviation § is the sum of deviations at the two faces,
6= li-r; )+ (e-r1,)
thatis,
f=i{+e-A

Thus, the angle of deviation depends on the angle of incidence. A plot
between the angle of deviation and angle of incidence is shown in
Fig. 9.22. You can see that, in general, any given value of §, except for
i= g, corresponds to two values { and hence of e. This, in fact, is expected
from the symmetry of i and e in Eq. {2.35), i.e., § remains the same if {

239



%W Physics

EDIL

Angle of deviation {8)

a0

50"

o] R R, B

and e are interchanged. Physically, this is related
to the fact that the path of ray in Fig. 9.21 can be
traced back, resulting in the same angle of
deviation. At the minimum deviation D_, the
refracted ray inside the prism becomes parallel
to its base. We have

=D, . i=ewhichimplies r, =r,.

Equation (9.34) gives

A

Zr=Aorr= E (9.38)

DI:I

Angle of incldence (i

* - 5, : In ihe same way, Eq. (9.35) gives

£ ir
. e T D_=2i-Aori=(A+D_)/2 9.37)
The refractive index of the prism is

FIGURE 8.22 Plot of angle of deviation [5)

versus angle ol incidence (i) for a R =f_1_;_=$in[m+ﬂmh’2!
rriangular prism. 2l , sin|A /2]

240

(2.38)

The angles A and D_ can be measured experimentally. Equation
(9.38) thus provides a method of determining refractive index of the
material ol ithe prism.

For a small angle prism, i.e., a thin prism. D_ is also very small, and
we get

__sinl(A+D,)/2] _ (A+D,)/2

47 smm[Af2] 0 A/2
D, = (n,~1)A
It implies that, thin prisms do not deviate light much.

9.7 OpticAL INSTRUMENTS

Anumber of optical devices and instruments have been designed utilising
refleciing and relracling properiies of mirrors, lenses and prisms.
Periscope, kaleldoscope, blnoculars, telescopes, microscopes are some
examples of oplical devices and instrnunents that are in common use.
Our eve is, of course, one of Lthe mosi important optical device the nature
has endowed us with. We have already studied about the human eve in
Class X. We now go on lo describe the principles of working of the
microscope and the telescope.

9.7.1 The microscope

A simple magnifier or microscope is a converging lens of small focal length
(Fig. 9.23). In order Lo use such a lens as a microscope, the lens is held
near the object. one focal length away or less. and the eye is positioned
close to the lens on the other side. The idea Is to get an erect, magnified
and virtual image of the object at a distance so that it can be viewed
comfortably, i.e., at 25 cm or more. If the object is at a distance [, the
image is at infinity., However, il the object is at a distance slightly less
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FIGURE 9.23 A stmple microscope; [a) the magnifving lens is locaied
such that the image is at the near poini. (b) the angle subtanded by the
object. 1s the same as that at the near point, and (c} the object near the

focal point ol the lens: the Imuge is f2r off but closer than infinity.

than the focal length of the lens, the image is virtual and closer than
infinity. Although the closest comfortable distance for viewing the image
iswhen it is at the near point {distanece D= 25 cm), it causes some strain
on the eye. Therefore, the image formed at infinity is often considered
most suitable for viewing by the relaxed eyve. We show both cases, the
first in Fig. 9.23(a), and the second in Fig. 9.23(b) and (c].

The linear magnification m, for the image formed at the near point D,
by a simple microscope can be obtained by using the relaiion
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m:E:u[lnl (]__E)
u v f F

Now according fo our sign convention, vis negative, and is equal in
magnitude to D. Thus, the magnificarion is

D
m = [1+ T] (9.39)

Since Dis about 25 cm, to have a magnification of six, one needs a convex
lens of focal length, /= 5 cm.

Note that m= h'/h where his the size of the object and h' the size of
the image. This is also the ratio of the angle subtended by the image
to that subtended by the object, if placed at D for comfortable viewing.
(Note that this is not the angle actually subtended by the objeet at the
eye, which is h/w.) What a single-lens simple magnifier achieves is that it
allows the ohject to be brought cleser to the eye than D.

We will now find the magnification when the image Is at infinity. In
this case we will have to obtained the angular magnification. Suppose
the object has a height h. The maximum angle it can subtend, and be
clearly visible (without a lens), is when it is at the near point, i.e,, a distance
D. The angle subtended is then given by

tan 8, = (E)m 8 {(9.40)
D

We now find the angle subtended at the eye by the image when the

objectis at w. From the relaiions
h' v
—_— m [ p—
h u
we have the angle subtended by the image

h’_hu h

tan g = = —.— = —={}, The angle subtended by the object, when it
=L =L U —LL
isatu=-
h
0, = [F] (9.41)
as is clear [rom Fig. 9.23(c), The angular magnificaiion is, therefore
= (i] -2 9.42
6, J (9.42)

This is one less than the magnification when the image is at the near
point, Eq. (9.39), but the viewing is more comfortable and the difference
in magnification is usually small. In subsequent discussions of optical
imstruments (microscope and telescope) we shall asswme the image 1o be
at infinity,
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L=
¥

A ™
FIGURE 98.24 Ray diagram for the lormation of image by a F@S

compound microscope -

A simple microscope has a limited maximum magnification (= 9) for
realistic focal lengths. For much larger magnifications. one uses iwo lenses,
one compournding the effect of the other. This Is known as a compourid
microscope. A schematic diagram of 8 compound microscope is shown
in Fig. 9.24. The lens nearesi the object, called the objective, forms a
real, Inveried. magnified image of the object. This serves as the object for
the second lens, the eyepiece, which functions essentally like a simple
microscope or magnifier, produces the final image. which is enlarged
and virtual. The first inverted image is thus near (at or within) the focal
plane of the eyepiece. at a distance appropriate for final image formation
at infinity, or a litile closer [or image formation at the near point. Clearly,
ihe [inal image is inveried with respeci to ihe original object.

We now obtain the magnification due to a compound microscope.
The ray diagram ol Fig. 9.24 shows that the (linear) magnification due io
ihe objeciive, namely h'/h, equals

A
ey T I, (9.43)

idauiuonsesony

sadoosaja) jeonydo ysabae] s ppom agg,

|y sasadiq B0 sleue

where we have used the resultl

h h'

wnt=()-()

Here It is the size of the first image, the object size being h and j
being the focal length of the objective. The first image 1s formed near the
focal point of the eyepiece. The distance L, i.e., the distance between the
second focal point ol the objective and the first [ocal point of the eyepiece
{focal lengil £) is called the tube lengih of the compound micrescope.
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As the first inverted image is near the focal point of the eyepiece, we
use ithe result rom the discussion above for the simple microscope io
obtain the (angular) magnification m, due to it [Eq. (9.39)], when the
final image is formed at the near point, is

m, = f1+£ (&)
& [ J‘; [ 44[3}]

When the [inal image is formed at infinity, the angular magnilication
due to the eyepicce [Eq. (9.42]] is

m, = (D/f.) [9.44(b)]

Thus. the total magnification [[according to Eq. (9.33). when the
image is [ormed at infinity, is

M =mni, = £ E (9.45)
I ) e '

Clearly, to achieve a large magnification of a sinall object (hence the
rame microscope), the objective and eyeplece should have small focal
lengths. In practice, it is difficult to make the focal length much smaller
than 1 cm. Also large lenses are required to make L large.

For example, with an objective with f = 1.0 cm, and an eyeplece with
focal length f, =2.0 cm, and a tube length of 20 cm. the magnification is

m=mm. = E-IE-]
e fn _f,

20 25
=22 %22 0250
g

Various other factors such as illumination of the object, contribute to
the quality and visibility of the image. In modern microscopes, mulii-
component lenses are used [or boih the objective and the eyepiece 1o
improve image quality by minimising various optical aberrations (defects)
in lenses.

9.7.2 Telescope

The telescope is used to provide angular magnification of distant objects
[Fig. 9.25). It alsc has an objective and an eyepiece. Bul here, the objeclive
has a large [ocal lengih and a much larger aperture than the eyepiece.
Light from a distant object enters the objectlve and a real image is formed
in the tube at its second focal point. The eyvepiece magnifies this image
producing a final inverted image. The magnifying power mis the ratio of
the angle § subtended at the eyve by the final image to the angle o which
Lhie object subtlends al the lens or the eyve. Hence

melol Lk -

® &
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In this case. the length of the telescope tubeis [ + /.

Terresirial ielescopes have, In addition, a pair of inveriing lenses to
make the final image ercct. Refracting telescopes can be used both for
terresirial and astronomical observations. For example, consider
a telescope whose objective has a focal lengih of 100 cma and the eyepiece
a focal lengih of 1 cm. The magnilving power of this ielescope is
m=100/1 = 100,

Let us consider a pair of stars of aciual separation 1’ (one minute of
arc). The stars appear as though they are separated by an angle of 100 x
1'=100"'=1.677,

Objective ;:'71 a " s
f— f e

FIGURE 8.25 A refracling lelescope.

The main considerations with an aslronomical telescope are its light
gathering power and its resolution or resolving power. The former clearly
depends on the area of the objective. With larger diameters, fainter objects
can be observed. The resolving power, or Lhe abilily Lo observe two objects
distinctly, which are in very nearly the same direction, also depends on
the diameter of the objective. So, the desirable aim in optical telescopes iz
to make them with objective ol large diameter. The largesi lens objective
inuse has a diameter of 40 inch (~1.02 m). Itis at the Yerkes Observatory
in Wisconsin, USA. Such big lenses tend to be very heavy and therefore,
difficult to make and support by their edges. Further, it is rather difficuli
and expensive to make such large sized lenses which form images that
are free from any kind of chromatic aberration and distortions.

For these reasons, modern telescopes use a concave mirror rather
than a lens for the objective. Telescopes with mirror objectives are called
reflecting telescopes. There is no chromatic aberration in a mirror.
Mechanical support is much less of a problem since a mirror weighs
much less than a lens of equivalent optical guality, and can be supported
over iis entire back surface, not just over its rim. One obvious problem
with a reflecting telescope is that the objective mirror focusses light inside



%W Physics

246

FIGURE 2.26 Schematic diagram al a refleciing telestope {Cassegrain),

the telescope tube. One must have an eyepiece and the observer right
there, obstructing some light (depending on the size of the observer cage).
This is what is done in the very large 200 inch (~5.08 m) diameters, Mi.
Palomar telescope, California. The viewer sits near the focal point of the
mirror, in a small cage. Another solution to the problem is to deflect the
light being [ocussed by another mirror. One such arrangement using a
convex secondary mirror to focus the incident light, which now passes
through a hole in the objective primary mirror, is shown in Fig. 9.26.
This is known as a Cassegrain lelescope, alter its inventor. It has the
advantages of a large focal length in a short telescope. The largest telescope
in India is in Kavalur, Tamil Nadu. Il is a 2.34 m diameter reflecling
telescope (Cassegrain). It was ground, polished. set up, and is being used
by the Indian Institute of Astrophysics, Bangalore. The largesi reflecting
telescopes in the world are the pair of Keck telescopes in Hawaii, USA,
with a reflector of 10 metre in diameter.

SUMMARY

1. Reflection i= governed by the equation £i= <" and refracdon by the
Snell’s lawr, sind/sinr= n, where the incident ray, reflected ray, refracted
ray and noinal He in the same plane. Angles of incidence, reflection
and refracdon are L. ' and . respectively,

2. The erifical angle of incidence i_for a ray incident from a denser to rarer
mediur, iz that angle for which the angle of refraction = 907. For
i> i, total internal reflection ocours. Multiple internal refleciions in
diamond (i, = 24.4%), totally reflecting prisms and mirage. are some
examples of total internial reflection. Optical fibres consist of glass
fibres coated with a thin layer of material of lower refractive index.
Light incident at an angle at one end comes out at the other, after
multiple internal reflections, even if the fibre 1= bent.
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Cartesian sign converdion: Distances measured (n the same direction
as the incident light are positive; those measured in the opposite
direction are negaiive. All distances are measured from ihe pole/optic
cenire of the mirror/lens on the prineipal axis. The heighis measured
upwards above x-axis and normal to the principal axis of the mirror/
lens are taken as positive: The helghis measured downwards are taken
A5 negative.

Mirrar exquettior.

1 £ o

L B

where vand v are object and image distances, respectively and [is the
focal lengih of the mirror. [is (approximately] hall the radius of
curvature K. [ is negative for concave mirror; f is posilive for a convex
IMIIToT.

For a prism of the angle A. of reftactive index n; placed in a medium
of refractive index n,,

mf=fi=ﬂnﬂﬁ+9mﬂﬂ]

m, sin(A /2)
where D 1s the angle of minimum deviation.

For refraction through a spherical tnterface (from medium 1 to 2 of
refractive index n, and n,, respectively]

g Ha=illy

v R

Thin lens formla

1 1 1

v ou f

Lens meler's formla
1_!&*_“11(i_L]
Ffoom \R R,

R, and R, are the radil of curvature of the lens surfaces. fis positive
for a converging lens: fis negative for a diverging lens. The power of a
lens P=1/f

The SI unit for power of a lens is dioptre (D) 1 D=1 mL,

If several thin lenses of focal length f. f. f;,.. are in contact, the
effective focal length of their combination, is given by

Aty Ay

S L L S

‘The lotal power ol a combination of several lenses is
P=P +P+ P +..

Dispersion |s the splitting of light into its constituent colour
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Magnififing power m of a simple microscope is given by m= 1 + (/.
where I = 25 om 15 the least distance of distinct vislon and fis the
focal length of the convex lens. If the image 1s at infinity, m= D/ f. For
a compound microscope, the magnifying power 1s given by m=m, % m,
where m_= 1 + (D/f), 1s the magnification due to the eyepiece and m,
s the magnification produced by the objective. Approximately,

where { and f are the focal lengths of the objeciive and eyepicce,
respectively, and L is ihe distance between their focal points.

Magnifiying power m of a telescope is the ratio of the angle J subtended
at the eve by the image to the angle o subtended al the eye by the
object.

Bk
“ [

where [ and f, are the {ocal lengths of the objective and eyepiece,
respecively.

Mt =

POINTS TO PONDER

The laws of reflection and refraction are true for all surfaces and
pairs of media at the point of the incidence,

The real image of an object placed between fand 2ffrom a convex lens
can be seen on & screen placed af the i'.mz«_l_ge location. If the screen is
removed, is the fmage still there? This question puzzles many, because
it is difficult to reconcile ourselves with an image suspended n air
without a sereen. But the image does exist. Rays from a given point
on the object are converging to an image point in space and diverging
away. The screen simply diffuses these rays, some of which reach onr
eye and we see the tmage. This can be seen by the tmages formed in
alr during a la=er show,

Image formation needs regular reflection /refraction. In prineiple. all
rays from o given point should reach the same image poini. This is
why you do not sce your image by an irregular reflecting object, say
the page of a book.

Thick lenses give coloured images due to dispersion. The variety in
colour of objects we sec around as is due to the constituent colours
of the light incident on them, A monochromatic ight may produce an
entirely different perceplion about the colours on an object as seenin
whte light.

For a simple microscope, the angular size of the object equals the
angular size of the image. Yet it offers magnification because we can
keep the small object much closer to the eve than 25 cm and hence
have It subtend a large angle. The Image {s at 25 cm which we can see.
Witheut the microscope, you would need to keep the small object at
25 cm which would subtend a very small angle,
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EXERCISES

A small candle, 2.5 cm in size is placed at 27 cm in front of a concave
mirror ol radius of curvaiure 36 cm. Al what distance from the mirror
should a screen be placed in order to obtain a sharp image? Describe
the nature and size of the image. If the candle is moved closer 1o the
mirror, how would the screen have to be moved?

A 4.5 cm needle 1s placed 12 cm away from a convex mitror of focal
length 15 em. Give the locadon of the image and the magnificadon.
Deseribe what happens as the needle is moved farther from the mirror.
A tank is filled with water to a height of 12.5 cm. The apparent
depth of a needle lying at the bottomn of the tank is measured by a
microscope o be 9.4 cm. What is the refractive index of waier? If
water 1s replaced by a lguid of refractve index 1.63 up to the same
height, by what distance would the microscope have w be moved to
forcus on the needle again?

Fignres 9.27(a) and (b) show refraction of a ray in air incident at 60°
with the normal to a glass-air and water-air interface, respectively.
Predict the angle of refraction in glass when the angle of incidence
In water is 457 with the normal to a water-glass Interface [Fig. 8.27(c]].

/ Mr /Ia
: #
Glass ;;;’ s o, Y ciase
ar < P 4
" i Water |47 /-45 Water
%
fa) ) fel
FIGURE 9.27

A small bulb is placed at the bottom of a tank containing water (o a
depth of 80cm. What is the area of the surface of water through
which light from the bulb can emerge out? Refractive Index of water
iz 1.33. (Consider the bulb to be a point source.)

A prism is made ol glass of unknown refractive index. A parallel
beam of light is incident on a face of the prism. The angle of miniooum
deviation is measured to be 40°. What is the refractive index of the
material of the prism? The refracting angle of the prism i= 60°. If the
prism is placed In water ([refractive index 1.33), predict the new
angle of minimum deviaiion of a parallel beam of light.

Double-convex lenses are to be manufactured from a glass of
refractive index 1.55, with both faces of the same radius of
curvalure. What is the radius of curvature required il the focal length
is to be 20cm?

A beam of light converges at a point P. Now a lens is placed in the
paih of the convergent beam 12cm from P. At what point does the
beam converge if the lens is {a) a convex lens of focal length 20cm,
and (b) a concave lens of focal length 16cm?

An object of size 3.0cm is placed 14ecm in front of a concave lens of
focal length 21ecm. Describe the lmage produced by the lens. Whait
happens if the object is moved further away [rom the lens?

249
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9.10

9,11

9.12

9.13

9.14

9.15

9.16

9.17

What is the focal length of a convex lens of focal lengih 3UOcm in
contact with a concave lens of focal length 20 em? Is the system a
converging or a diverging lens? Ignore thickness of the lenses,

A compound microscope consisls of an objective lens of focal length
2.00m and an eyeplece ol [ocal lengih 6.25cm separated by a
distance of 15cm. How far from the objectve should an object be
placed in order to obiain the final image at {a) the least distance of
distinct vision (25cm), and (b) at infinity? What iz the magnifving
power ol the microscope in each case?

A person with a normal near point (25em) using a ecompound

microscope with objective of focal length 8.0 mm and an eyepiece of

focal length 2.5cm can bring an object placed at 9.0mm from the
objective in sharp focus., What is the separation between the two
lenses? Caleulate the magnifying power of the microscope,

A small telescope has an objective lens of focal lengih 144om and

an evepiece of focal length 6.0cm. What is the magnifying power of

the telescope? What is the separation between the objective and
the eveplicce?

(a) A glant refraciing telescope at an observaiory has an objeciive
lens of focal length 15m, If an evepiece of focal length 1.0cm is
used, what is the angular magnification of the telescope?

(b) If this telescope iz used Lo view the moorn, whal is the diameler
ol the image of the moon formed by the objective lens? The
diameier of the moon is 3.48 x 10%°m, and the radius of lunar
orbit 15 3.8 x 10°m.

Use the mirror equation to deduce that:

(a}l an object placed berween fand 2f of a concave mirror produces
a real image beyond 2 £

(b) & convex mirror always produces a viriual image independent
of the location of the object.

(e) the wvirfual image produced by a convex mirroer is always
diminished in size and is located beiween the focus and
the pole.

(d] an object placed between the pole and locus of a concave mirror
produces & virtual and enlarged lmage.

[Note: This exercise helps vou deduce algebraically properties of

imagdes that one obtains from explicit ray diagrams.)

A simall pin fixed on a table top is viewed [rom above [rom a distance

of 50erm. By whal distance would the pin appear Lo be raised if il iz

viewed [rom the same poini through a 15cm thick glass slab held
parallel Lo the table? Refractive index of glass = 1.5. Does the answer
depend on the location of the slab?

(a) Figure 9.28 shows a cross-section of a 'Ught pipe’ made of a
glass fibre of refractive index 1.68. The outer covering of the
pipe is made of a material of refractve index 1.44. What is the
range of the angles of the incident rays with the axis of the pipe
for which fotal refllections inside the pipe iake place, as shown
in the Fgure.

FIGURE 9.28
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(b} What is the answer if there is no outer covering of the pipe?
The image of a small elecoric bulb fixed on the wall of a Toom is to be

obtained on the opposiie wall 3m away by means of a large convex

lens. Whal is the maximum possible focal length of the lens required
for the purpose?

A screen is placed 90cm from an object. The image of the object on
the screen is formed by a convex lens at two different locations
separated by 20cm. Determine the focal length of ithe lens.

(a) Deterraine the 'effective focal length’ of the combinaiion of
the two lenses in Exercise 9.10, if they are placed 8 0ocm apart
with thelr principal axes coincldent. Does the answer depend
on which side of the combination a beam of parallel light is
Incident? Is the notion of effeclive focal length of this sysiem
useful at all?

(b) An object 1.5 cm in size is placed on the side of the convex lens
in the arrangement (a) above. The distance between the object
and the convex lens is 40cm, Determine the magnificaton
produced by the Lwo-lens system, and the size of the image.

At what angle should a ray of Ught be incildent on the face of a prism

of refracting angle 680 so that it just suffers total internal reflection

at the other face? The refraciive index of the material of the prism is

1.524.

A eard sheei divided into squares each of size 1 mm? is being viewed
at a distance of 9 cm through a magnifying glass (a converging lens
of focal length 9 cm) held clese to the eye.

(a) What ig the magnification produced by the lens? How much is
the area of each square in the virtual image?

(b) What Is the angular magnification (magnlfving power] of the
lens?

[c) Is the magnification in (4] equal to the magnifying power in {b)?
Explain.

(a) At what distance should the lens be held from the card sheet in

Exercise 9.22 in order lo view the squares distineily with the
maxiroum possible magnifying power?
(b) What is the magnification in this case?
[c) I= the magnification equal to the magnifying power in this case?
Explain.
What should be the distance between the object in Exercise 9.23
and the magnifving glass if the virtual image of each square in
the figure is to have an area of 6.25 mm®. Would vou be able io
see the squares distinctly with vour eyes very close to the
magnifier?
[Note: Exercises 89.22 to 9.24 will help you clearly understand the

difference between magnification in absoluie size and the angular
magnification {or magniiving power] of an instrument.|
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9.25

9.26

9.27

9.28

9.29

9.30

Answer the following questions;

[a} The angle subtended at the eve by an object is equal to the
angle subtended at the eye by the virtual Image produced by a

magnifying glass, In what sense then does a magnifying glass
provide angular magnificalion?

b) In viewing through a magnilying glass, one usually positions
one's eves verv close to the lens. Does angular magnification
change (I the eve 1s moved back?

(e} Magnifying pawer of a simple microscope iz inversely proportional
to the focal lengith of the lens. What then stops us from using a
convex lens ol smaller and smaller focal length and achieving
greater and greater magnifying power?

(d) Why must both the objective and the evepiece of a compound
microscope have short [ocal lengths?

le) When viewing through a compound microscope, our eves should
be posiiioned not on the eveplece bui a short disiance away
from it for best viewing. Why? How much should be that short
distance between the eve and evepiece?

An angular magnification [magnifying power] of 30X is desired using

an objectve of focal length 1.25cm and an eyeplece of focal length

Scm. How will you set up the compound microscope?

A small telescope has an objectve lens of focal length 140cm and
an eyepiece of local lengith 5.0cm. What is the magnilying power of
the telescope for viewing distant objects when

(a} the telescope is in normal adjustment (i.e., when the final image
15 at infinity)?

(b} the fAnal image is formed at the least distance of distinct vislon
(25 ¢im)?

(a) For the telescope described in Exercise 9.27 (a), whatl is the
separatdon between the objective lens and the evepiece?

(b} If this telescope is used to view a 100 m iall tower 3 lan away,
whaal iz the heighi of the image ol the tower [ormed by the objective
lens?

{c}) What is the height of the final image of the tower if it is formed at
25em?

A Cagsegrain telescope uses two mirrors as shown In Fig. 9.26. Such
a telescope is buili with the mirrors 20mm apart. If the radius of
curvature of the large mirror is 220mm and the small mirror is
140mm, where will the final image of an object at infinity be?

Light incident normally on a plane mirror attached to a galvanometer
coil refraces baclwards as shown in Fig, 9.29, A current in the coll
produces a deflectdon of 3.5 of the mirror. What is the displacement
of the reflected spot of light on a screen placed 1.5 m away?
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FIGURE ©.29

9.31 Figure 9.30 shows an equiconvex lens (of refractive index 1.50} in
contact with a Hguld laver on top of a plane mirror. A small needle
with its tip on the principal axis is moved along the axis until its
inverted image is found at the position of the needle. The distance of
the needle from the lens is measured to be 45.0cm. The liquid is
removed and the experiment is repeated. The new distance is
measured w be 30.0cm. What is the refraciive index of the Hguid?

Qi’ Q'

li‘l-q
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Chapter Ten

WAVE OPTICS

i
———————

10.1 INTRODUCTION

In 1637 Descartes gave the corpuscular model of light and derived Snell's
law. It explained the laws of reflection and refraction of ight at an interface.
The corpuscular model predicted that if the ray of light (on refraction)
bends towards the normal then the speed of light would be greater in the
second medium. This corpuscular model of light was further developed
by Isaac Newton in his famous book entitled OPTICKS and because of
the tremendous popularity of this book, the corpuscular model is very
often attributed to Newton.

In 1678, the Dutch physicist Christiaan Huygens put forward the
wave theory of light —ii is this wave model of light that we will discuss in
this chapter. As we will see. the wave model could satisfactorily explain
ithe phenomena of reflection and refraction; however, it predicted that on
refracdon if the wave bends towards the normal then the speed of light
would be less in the second medium. This is in contradiction to the
prediction made by using the corpuscular model of light. It was much
later confirmed by experimenis where it was shown that the speed of
light in water is less than the speed in air confirming the prediction of the
wave model: Foucault carried out this experiment in 1850.

The wave theory was not readily accepted primarily because of
Newton's authority and also becanse light could travel through vacuum
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and it was felt that a wave would always require a medium to propagate
[rom one point to the olher. However, when Thomas Young performed
his famous interference experiment in 1801, it was firmly established
that light is indeed a wave phenomenon. The wavelength of visible
light was measured and found Lo be cxiremely small; for example, the
wavelength of vellow light is about 0.6 um. Because of the smallness
ol the wavelenglh of visible light (in comparison to the dimensions of
typieal mirrors and lenses), light can be assumed to approximately
travel in straight lines. This is the field of geometrical optics. which we
had discussed in the previous chapier, Indeed, the branch of opiics in
which one completely neglects the finiteness of the wavelength is called
geomeirical optics and a ray is defined as the path of energy
propagation in the limit of wavelengih tending to zero.

After the interference experiment of Young in 1801, for the next 40
years or so, many experimenis were carried oul involving the
interference and diffraction of lishtwaves: these experimenis could only
be satisfactorily explained by assuming a wave model of light. Thus,
around the middle of the nineieenth ceniury, the wave theory seemed
io be very well established. The only major difficulty was that since it
was thought that a wave required a medium for its propagation, how
could light waves propagate through vacuum. This was explained
when Maxwell pul forward his famous eleclromagnetic theory of light.
Maxwell had developed a set of equations describing the laws of
eleciricity and magnetism and using these equations he derived what
is known as the wave equation from which he predicted the existence
of electromagnetic waves®*. From lhe wave equalion, Maxwell could
calculate the speed of electromagnetic waves in [ree space and he [ound
ihat the theoretical value was very close to the measured value of speed
of light. From this, he propounded that light must be an
electromagnetic wave. Thus, according lo Maxwell, light waves are
associated with changing electric and magnetic fields; changing electric
field produces a time and space varying magnetic field and a changing
magneiic field produces a iime and space varying eleciric field. The
changing eleciric and magnelic lields resull in the propagation of
eleclromagnetic waves (or lighl waves) even in vacuum.

In this chapler we will first discuss the original formulation of the
Huygens principle and derive the laws of reflection and refraction. In
Sections 10.4 and 10.5, we will discuss the phenomenon of interference
which is based on the principle of superposition. In Section 10.6 we
will discuss the phenomenon of diffraction which is based on Huygens-
Fresnel principle. Finally in Section 10.7 we will discuss the
phenomenon of polarisation which is based on the fact that the light
waves are lransverse electromagnelic wwaves.,

* Maxwell had predicied the exdstence of electromagnetic waves around 1855; it
was much laler (around 1890) that Heinrich Hertz produced radiowayes in the
laboratory. J.C. Bose and G. Marcord made pracifieal applications of the ITerrzion
LNIDES
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10.2 HuyGeNns PRINCIPLE

We would first define a wavelront: when we drop a small stone on a
calm pool of water, waves spread out from the point of impact. Every
point on the surface starts oscillating with time. At any instant, a
photograph of the surlace would show cireular rings on which the
disturbance is maximum. Clearly, all points on such a circle are
oscillating in phase because they are at the same distance from the
gource. Such a locus of points, which oscillate in phase is called a
wavefront; thus a wavefront is defined as a surface of constant
phase. The speed with which the wavelront moves ouiwards [rom the
source is called the speed of the wave. The energy of the wave travels
in a direction perpendicular to the wavelront.

[fwe have a point source emitting waves uniformly in all directions,
then the locus of peints which have the same amplitude and vibrate in
the same phase are spheres and we have what is known as a spherical
wave as shown in Fig. 10.1(a). At a large distance from the source, a
small portion of the sphere can be considered as a plane and we have
what is known as a plane wave [Fig. 10.1(b)].

Now, if we know the shape of the wavefront at t = 0. then Huygens

prineiple allows us to determine the shape of the wavelront at a later |

time r. Thus, Huygens principle is essentially a geometrical construction,
which given the shape of the walefroni at any time allows us to determine

the shape of the wavefront at a later time. Let us consider a diverging o -vpe 101 I'

wave and let F.F, represent a portion of the spherical wavefront at =0
(Fig. 10.2). Now, according to Huygens principle, each point of the
wauvefront is the sowrce of a secondary disturbance and the wavelets
emanaling from these points spread oul in all directions with the speed

of the wave. These wavelets emanating from the wavefront are usually |

referred to as secondary wavelets and if we draw a common tangent
to all these spheres, we obtain the new posttion of the wavefront at a
later time,

FIGURE 10.2 F I, represents the spherical wavefront {(with O as
cepatre] at + = 0. The envelope of the secondary wavelels
emanating from F\F, produces the forward moving wavefront G, G,.
The backwave D D, does not exist.

FIGURE 10.1 (a] A
diverging spherical
wave emanating from
& poini spurce. The
LI-:‘:'\'{:E-IIFILES el
spherleal

b] At a
large distance {rom
the source, a small
portion of the
spherical wave can
pe approxmated by a
plane waive.
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FIGURE 10.3
Huygens geamemrical
construcdon for a
plane wave
propagaing to the
right. F, T, is the
plane wavelront al
t=0 and G G is the
wavefront at a later

Hrae « The lines A A,

H";B*: e BER., OFR
nofinal 1o both T F,
and (3, G, and
CEPTesSerl rays.
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Thus. if we wish to determine the shape of the wavefront at £= 1, we
draw spheres of radius vr from each point on the spherical wavefront
where vrepresents the speed of the waves in the medium. If we now draw
a common tangent io all these spheres, we obiain the new posiiion of the
wavefront at t=r. The new wavefront shown as G, G, in Fig. 10.2 is again
spherical with point O as the centre.

The above model has one shartcoming: we also have a backwave which
is showni as DD, in Fig. 10.2. Huygens argued that the amplitude of the
secondary wavelets is maximum in the forward direction and zero in the
backward direction; by making this adhoc assumption, Huygens could
explain the absence of the backwave. However, this adhoc assumption is
not satisfactory and the absence of the backwave is really justified [rom
more rigorous wave theory.

In a similar manner, we can use Huvgens principle to determine the
shape of the wavelront for a plane wave propagating through a medinm
(Fig. 10.3).

10.3 REFrACTION AND REFLECTION OF
PLanE Waves usiING HuyGENS PRINCIPLE

10.3.1 Refraction of a plane wave

We will now use Huygens principle io derive the laws of refractdon. Let PP
represent the surface separating medium 1 and medium 2, as shown in
Fig. 10.4. Let v, and v, represent the speed of light in medium 1 and
medium 2, respectvely. We assume a plane wavefront AB propagating in
the direction A'A incident on the interface at an angle i as shown in the
figure. Let rbe the time taken by the wavelront o iravel ihe distance BC.
Thus,

BC.=IJ1T

Incident wavefront

Medium 1

FIGURE 10.4 A plane wape -AB is incident at an angle i on the surface
PP separating medium 1 and medinm 2. The plane wave undergoes
refraction and CE represents the refracted wavelront. The figare
corresponds 1o w, < v, so that the relracted waves bends towards the
normal.
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In order to determine the shape of the refracted
wavefront, we draw a sphere of radius v, r from the point
A in the second medium (the speed of the wave in the
second medium is v,). Let CE represent a tangent plane
drawn from the point C on to the sphere. Then, AE=1, r
and CE would represent the refracted wavefront. If we
now consider the iriangles ABC and AEC, we readily
obtain

. BC _wr
sini= AC - AC (10.1)
and
AE _wr
sinr= AC _AC (10.2)

where i and rare the angles of incidence and refraction,
respectively, Thus we obtain

sini v

sinr v, (10.3)

From the above equation, we get the important result
that if r< i (i.e., if the ray bends toward the normal), the
speed of the light wave in the second medium {u2] will be
less then the speed of the light wave in the firsi medium
(v,). This prediction is opposite to the prediction from
the corpuscular model of light and as later experiments
showed, the prediction of the wave theory is correci. Now,
if crepresents the speed of light in vactium, then,

=2
= n (10.4)
and
C
M= (10.5)

are known as the refractive indicea of medium 1 and

Christiaan Huygens
(1629 - 1695) Duich

physieist, astronomer,

mathematician and the
founder of the wave
theory of light. His book,
Treatise on light, makes
fascinating reading even
today. He brillianily
explained the double
refraction shown by the
mineral calcite in this
work in addition to
reflection and refraction,
He was the first to

analvse circular and

slmple harmonie motion
and designed and buall
improved clocks and
telescopes. He discoverad
the irue geometry of
Saturn's rings.

medinm 2, respectively. In terms of the refractive indices, Eq. (10.3) can

be wrliten as
n, sini=n,sinr

(10.6)

This is the Snell's law of refraction. Further, if A, and A, denote the
wavelengths of light in medium 1 and medium 2, respectively and il the
distance BC is equal to / | then the distance AE will be equal to A, (because
if the erest from B has reached C in time r, then the crest [rom A should

have also reached E in dme r); thus,
4 _BC
4 AE oy

or

(10.7)
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The above equation implies that when a wave gets refracted into a
denser medium (v, > v,) the wavelength and the speed of propagation
decrease but the frequency v (= u/i) remains the same.

10.3.2 Refraction at a rarer medium

We now consider refraction of a plane wave at a rarer medium, i.e.,
u, > U,. Proceeding in an exactly similar manner we can construct a
refracted wavelront as shown in Fig. 10.5. The angle ol refraction
will now be greater than angle of incidence; however, we will still have

n, sin i=n, sin r. We define an angle i, by the lollowing equation
n
sini, =?f (10.8)

Thus, if i = {_then sin r= 1 and r=90°. Obviously, for > i, there can
not be any refracted wave. The angle i_is known as the critical angle and
for all angles of incidence greater than the critical angle, we will not have
any refracted wave and the wave will undergo what is known as total
internal reflection. The phenemenon of total internal reflection and its
applications was discussed in Section 9.4,

Incident wavelronl

Medium 1
i
0 \\/‘J T
Medlum 2 A «
u& \J\
Refracted wavelront
Ltj} oy

FIGURE 10.5 Refracdon of a plane wave incident on a
rarer medinm for which i, >, The plane wave bends
away from the normal

10.3.3 Reflection of a plane wave by a plane surface

We next consider a plane wave AB incident at an angle i on a reflecting
surface MN. If v represents the speed of ithe wave in the medinm and if ¢
represents the fime taken by the wavefront to advance from the point B
to C then the distance

BC = vr

In order to construct the reflecied wavefront we draw a sphere of
radius ur from the point A as shown in Fig. 10.6. Let CE represent the
tangent plane drawn [rom the point C {o this sphere. Obviously

AE=BC =07
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Incideni
wavelront

Reflected
wnvefront

FIGURE 10.6 Rellection of a plane wave AB by the rellecting surface MN,
AR and CE represent incident and reflected wavelronts,

I[ we now consider the triangles EAC and BAC we will [ind that they
are congrueni and therefore, ithe angles { and r (as shown in Fig. 10.6)
would be equal. This is the law of reflection,

Once we have the laws of reflection and refraction, the behaviour of
prisms, lenses, and mirrors can be understood. These phenomena were
discussed in detail in Chapier 9 on the basis of rectilinear propagation of
light. Here we just describe the behaviour of the wavefronts as they
undergo reflection or refraction. In Fig. 10.7(a) we consider a plane wave
passing through a thin prism. Clearly, since the speed of light waves is
less in glass, the lower portion of the incoming wavefront (which travels
through the greatest thickness of glass) will get delayed resulting in a tilt
in the emerging wavefront as shown in the figure. In Fig. 10.7(b)] we
consider a plane wave incident on a thin convex lens; the central part of
the Ineident plane wave traverses the thickest portion of the lens and is
delayed the most. The emerging wavefront has a depression at the cendre
and therefore the wavelront becomes spherical and converges Lo the poinl
F which is known as the focus. In Fig. 10.7(c) a plane wave is incident on
a concave mirror and on reflection we have a spherical wave converging
to the focal point F. In a similar manner, we can understand refraction
and reflection by concave lenses and convex mirrors.

Fromi the above discussion it follows that the total time taken from a
point on the object to the corresponding point on the image is the same
measured along any ray, For example, when a convex lens focusses light
to form a real image, although the ray going through the centre traverses
a shorter path. but because of the slower speed in glass, the iime taken
is the same as for rays wravelling near the edge of the lens.

Comuimye Mmirrnr

_of ruidiies
S o
- —_ =
::I‘h-'rrl:ll I !"-I" "1":” Inddlesil
L plithrwibe - plancwnve F
= g
. [ et
Spherical wavelront Spherical wavelroni
of sk | of raablus K72
ial L
L]
FIGURE 10.7 Refracdon of a plane wave by (a) a thin prism, (b) a convex lens

[e) Rellectlon of a plane wave by a eoncave milrror
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Example 10.1
(a) When moneochromaiic light is incident on a surface separating

two media, the reflected and refracted light both have the same
Fequency as the incident frequency. Explain why?

(b When light travels from a rarer to 4 denser medium, the speed

[c)

decreases. Does the reduction in speed imply a reduction in the
energy carried by the light wave?

In the wave picture of light. intensity of light is detenmined by the
square of the amplitude ol the wave. What determines the intensity
of light in the photon picmure of light.

Solution
[a) ReflecHon and refraction arise through interacton of incident Hyght

with the atomic constiiuents of matter, Atoms may be viewed as
oscillators, which 1ake up the frequency of the external agenecy
(light) causg forced oscillations. The frequency of light emitied by
a charged oscillator equals its frequency of oscillation. Thus, the
frequency of scatiered light equals the frequency of incident light.

(b) No. Energy carried by a wave depends on the amplitude of the

(c)

wave, nol on the speed of wave propagetion.

For a given frequency, intensity of lighi in the pholon piclure is
determined by the number of photons crossing an unii area per

Exavme 10.1

unit tme.

FIGURE 10.8 [a) Two necdles osclllaiing in
r.'h-’l"?'_‘ 11 WHIET Tepresent Two coherent sources.
(b) The paticrn of displacement of water
molecules at an instant on the surface of water
showing nodal N (no displacement] and
aniinedal A (maximmum displacement) Lnes.

10.4 CoOHERENT AND INCOHERENT
AbppitioN oF WAVES

In this section we will discuss the
interference pattern produced by the
superposition of two waves, You may recall
that we had discussed ihe superposition
principle in Chapter 14 of your Class XI
itexibook. Indeed the eniire [ield ol
interference is based on the superposilion
principle according to which at a particular
point in the medium, the resultant
displacement produced by a number of
wauves is the vector sum gof the displace-
ments produced by each of the waves.
Consider two needles 5, and 5, moving
periedically up and down in an identical

[ashion in a rough of waler [Fig. 10.8(a)]. They produce two waler waves,
and at a pardcular point, the phase difference beiween the displacemenis
produced by each of the waves does not change with time; when this
happens the two sources are said to be coherent. Figure 10.8(b) shows
the position of crests (solid circles) and troughs (dashed circles) at a given
instant of time. Consider a point P for which

8 S,P=8,P
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Since the distances 5, P and 5, P are equal. waves from S, and 5, will
take the same time to travel to the point P and waves that emanate from
S, and S, in phase will also arrive, at the point P, in phase.

Thus. if the displacement produced by the source S, at the point Pis
given by

51@ = T?“

A
Yy, =acos ot h
then, the displacement produced by the source S, (at the point P) will 5’

also be given by

Y, =acos al

Thus, the resultant of displacement at P would be given by

y=1y,+y,=2 acos of

Since the inlensity is proportional to the square ol the amplitude, the
resuliant intensity will be given by

I=41,
where [, represents the iniensily produced by each one of the individual
sources; | is proportional to o, In fact at any point on the perpendicular ]
bisector of 3,5,, the intensity will be 41,. The two sources are said Lo

interfere consiructively and we have what is referred io as constructive
interference. We next consider a point @ [Fig. 10.9(a)]

FIGURE 10.9
(a) Cansiructive
interference at .a

for which point @ for which the

S.0-5.0=24 pail difference s 24
2 . (o) Destructive

The waves emanating from S, will arrive exactly two cycles earlier  jnierfercnce at a

than the waves from 5, and will again be in phase [Fig. 10.9(a)]. Thus, if point B for which the

the displacement produced by S, is given by palh difference is
Yy, = acos wt S

then the displacement produced by 5, will be given by
Y, =acos (wt—4rn) = dacos of

where we have used the [act that a path difference of 24 corresponds toa

phase difference of 4r. The two displacements are once again in phase

and the intensity will again be 4 I giving rise Lo construciive interference.

In the above analysis we have assumed that the distances 5,Q and 5,Q

are much greater than d (which represents the distance between 5, and

S,) so that although 5,Q and 5,9 are not equal, the amplitudes of the ; S Lyl

displacement produced by each wave are very nearly the same. \Vf n=1
We next consider a point R [Fig. 10.9(b)] for which = ‘.QL.J -0
S,R-8,R=-254 ﬂn=-l

The waves emanating from S, will arrive exactly two and a half cycles g

later than the waves lrom S, [Fig. 10.10(b)]. Thus if the displacement FIGURE 10,10 Loaia

preduced by S, is given by of polnts for which
Y, = acos ot 5.F - 5,F 15 aqual to

then the displacement produced by S, will be given by e R Bl

Y, = acos (wt+ 5x) =—acos ut S
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where we have used the fact that a path difference of 2.5A corresponds to
a phase difference of 5n. The two displacements are now out of phase
and the two displacements will cancel out to give zero intensity. This is
referred to as destructive nterference,

To sunmnarise: Il we have two coherent sources S, and S, vibraling
in phase, then for an arbitary point P whenever the path difference,

5P ~35P=nt (n=0,1.2, 3...) (10.9)
we will have constructve interference and the resultant intenaity will be
4l the sign ~ between 5,P and 5, P represents the difference between
5,P and S, P. On the other hand. If the point P is such that the path
difference,

SP~8P= [n+-%] i n=0.1,2,8...) (10.10)

we will have destructive interference and the resultant intensity will be
zero. Now, for any other arbitrary peoint G (Fig. 10.10] let the phase
difference between the two displacemenis be ¢. Thus, if the displacement
produced by 3, is given by

Yy, = acos w
then, the displacement produced by S, would be
Yy, = acos (wmt+ ¢)
and the resultant displacement will be given by
U=y tuy,
= g [cos at + cos [wf +¢)]
=2 acos (¢/2) cos (wt+ ¢/2)

[ cosA+cosB = ZEm{i;ﬁ] ms[zi]]

The amplitude of the resuliant displacement is 2a cos (¢/2) and
therefore the intensity at that point will be

I=41 cos® ($/2) (10.11)

Hp=0,+2mn +4nx,... which corresponds to the condition given by
Eq. (10.9) we will have constructive interference leading o maximum
iniensity. On the other hand, il ¢=+m, + 3w, + B ... [which corresponds to
the condition given by Eq. {10. 10)] we will have destructive interference
leading to zero inlensity.

Now il the two sources are coherent (i.e., if the two needles are going
up and down regularly) then the phase difference ¢ al any point will not
change with Hme and we will have a stable interference paitern; i.e., the
positions of maxima and minima will not change with Hme. However, il
the two needles do nol maintlain a constanl phase difference, then the
interference paitern will also change with time and, if the phase diflerence
changes very rapidly with time, the posilions of maxima and minima will
also vary rapidly with time and we will see a “lime-averaged” inlensity
distribulion. When this happens, we will observe an average inlensity
that will be given by

I=2% (10.12)
at all points.
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When the phase difference between the two vibrating sources changes
rapidly with time, we say that the two sources are incoherent and when
this happens the intensities just add vwp. This is indeed what happens

when two scparate light sources lluminate a wall.

10.5 INTERFERENCE OF LicHT WavEs AND YOUNG'S

EXPERIMENT

We will now discuss interference using light waves. If
we uge two sodium lamps Mluminating two pinholes
(Fig. 10.11) we will not observe any inierference fringes.
This is because of the fact that the light wave emitied
[rom an ordinary source (like a sodium lamp) undergoes
abrupt phase changes in times of the order of 107
seconds. Thus the light waves coming out [rom iwo
independent sources of light will not have any fixed
phase relationship and would be incoherent. when this
happens, as discussed in the previous section, the
intensities on the screen will add up.

The British physicist Thomas Young used an
ingenious technique to “lock” the phases of the waves

AN (52
Sodium Loomg

Screcn
FIGURE 10.11 I two soditm
lamps lluminate two pinholes
5, and 5., the intensilies will add
up and 1*n interference fringes will
be abserved on the sereer,

emanating from S, and 5,. He made twe pinholes 5,

and S, {very close to each other] on an opaque screen [Fig. 10.12(a]].
These were illuminated by another pinholes that was In turn, lit by a
bright source. Light waves spread out from S and fall on both S, and 5,.
S, and 5, then behave like two coherent sources because light waves
coming out from S, and 5, are derived [rom the same original source
and any abruapt phase -:'.h'ange in S will manilest in exacily similar phase
changes in the light coming oul from S, and S,,. Thus, the iwo sources S,
and S, will be locked in phase: i.e., Lhejf wﬂl be coherent like the i.wn
ﬂbrating needle in our water wave example [Fig. 10.5(a]].

The spherical waves emanating from 5, and S, will produce
interference fringes on the screen GG', as shown in Fig. 10.12(b). The
positions of maximum and minimum intensities can be calculated by
using the analysis given in Section 10.4.

_l,.-"/‘f/ k. s
f ¥
- g - i
- o

(b)

FIGURE 10.12 Young's arrangemenl Lo produce inlerlerence pallern.
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Thomas Young
(1773 - 1829) English
physicist, physician and
Egyptologist. Young worked
on a wide varlety of
seieniific problems, ranging
from the structure of the eye
and the mechanism of
vision to the decipherment

We will have consouctve interference resulting in a bright
region when % = nd. That is,

N %;n:{lt | R T

On the other hand, we will have destructive

(10.13)

1
interference resulting in a dark reglon when uxgu =+ ) A
that is

(10.14)

Thus dark and bright bands appear on the screen.
as shown in Fig. 10.13. Such bands are called fringes.
Equations (10.13) and (10.14) show that dark and
bright fringes are equally spaced.

= xn= [n+%: legp s '_'G'r:t 1-12

d = 0.025 mm [f==1 mm)

10—
of the Rosetta stone. He
revived the wave theory of
light and recognised that
interference phenomena
provide proof of the wave
properties of light,
0
10—
i I I |
=10 Q 10
¥ ()
FIGURE 10.13 Compuler gencrated [ringe patiem produced by two poinl
source S and 5; on the screen GG (Fig. 10.12): correspond i d = 0.025

i, D=5 cm and k=0

* 105 cni) (Adopted from OPTICS by A, Ghaials,

Tats MeGraw HIll Publishing Ce. Ltd., New Delld, 2000.)

10.6 DIFFRACTION

If we look clearly at the shadow cast by an opague object, close to the
region of geometrical shadow, there are alternate dark and bright regions
just like in interference, This happens due o the phenomenon of
diffraction. Dillraction is a general characteristic exhibited by all types of
waves, be it sound waves, light waves. water waves or mater waves. Since
the wavelength of light is much smaller than the dimensions of most
obsiacles: we do not encounter diffraction eflects of light in everyday



Wave Optfics

observations. However, the finite resoluton of our eyve or ol opiical
insouments such as telescopes or microscopes is limited due to the
phenomenon of diffraction. Indeed the colours that you see when a CD is
viewed is due to diffraction effects. We will now discuss the phenomenon
of diffracton.

10.6.1 The single slit

In the dizcussion of Young's experiment, we sialed thai a single narrow
slit acts as a new source from which light spreads out. Even before Young,
early experimenters — inchuding Newton — had noticed that light spreads
oul from narrow holes and slits. Il seems to turn around corners and
enter regions where we would expeect a shadow. These effects, known as
diffraction, can only be properly undersiood using wave ideas. After all,
you are hardly surprised to hear sound
waves from someone talldng around a corner!

When the double slit in Young's

experiment is replaced by a single narrow _ i e

slit (illuminated by a monochromatle i

souree], a broad pattern with a central bright

region is seen. On both sides, there are From s
alternate dark and bright regions. the

intensity becoming weaker away [rom the
cenire (Fig. 10.15). To understand this, go
io Fig. 10.14, which shows a parallel beam
of light falling normally on a single slit LN of
width a. The diflracted light goes on to meet
a screer. The midpoint of the slitis M.

A straight line through M perpendicular
to the slit plane meets the screen at C. We want the
intensity at any point P on the screen. As before, straight
lines joining P to the different poinls L.M N, eic., can be
treated as parallel, making an angle @ with the

normal MC. - s
The basic idea is to divide the slit into much smaller L
paris, and add their confributions at P with the proper 5

phase dilferences. We are ireaiing dillerent paris of the

wavelront at the slit as secondary sources. Because the

ncoming wavefront is parallel to the plane of the slit, these &

sources are in phase. '
It is observed that the inlensity has a cenltral

FIGURE 10.14 The
differences lor diffraclion by a single slil.

geometry of path

Slﬂ | I

maximum at 0= 0 and other secondary maxima at 0w Ll‘g&mmﬂ
(n+1/2) 4/a, which go on becoming weaker and weaker (1) Viewing scrorn
with increasing ri. The minima (zero intensity) are at #=
ndfa, n==+1, £2, £3, ... FIGURE 10.15 Intensicy
The photograph and Inteusity pattern corresponding  disiribution and photograph of
to it is shown in Fig. 10.15. fringes due to diffraction
There has been prolonged discussion about at single slii.

difference beiween intereference and diffraciion among
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scientisis since the discovery of these phenomena. In this coniext, it is
interestng to note what Richard Feynman® has said in his famous
Feynman Lectures on Physics:

No one has ever been able to define the difference betiveen
interference and diffraction satisfactorily. It is just a gquesiion
af usage, and there is no specific, important physical difference
betiseen them. The best we can do is, roughly speaking, is to
say that when there are only a _few sources, say two interfering
sources, then the result is usually called (nterference, but if there
is a large number of them, it seems that the word diffraction (s
more often used.

In the double-slit experiment, we must note that the pattern on the
screen is actually a superposition of single-slit diffraction from each slit
or hole, and the double-slit interference pattern.

10.6.2 Seeing the single slit diffraction pattern

[t is surprisingly easy to see the single-slit diffraction patiern for oneself.
The equipinent needed can be found in most homes — two razor blades
and one clear glass electric bulb preferably with a straight filament. One
has to hold the two blades so that the edges are parallel and have a
narrow slit in between, This is easily done with the thumb and forefingers
(Fig. 10.186).

KEeep the slit parallel 1o the filament, right in front of the eye. Use
speciacles il vou normally do. With slight adjusunent of the widih of
the slit and the parallelism of the edges, the pattern should be seen
wiih iis bright and dark bands. Since the position of all the bands
(except the central one) depends on wavelength, they will show some
colours. Using a filter for red or blue will make the fringes clearer,
With both filters available, the wider fringes for red compared to blue
can be seen.

In this experiment, the filament plays the role of the first slit S in
Fig. 10.15. The lens of the eye [ocuses the pattern on the screen (the
retina of the eye).

With some effort, one can cut a double slit in an alumindum foil with
a blade, The bulb filament can be viewed as befare to repeat Young's
experiment. In daylimne. there is another suitable bright source sublending
a small angle at the eye. This is the reflection of the Sun in any shiny
convex surface [e.g., a cycle bell). Do not iry direct sunlight - it can damage
the eye and will not give fringes anyway as the Sun subtends an angle
of (1/2)°

In interference and diffraction, light energy is redistributed. If it
reduces in one region, producing a dark _fringe; it increases in another
region, producing a bright fringe. There is no gain or loss of energy,
which is consistent with the principle of conservation of energy.

* Richand Feynman was one of the recipienis of the 1965 Nobel Prize in Physics
for his fundamental work in quantum electrodynamics,
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10.7 POLARISATION

Consider holding a long string that is held horizontally, the other end of
which is assumed to be fixed. If we move the end of the string up and
down in a periodic manuer, we will generate a wave propagating in the
+x direction (Fig. 10.17). Such a wave could be described by the following
equation

=0

t=At
— | —p

R N SN N N 7
AN/ SN/ SN/ Y/ B/ SR\ /

—_— 5

— 1y [t

T e
s AN AAAAADAAAAAAAAAAAAAAAND
VTV VT TV YV T TV Y

FIGURE 10.17 (a) The curves represent the displacement of a siring af
t =0 and a2l [ = A, respectively when a sinuscidal wave is propagating
in ihe +xdirecten. B} The curve represenis the time variation
of the dizsplacemerni at ¥ = 0'when a sinuscidal wave is propagating
in the +x-direcdon. At x = Ax, the: thne varlation of the
displacement will be slightly displaced 1o the right.

ylxt) = asin (- wi {10.15)

where aand o(=2nv) represent the amplitude and the angular frequency
of the wave, respectively; [urther,

2
ot
ke (10.16)

represents the wavelengih associated with the wave. We had discussed
propagation of such waves in Chapier 14 of Class X1 texibook. Since the
displacement (which is along ihe y direction) is al right angles (o the
direction of propagation of the wave, we have what is known as a
transverse wave. Also, since the displacement is in the y direction, it is
often referred to as a y-polarised wave. Since each point on the string
moves on a siraight line, the wave is also referred to as a linearly polarised 269
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wave. Further, the siring always remains confined (o the x-y plane and
therefore it is also referred 1o as a plane polarised wave.

In a similar manner we can consider the vibration of the string in the
x-z plane generating a z-polarised wave whose displacement will be given
by

Z (x,1) = asin (kx- wl) (10.17)

It should be mentioned that the linearly polarised waves [described
by Egs. (10.15) and (10.17]] are all transverse waves; il.e., the
displacement of each point of the siring is always ait right angles to the
direction ol propagation of ithe wave. Finally, il the plane of vibration ol
the siring is changed randomly in very short intervals of iime, then we
have what is known as an unpolarised wave. Thus, for an unpolarised
wave the displacement will be randomly changing with time though it
will always be perpendicular to the direction of propagation.

Light waves are transverse in naiure; i.e., the electric field associated
with a propagaing light wave is always at right angles to the direction of
propagation of the wave. This can be easily demonsirated using a simple
polarpid. You must have seen thin plastic like sheets, which are called
polaroids. A polarcid consists of long chain molecules aligned in a
particular direction. The electric vectors (associaied with the propagating
light wave) along the direction of the aligned molecules get absorbed.
Thus, il an unpolarised light wave is incident on such a polarocid then
the light wave will get linearly polarised with the electric vector oscillating
along a direction perpendicular to the aligned molecules; this direction
is kmown as the pass-axis of the polaroid.

Thus, if the light from an ordinary source (like a sodium lamp) passes
through a polaroid sheet P, it is observed that its intensitly is reduced by
half. Rotating P, has no eﬂect on the transmitted beam and transmitted
intensity rtmaj_us consiant. Now, let an identical piece of polareid F, be
placed before P,. As expected, the light from the lamp is reducf:d in
intensity on passing through F, alone. But now rotating P, has a dramatic
effect on the light coming [rom P,. In one position, the inlensily transmitied
by P, followed by P, is niearly zero. When turned by 90° from this position,
P, transmils nearly the {ull intensity emerging from P, (Fig. 10.18).

The above experiment can be easily undersiood by assuming that
Hght passing through the polareid F, gets polarised along the pass-axis
of P,.If the pass-axis of P, makes an angle # with the pass-axis of P,.
then when the polarised beam passes through the polaroid F,, the
component E cos ¢ (along the pass-axis of ) will pass through P,.
Thus, as we rotate the polaroid P, (or P,), the intensity will vary as:

=1, cos’0 (10.18)

where I is the intensity of the polarized light alter passing through
P..This is known as Malus’ law. The above discussion shows thal the
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FIGURE 10.18 [a) Passage of light through two polaroids F, and P,. The

transmitied fracdon fAlls fom | to O as the angle hetween them varies
from ©° to 307 Nodee that the Ught seen through & single polaroid
P, does not vary with angle. (b) Behaviour of the electric veelor

when lghi passes through two polarsids, The transmitted
polarisation is the component parallel to the polaroid ssis,
The double arrows show the gscillations of the electric vecior.

intensity coming oul of a single polaroid is hall of the incident intensity.
By putting a second polaroid, the intensity can be further controlled
from 50% to zero of the incident intensity by adjusiing the angle between
the pass-axes of two polaroids.

Polaroids can be used to conirol the intensity, in sunglasses.
windowpanes, etc. Polaroids are also used in photographic cameras and
3D movie cameras.

Example 10.2 Discuss the intensity of transmitied light when a
polaroid sheet is rotated between two crossed polaroids?

Solution Let [, be the intensity of polarised light after passing through
the first polariser P, Then the intensity of light after passing through
second polariser P, will be

I = I,cos*8.
where () is the angle between pass axes of P, and F,. Since P, and P,
are crossed the angle between the pass axes of P, and F, will b:
{n/2-6). Hence the intensity of light emerging from P will be
I = Icos%8 cos® %—E

= I, cos®0 sin®@=(I,/4) sin®20
Therefore, the tramsmitted intensity will be maximum when 8 = /4,

0T TIdRvEH
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SUMMARY

1. Huygens' principle tells nus that each point on a wavefront is a source
of secondary waves, which add up to give the wavelronl at a later time.

2. Huygens' construction tells us that the néw wavelronl is the forward
envelope of the secondary waves, When the speed of Hght is
independent of direction, the secondary waves are spherical. The rays
are then perpendicular to both the waveironts and the time of ravel
i1z the same measured along any ray. This principle leads to the well
lmown laws of reflection and refracton,

3. The principle of superposition of waves applies whenever twa or mare
sources of lHght flluminate the same point. When we consider the
intensity of ight due to these sources at the given point. there Is an
interference term in addition to the sum of the individual intensites.
But this term s tmportant only if it has a non-zero average, which
occurs only if the sources have the same fiequency and a stable phase
difference.

4, Youngs double slit of separation d gives equally spaced interference
fringes,

5 A =ingle slit of width a gives a diffraction pattern with & central

maxitaum. The intensity falls to zero at angles of iE-i %- ele..
with successively wealker secondary mexima in between,

6. Natural hght, e.g., from the sun is unpolarised. This means the electric
vector takes all possible dirscions fn the iransverse planes, rapidiy
and randomly, during a measurement. A polarold transmits only one
compenent (parallel to a special axis). The resulting light i= called
linearly polarised or plane polarised, When this kind of Tight 1s viewed
threugh a second polarold whose axis turms ithrough 2, two maxima
and minima of intensity are seen.

POINTS TO PONDER

Waves from a polnt source spread out in all directions; while light was
seent to travel along narzow Tays, Iizequired the insight and experiment
of Huygens, Young and Fresnel to understand how a wave theory could
explain all aspects of the behaviour of light,

The cructal new feature of waves is interference of amplitudes from different
sources which can be both consiructive and destructive, as shown in
Young's experiment,

Diffraction phenomena define the limits of ray optics. The limit of the
ability of microscopes and lelescopes lo distinguish very close objects is
set by the wavelength of ngtn

Most interference and diffraction «fects exist even for longitudinal waves
like sound n air. But polarisation phenomena are special to transverse
waves like light waves.
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EXERCISES

Menochromatite Hght of wavelength 589 nm is incident from air on a
water surface. What are the wavelengih, frequency and speed of
(a) reflected, and (b) refracted light? Refractive index of water is
1.33.

What is the shape of the wavefront in each of the following cases:
(a) Light diverging from & point source.

(b) Light emerging out of a convex lens when a point source is placed
at its focus.

(c) The portion of the wavelront of light from a distant star intercepted
by the Earth.

() The relraciive index ol glass is 1.5, What is the speed of light in
glass? (Speed of light in vacuum is 3.0 X 10fm s

(b) Is the speed of light in glass independent of the colour of light? I
not, which of the owo colours red and vielet travels slower in a
glass prism?

In a ¥Young's double-slit experiment. the slits are separated by

0.28 mm and the screen is placed 1.4 m away. The distance between

the ceniral bright fringe and the lourili bright fringe is measured

to be 1.2 cm. Determine the wavelength of light used in the
experiment.

In Young's double-slil experiment using monochromatic lght of

wavelength A, the intensity of Hght at a poinl on the screen where

path difference is 4, is K units, What 15 the intensity of light at a

point where path difference is 4/37

A beam of light consisting of two wavelengths, 650 um and 520 nm,

iz used to obtain interference fringes in a Young's double-slit

cxperiment.

(a) Find the distance of the third bright fringe on the screen from
the central maximurm lor wavelength 650 nm,

(b) What is the least distance from the central maximum where the
bright fringes due to both the wavelengihs coincide?
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Chapter Eleven

DUAL NATURE OF
RADIATION AND
MATTER

I pesacil |

11.1 INTRODUCTION

The Maxwell's equaiions of eleciromagnetism and Herilz experimenis on
the generation and detection of electromagnetic waves in 1887 strongly
established the wave nature of light. Towards the same period at the end
of 19ih century, experimenlal invesligations on conduction of eleclricity
[electric discharge) through gases at low pressure in a discharge tube led
to many historic discoveries. The discovery of X-rays by Roentgen in 1895,
and of electron by J. J. Thomson in 1897, were important milestones in
the understanding of atomic structure. It was found that at sufficiently
low pressure of about 0.001 mm of mercury column, a discharge took
place between the two electrodes on applying the electric field to the gas
in the discharge tube. A fluorescent glow appeared on the glass opposite
to cathode. The colour of glow of the glass depended on the type of glass,
it being yellowish-green for soda glass. The cause of this luorcscence
was atiributed to the radiation which appeared 1o be coming from the
cathode. These cathode rays were discovered. in 1870, by William
Crookes who later, in 1879, suggested that these rays consisted of streams
of fast moving negatively charged particles, The British physicist
J. J. Thomson (1856-1940) confirmed this hypothesis. By applying
mutually perpendicular electric and magnetic fields across the discharge
tube, J. J. Thomson was the first to determine experimentally the speed



Dual Nature of Radiation

and Matter

and the specific charge [charge to mass radoe (e/ m)] of the cathode ray
particles. They were [ound Lo travel with speeds ranging [rom about 0.1
to 0.2 times the speed of light (3 x10°m/s). The presently accepted value
of e/mis 1.76 x 10" C/kg. Further. the value of e/m was found io be
independent of the nature of the material/metal used as the cathode
[emitter), or the gas introduced in the discharge tube. This chservation
suggested the universality of the cathode ray particles.

Around the same thne, in 1887, it was [ound that certain metals, when
irradiated by uliraviclet light. emiiied negaiively charged particles having
small speeds. Also, certain metals when heated to a high temperature were
tound to emit negatvely charged particles. The value of ¢/ mof these particles
was found to be the same as that for cathode ray particles. These
observalions thus established that all hese particles, although produced
under different conditions, were identical in nature. J. J. Thomsorn, in 1897,
named these particles as eleetrons. and suggesied that they were
fundamental, universal constituents of matter. For his epoch-making
discovery of eleciron., through his theoretical and experimental
invesiigations on conduction of eleciricity by gasses, he was awarded the
Nobel Prize in Physics in 1906, In 1913, ihe American physicist R. A
Millikan (1868-1953) performed the pioneering oil-drop experiment for
the precise measurement of the charge on an electron. He found that the
charge on an oil-droplet was always an integral mulfiple of an elementary
charge, 1.602 x 10 ' C. Millikan's experiment established that electric
charge is quantised. From the values of charge (e) and specific charge
(e/m), the mass (m) of the electron could be determined.

11.2 ErLecTtrON EMissiON

‘We know that metals have free elecirons (negatively charged particles) that
are responsible for their conductivity, However, the [ree elecirons cannot
normally escape out of the metal surface. If an eleciron attempis to come
out of the metal, the melal surface acquires a positive charge and pulls the
electron back to the metal. The free electron is thus held inside the metal
surlace by the attractive forces ol the ions. Consequently, ithe electron can
come out of the metal surface only if it has got sufficient energy to overcome
the attractive pull. A certain minimum amourit of energy is required to be
given to an electron to pull it out from the surface of the metal. This
minimum energy required by an electron to escape from the metal surface
is called the work function of ihe metal. It is generally denoted by ¢, and
measured in eV (electron volt). One electron volt is the energy gained by an
electron wher it has been accelerated by a potential difference of 1 volt, so
that 16V =1,602%107"%J,

This unit of energy is commonly used in atomic and nuclear physics.
The work function (¢,) depends on the properties of the metal and the
naiure of its surface,

The minimum energy required for the electron emission from the metal
surface can be supplied to the free elecirons by any one of the following
physical processes:

[} Thermionic emission: By sultably heating, sufficient thermal energy
can be imparted (o the [ree electrons o enable them to come out of the
metal.

2ia
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(ii} Meld emission: By applying a very strong eleciric field (of the order of
108V In'l} 0 ameial, elecirons can be pulled out of the metal. asina
spark plug.

(iif) Photoeleciric emission: When light of suitable frequency illuminaies
a metal surface, electrons are emitted from the metal surface. These
photo(light)-generated clectrons are called photoelectrons,

11.3 PuororeLeEcTRIC EFFECT

11.3.1 Heriz's observations

The phenomenon of photoelectric emission was discovered in 1887 by
Heinrich Herz (1857-1894), during his electromagnetic wave experiments.
In his experimental investigation on the produciion of eleciromagnetic
waves by means of a spark discharge, Hertz observed that high voltage
sparks across the deiector loop were enhanced when the emiiter plaie
was illnminated by ultraviolet light [rom an arc lamp.

Light shining on the metal surface somehow facilitaied the escape of
free. charged particles which we now know as electrons. When light falls
on a metal surface, some electrons near the surface absorb enough energy
Irom the incident radiation to overcome the atiraction ol the positive ions
in the material of the surface. After gaining sufficient energy from the
incident light, the electrons escape from the surface of the metal into the
swTounding space.

11.3.2 Hallwachs' and Lenard's observations

Wilhelm Hallwachs and Philipp Lenard investigated the phenomenon of
photoeleciric emission in detail during 1886-1902,

Lenard [1862-1947) observed thal when ultraviclel radiations were
allowed Lo fall on the emitter plate of an evacuaied glass tube enclosing
two electrodes (metal plates), current flows in the circuit (Fig. 11.1). As
soon as the ultraviolet radiations were stopped. the current flow also
stopped. These observations indicate that when ultraviolet radiations fall
on the emiiter plaie C, elecirons are ejected from it which are atiracted
towards the positive, collecior plate A by the eleciric field. The elecirons
flow through the evacuated glass tube, resulting in the current flow. Thus,
light falling on the surface of the emitter causes current in the external
circuit, Hallwachs and Lenard studied how this photo current varied with
collector plaie polential, and with frequency and intensity of incident light.

Hallwachs, In 1888, undertook the study further and connected a
negatively charged zine plate 1o an cleciroscope. He observed that the
zine plate lost its charge when it was illuminated by ultraviclet light.
Further, the uncharged zinc plate became positively charged when ii was
iradiated by ultraviolet light. Positive charge on a posilively charged
zine plate was found to be further enhanced when it was illuminated by
ultraviolet light. From these observations he concluded that negatively
charged particles were emitted from the zinc plate under the action of
ultraviolet light.

After the discovery of the electron in 1897, it became evident that the
incident light causes electrons to be emitied from the emitter plate. Due
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lo negalive charge, (he emitled elecirons are pushed towards the collector
plaie by the eleciric feld. Hallwachs and Lenard also observed thal when
ultraviolet light fell on the emiiter plate, no electrons were emitted at all
when the frequency of the incident lght was smaller than a certain
minimum value, called the ihreshold frequency. This minimum frequency
depends on the nature of the material of thie emitter plate.

It was [ound thai ceriain metals like zinc, cadminm, magnesium, etc.,
responded only o uliraviolel light, having short wavelengih, lo cause
electron emission from the surface. However, some alkali metals such as
lithinm, sodium, peotassinum, caesivm and rubidinm were sensitive
even to visible light. All these photosensitive substances emit electrons
when they are illuminated by light. After the discovery of electrons, these
electrons were termed as photoelectrons. The phenomenon is called
photoelectric effect.

11.4 EXPERIMENTAL STUDY OF PHOTOELECTRIC
EFrrFECT

Figure 11.1 depicts a schematic view of the arrangement used for the
experimental study of the photoelectric effect. It consists of an evacuated
glass /quartz tube having a thin photosensitive plate C and another metal
plate A. Monochromatie light from the source S of sufficienily short
wavelength passes through the window W and falls on the photosensitive
plate C (emitter]. A transparent quariz window is sealed on to the glass
tube, which permits uliraviolet radiation to pass through it and irradiate
the photosensitive plate C. The electrons are emitted by the plate C and
are collected by the plaie A (collecior), by the electric field created by the
battery. The baiiery maintains the potential difference between the plates
C and A, that can be varied. The polarity of the plates C and A can be
reversed by a commutator. Thus, the plate A can be maintained at a desired
posidve or negative potential with respect to emitter C.,

When the collector plate A is positive with respect to the Quartz

emitter plate C, the clectrons are attracted to it. The mﬂfwlfj -

emission of electrons canses flow of electric curment in R mam
Photosensitive / 5.3 tube

the circuit. The potential difference between the emitter
and collector plates is measured by a volimeter (V)
whereas the resulting pholo current flowing in ihe circuit
is measured by a microammeter (pA). The pholoeleciric
current can be increased or decreased by varying the
potential of collector plaie A with respect to the emitter
plate C. The intensity and frequency of the incident light
can be varied, as can the potential difference Vbetween
the emitter C and the collecior A.

We can usge the experimental arrangement of Fig,
11.1 to study the variation of photocurrent with (a)
intensity of radiation, [b) frequency of incident radiation,
(c} the potential difference between the plates Aand C,
and (d) the natare of the material of plate C. Light of
different requencies can be used by pulling appropriate
coloured filter or coloured glass in the path of ight falling

plate P
\\-r. Ay o Electrons "_~.
".\‘_ = %/

[ c

FIGURE 11.1 Experimental
amangerent for study of
photoslectric effect
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Phictoelectric current ——»

on the emitter C. The intensily of ight is varied by changing
the distance of the light source from the emitter.

11.4.1 Effect of intensity of light on photocurrent

The collector A is maintained at a posgitive potential with
respect to emitier C so that elecirons gjected from C are
attracted towards collector A. Eeeping the frequency of the
incident radiaiion and the poiential fixed, the intensity of
light is varied and the resulting photoelectric current is
measured each time. It is found that the photocurrent
increases linearly with inlensily of incident light as shown

FIGURE 11.2 Variation of
Photoelectrice current with

Slopping pu%ntiﬂl

Intensity of lght ——» graphically in Fig. 11.2. The photocurrent is directly

proportional to the number of photoelectrons emitted per
second. This implies thal the number of photoelecirons

intenstty of ligh emitted per second is directly proportional to the intensity

-

of incident radiation.

11.4.2 Effect of potential on photoelectric current

We first keep the plate A at some positive potential with respect to the
plate C and illuminate the plate C with light of fixed frequency v and fixed
intensity I;. We next vary the positive potential of plate A gradually and
measure the resulting photocurrent each tdme. It is found that the
photoelectric current increases with increase in positive (accelerating)
potential. Al some siage, [or a cerlain positive polential of plate A, all the
emitted electrons are collected by the plate A and the photoelectric current
becomes maximum or satarates. If we increase the accelerating potential
ol plate A [urther, the photocurrent dees notl increase. This maximum
value of the photoelectric current is called saturation cuwrrent. Saturation
current corresponds to the case when all the photoelectrons emitted by
the emitier plate C reach the collector plate A.

We now apply a negative (retarding)
poteniial to the plate A with respect to the
plate C and make it increasingly negative
gradually. When the polarity is reversed,
the electrons are repelled and only the
sufficiently energetic electrons are able to

el > ; reach the collector A. The photocurrent
- 4 is found to decrease rapidly uniil it drops
» i? to zero at a certain sharply defined.
//’—k z critical value of the negative potential ¥
o the plate A. For a particular [requency
of incident radiation, the minimum
negaiive (retarding) potential V, given 1o
the plate A for which the phofocurrent

Fhotocurrent—as

= 'Iy-'u

0 stops or becomes zero is called the cut-

+—— Retarding potential Collector plate —» of[ or stopping potenticl.

potential The inierpreiaiion of the observation

FIGURE 11.3 Variadon of phowourrent with in terms of photoelectrons is
collector plate porendal for different straightforward. All the photoelectrons
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incident radiation. emitted from the metal do not have the
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samne energy. Photoeleclric current is zero when the stopping polential is
sufficient to repel even the most energetic photoelectrons, with the
maximum kinetic energy (K.,). so that

R..=¢e¢V, (11.1)

We can now repeat this experiment with incident radiation of the same
frequency bul of higher intensity [, and L (I; = L, > I,). We note that the
saluration currenis are now found to be at higher values. This shows
that more electrons are being emitted per second, proportional to the
intensity of incldent radiation. But the stopping potential remains the
same as that for the incident radiation of intensity I,, as shown graphically
in Fig. 11.3. Thus, for a given [requency af the inciden! radialion, the
stopping potentinl is independent of (ts intensity. In other words, the
maximum kinetic energy of photoelecirons depends on the light source
and the emitier plate material. butis independent of intensity of incident
radiation.

11.4.3 Effect of frequency of incident radiation on
stopping potential

‘We now study the relation between the frequency
v of the incident radiation and the stopping
potential V,. We suitably adjust the same
intensity of light radiation at various frequencies
and study the variation of photocurrent with
collector plate potential. The resulting variation
is shown in Fig. 11.4. We obtain different values
of stopping potential but the same value of the
saturation current for incident radiation of

7/;11:1 current

different frequencies. The energy of the emitted  “%s M2 Ma 0 Collector plate potential —+

electrons depends on the frequency of the +— Retarding potential

incident radiations. The stopping potential is
more negative for higher frequencies of incident
radiation, Note from Fig. 11.4 that the stopping
potentials are in the order Vi > Vi = Vi, I the
frequencies are in the order v; > v, > v, . This
implies that greater the frequency of incident
light, grealer is the maximum kinetic energy of
the photoelectrons. Consequently, we need
greaier retarding potential to stop them
completely. If we plot a graph between the
frequency of incident radiation and the
corresponding stopping potential for different
metals we gel a straight line, as shownin Fig. 11.5.
The graph shows that
(i} the stopping potental V, varies linearly with
the frequency of incident radiation for a given
pholosensitive material.
(i) there exisis a certain minimum cut-off
frecuency v, for which the stopping potential

is zero.

FIGURE 11.4 Variaflon of phoioelecirie cuirent
with collecior plate poternlial for different
fI'EI'H iencies of incldent radiarion.

potential
L]

0 Frequency of incident radiaton  (vl—*

FIGURE 11.5 Varfaton of stopping potential W
with frequency v of incident radiation for a
given photosensitve material.
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These observalions have two implicalions:

[ The maximuwm kineiic energy of the photoelecirons varies linearly
with the frequency of ncident radiation, but is independent of its
intensity,

(i) For a frequency v of incident radiation, lower than the cut-off

Jrequency v, no photoeleciric emission is possible even if the
infensity is large.

This minimum, cui-ofl requency v,, is called ithe threshold frequency.
It is different for different metals.

Different photosensitve materials respond differently to light. Selenium
is more sensitive than zinc or copper. The same photosensitive substance
gives different response to light of different wavelengths. For example,
ultraviolet light gives rise to photoelectric effect in copper while green or
red lght does not.

Note that in all the above experiments. it is found that, if frequency of
the incident radiation exceeds the threshold frequency, the photoeleciric
emission starts insiantaneously without any apparent time lag, even If
the incident radiation is very dim. It is now known that emission staris in
a tme of the order of 107%s or less.

We now summarise the experimenial features and observations
described in this section.

{{j} TFora given photosensitive material and frequency of incident radiation
(above the threshold frequency), the photocleetric current is directly
proporiional to the intensity of incident light (Fig. 11.2).

(if) For a given photosensitive material and frequency of incldent radiation,
saturation current is found to be proportional to the inlensity of
incident radiation whereas the stopping potential is independent of
its Intensity (Fig. 11.3).

lifi) For a given phoiosensiiive material, there exisis a certain minimum
cut-off Irequency of the incident radiation, called the threshold

Jrequency, below which no emission of photoelectrons takes place,
no matter how intense the incident light is. Above the threshold
frequency. the stopping potential or equivalently the maximum kinetic
energy of the emitted phoetoelectrons increases linearly with the
frequency of the incideni radiation, but is independent of its intensity

(Fig. 11.5),

(v} The photoelectric emission is an instanianeous process without any
apparent time lag (~10 s or less), even when the incident radiation is
made exceedingly dim,

11.5 PwsoTroELECTRIC EFFECT AND WavE THEORY
or LiGHT

The wave nature of light was well established by the end of the nineteenth
ceniury. The phenomena of inierlerence, diffraction and polarisaiion were
explained in a natural and satisfactory way by the wave picture of light.
According to this picture. light is an eleciromagnetic wave consisting of
eleciric and magnetie fields with continuous distribution of energy over
the region of space over which the wave is extended. Let us now see if this



Dual Nature of Radiation

and Matter

wave picture of lighl can explain the cbservations on photoelectric
emission given in the previous section.

According to the wave picture of light, the free electrons at the surface
of the metal [over which the beam of radiation falls) ab=sorb the radiant
energy continuously, The greater the intensity ol radiaton, the greaier are
the amplitude ol eleciric and magnetic fields. Consequently, the greaier
the intensity, the greater should be the cnergy absorbed by each electron.
In this picture, the maxinmm kinetle energy of the photoelectrons on the
surface is then expected to increase with increase in intensity. Also. no
matter what the frequency of radiation is, a sufficiently intense beam of
radiation (over sufficient time) should be able to impart enough energy to
the electrons, so that they exceed the minimum energy needed to escape
from the metal suriace . A threshold frequency, therefore, should not exdist.
These expectations of the wave theory directly contradict observations (i),
(i) and (i) given al the end of sub-section 11.4.3.

Further, we should note that in the wave picture, the absorption of
energy by electron takes place continuously over the entire
wavefront of the radiation. Since a large number of electrons absorb energy,
the energy absorbed per electron per unit time turms out to be small.
Explicit calculations estimate that it can take hours or more for a single
eleciron o pick up sullicient energy to overcome the work function and
come oul of ithe metal. This conclusion is again in striking contrast 1o
observation (iv) that the photoelectric emission is instantaneous. In short,
the wave picture is unable o explain the most basic features of
pholoeleciric emission.

11.6 EmnsTeEIN's PHOTOELECTRIC EguaTiOoN: ENERGY
QuantuM oF RADIATION

In 1905, Albert Einstein (1879-1955) proposed a radically new picture
of electromagnetic radiation 1o explain photoelectric eflect. In this picture,
photoelectric emission does not take place by continuous absorption of
energy from radiation. Radiation energy is built up of discrete units - the
50 called quania of energy of radiation. Each quantum of radiant energy
has energy hv, where his Planck's constant and v the frequency of light.
[ photoelecirie effect, an electron absorbs a quantum of energy (hv) of
radiation. If this quanium of energy absorbed exeeeds the minimum
energy needed for the electron to escape from the metal surface (work
funection ¢). the eleciron is emiited with maximum kinetic energy

K. = hv =14, (11.2)

More tightly bound electrons will emnerge with kinetic energies less
than the maximum value. Note thai the Intensity of light of a given
frequency is determined by the number of photons incident per second.
Increasing the intensity will increase the number of emitted electrons per
second. However, the maximum kinetic energy of the emitted
phoicelecirons is determined by ihe energy of each phoion.

Equation (11.2) is known as Einstein’s photoelectric equation. We
now see how this equation accounts in a simple and elegant manner all
the observations on photoeleciric effect given at the end of sub-secton
11.4.3.
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Albert Einstein (1879 -
1955) Einstein, one of the
greatest physicisis of all
time, was born in Ulm,

Germany. In 1905, he

published three path-
breaking papers, In the
first paper. he introduced
the notion of light quanta
{now called photons] and
used il Lo explain the
features of photoeleciric
effect. In the second paper,
he developed a theory of
Brownian muolion,
confirmed experimentially &
few years later and provided
a convincing evidence of
the atomic picture ol matter.
The third paper gave birih
to the special theory of
relativity. In 1916, he
published the general
theory of relativity. Some of
Einstein's most significant
later contribuiions are: the
notion of stimulated
emizsion introduced in an
aliernative derivation of
Planck's blackbody
radiation law, static model
of the universe which
quantum siatistics of a gas
of massive bosons, and a

critical analysis of the

foundations of quantum
mechanice, In 1921, he was
awarded the Naobel Prize in
phiysics for his contribution
to theoretical physics and
the phoigeleciric effect.

According to Eq. (11.2). K., depends linecarly on v,
and is independent of intensity of radiation, in
agreementi with ebservation. This has happened
because in Einstein’s picture, photoeleclric effect arises
[rom the absorpiion of a single quantum of radiation
by a single electron. The intensity of radiation (that is
propordonal to the number of energy quanta per unit
area per unit time} is irrelevant to this basic process.
Since K, must be non-negative, Eq. (11.2 ) implies
that phoioeleciric emission is possible only il
hov > ¢y

or v>v,,where

#

Vo=

Equation (11.8) shows that the greater the work
hunciion ¢,, the higher the minimum or threshold
frequency v, needed to emit photoelectrons. Thus,
there exists a threshold frequency v (= ¢/ N for the
metal surface, below which no photeelectric emission
is possible, no maitter how intense the incident
radiation may be or how long it falls on the surface.
In this picture, inlensity of radiation as noted above,
is proportional Lo the number of energy quania per
unit area per unil time. The grealer the number of
energy quanta available, the grealer is the number of
electrons absorbing the energy quanta and greater,
therefore, is the mumber of electrons coming out of
ithe metal (for v> v,). This explains why. for v> v,.
photoelectric current is proportional o intensicy.

In Einstein's piciure, the basic elemeniary process
involved in photoelectric effect is the absorption of a
light quantum by an electron. This process is
instantaneous. Thus, whalever may be the inlensily
i.e., the number of quanta of radiation per unit area
per unit time, photoeleciric emission 1s Instantancous.,
Low intensity does not mean delay in emission. since
ithe basic elementary process is the same. Intensity
only determines how many electrons are able to
participate in the elementary process [absorption of a
light quantum by a single eleciron) and, therefore, the
photoelectric current.

(11.8)

Using Eq. (11.1), the photoelectric equation, Eq. (11.2),

can be written as

eVy=hv=¢, for vy,

h, %
[ £

This is an important result. It predicts that the Vj

or V,= (11.4)

versus v curve is a straight line with slope = (h/e].
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independent of the nature of the material. During 1906-1916, Millikan
performed a series of experiments on photoelectric elfecl. aimed al
disproving Einstein's photoelectric equation. He measured the slope of
the straight line obtained for sodium, similar to that shown in Fig. 11.5.
Using the known vahie of e. he determined the value of Planck's constant
li. This value was close to the value of Planck's contant (= 6.626 * 10
*J s) determined in an entirely different context. In this way, in 1918,
Millikan proved the validity of Einstein’s photoelectric equation, instead
of disproving it.

The successful explanation of photoelectric effect using the hyvpothesis
of light quanta and the experimental determination of values of hand ¢,
in agreement with values obtained from other experiments, led io the
acceptance of Einstein’s piciure of photoelectric effect. Millikan verified
photoelectric equation with great precision. for a mumber of alkali metals
over a wide range ol radiaiion [requencies.

11.7 ParticLE Nature orF Ligat: TuE PHOTON

Photoelectric effect thus gave evidence to the strange fact that light in
Interaction with matier behaved as i it was made of quanta or packets ol
energy. each of energy h v

Is the light quantum of energy to be associaled with a particle? Einstein
arrived at the important result, that the light quantum can also be
associated with momentum (h v/¢). A definite value of energy as well as
momenium is a sirong sign that the light quanium can be assoclaied
with a particle. This particle was laler named pholon. The pariicle-like
behaviour of light was further confirmed, in 1924, by the experiment of

AH. Compton (1892-1962) on scattering of X-rays from electrons. In

1921, Einstein was awarded the Nobel Prize in Physics for his contribution

to theoretical physics and the photoelectric effect. In 1923, Millikan was

awarded the Nobel Prize in physics [or his work on the elementary
charge of electricity and on the photoelectric effect.

We can summarise the photon picture of eleciromagnetic radiation
as follows:

i) In interaction ol radiation with matier, radiation behaves as i it is
made up of particles called photons.

(ii] Each photon has energy E (=hv) and momentum p (= hv/c), and
gpeed ¢, the speed of light.

(iii} All photons of light of a particular frequency v, or wavelength 1, have
the same energy E (=hv = he/A) and momentum p (= hv/c= h/A),
whatever the intensity of radiation may be. By increasing the intensity
of ight of given wavelength, there is only an increase in the number of
photons per second crossing a given area, with each photon having
the same energy. Thus, photon energdy is independent of intensity of
radiation.

{iv] Pholons are elecirically neutral and are not dellected by electric and
magneiic fields.

(v} Ina photon-particle collision (such as pholon-electron collision), the
total energy and total momenium are conserved. However. the number
of photons may not be conserved in a collision, The photon may be
absorbed or a new photon may be created.
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Exasvrre 11.1

Exavrie 11.2

Example 11.1 Monochromatic light of frequency 6.0 x10™ Hz is
produced by a laser. The power emitted is 2.0 x107° W. {a) What is the
energy of a photon in the light beam? (b) How many photons per second,
o1l AN average, are emitied by the source?
Solution
(a) Each pholon has an energy

E=hv=[6.63 x107 J s) (6.0 x10™ Hz)

=3.98 x 107%J

fb) If N is the number of phoions ermiited by the source per second,

the power P transmitied in the beamn equals N times the energy

per phoion E, so that P= N E. Then
_P_20x10°W

E 8.98x10%J

= 5.0 x10"° photons per second.

N

Example 11.2 The work lunection of caesiwm is 2.14 V. Find (a) the
threshold [requency for caesium, and [b) the wavelength of the incident
light if the photocurrent is brought to zero by a sicpping potential of
0.60V,

Solution
(a) For the eul-oll or threshoeld frequency, the energy by, of the incident
radiation must be equal Lo work fonelion ¢, &o that

_ 2.14eV
= =
h  663x10 %Js

Vg =
_2.14x16x10"J
T 663x10%Js
Thus, for frequencies less than thils thresheld frequency. no
photoelectrons are ejected,
(b} Phoiocurrent reduces to zero, when maximum kinetic energy of
the emitied phoioelecorons equals the potential energy eV, by the
retarding poteniial V,. Einstein's Photoeleciric equation is

=5.16x10" Hz

eVy=hv— ¢, "‘% —
or. A =heflev, + ¢
_ (6.63x10 ™ J5)x(3x10°m/s)
- {0.60eV +2.14 V)
_ 19.89 x10 *™Jm
- (2.746V)

_ 19.89x10*Jm
2.74x1.6x10 T

=454 nm

11.8 WaveE NATURE oF MIATTER

The dual (wave-particle) nature of light (eleciromagnetic radiation, in
general] comes out clearly from what we have learnt in this and the
preceding chapters. The wave nature of light shows up in the phenomena
of interference, diffraction and polarisation, On the other hand, in
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photoelectric eflect and Compton effect which involve
energy and momentum transfer, radiation behaves as it
is made up of a bunch of partcles - the phoions. Whether
a particle or wave description is best suited for
understanding an experiment depends on the nature of
the experiment. For example, in the [amiliar phenomenon
of seeing an object by our eye, both descriptions are
important. The gathering and focussing mechanism of
Hght by the eve-lens is well described in the wave pleture.
But its absorption by the rods and cones [of the retina)
requires the photon picture of light.

A natural question arises: If radiation has a dual (wave-
particle) nature, might not the particles of nature (the
electrons. protons. eic.) also exhibit wave-like character?
In 1924, the French physicist Louis Victor de Broglie
[pronounced as de Broy) (1892-1987) put lorward the
bold hypothesis thal moving particles of matter should
display wave-like properties under suitable cenditdons.
He reasoned that nature was symmeirical and that the
two basic physical entities — matter and energy, nmst have
syminetrical character. If radiation shows dual aspects,
s0 should maiter. De Broglie proposed that the wave
lengih 4 associated with a particle of momentum p is
gdiven as

. h h

A =—=

P mu
where m is the mass of the particle and v iis speed.
Equation (11.5]) is known as the de Broglie relation and

(11.5)

=
o0
=)
|
o
)
o0
=
=
g
o
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£
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=
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Louis Victor de Broglie
(1892 - 1987) French
physicist who put forth
revolutionary idea of wave
nature of matter. This Idea
wae developed by Erwin
Schriodinger into a [ull-
fledged theory of guantum
mechanics comnmonly
kmown as wave mechanics.
In 1929, he was awarded the
Nobel Prize in Physies for his
discovery of the wave nature
of elecirons.

the wavelengih 4 of the matter wave is called de Broglie wavelength, The
dual aspect of matier is evident in the de Broglie relation. On the left hand
side of Eq. (11.5). A is the atiribute of a wave while on the right hand side
the momentum pis a typical atiribute of a particle. Planck’s constant h

relates the two attributes.

Equaition (11.5) for a material particle is basically a hypothesis whose
validity can be tested only by experiment. However. it is interesting 1o see
that it is satisfied also by a photon. For a photon, as we have seen.

p=hv/jc
Therefore,

-—:—:A
P Vv

(11.8)

(11.7)

Thalt is, the de Broglie wavelength of a photon given by Eq. (11.5) equals
the wavelength of elecromagnetic radiation of which the pheton is a

quantum of energy and momentum.

Clearly, from Eq. (11.5), A is smaller for & heavier particle (large m) or
more energetic particle {large v). For example, the de Broglie wavelengih
of a ball of mass 0.12 kg moving with a speed of 20 m 57 is easily

calculated:
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p=mv=0.12kgx20ms' =240 kgms’
_h 6.63x10*Js
= E T 240 kg ms™
This wavelength is so small thai it is beyond any measurement. This

=276 % 10¥m

is the reason why macroscopic objects in our daily life do not show wave-

like properties. On the other hand, in the sub-atomic demain, the wave

character of particles is significant and measurable.

Exavmrere 11.3

Example 11.3 Whal is the de Broglie wanvelength associaled with [a) an
electron moving with a speed of 5.4x10° m/s, and (b) a ball of miass 150 g
wavelling at 30.0 m/s?
Solution
[a) For the electron:
Mass m = 9.11x107* kg. speed v = 5.4¢10° m/s. Then, momentum
p =mu=9.11x10"" (kg) x 5.4 x 10° (m/s)
p =492 x 10 kg m/s
de Broglie wavelengih, & = hip

_ 663x10*Js
492x10* kg m/s
A=10.135 nm
(b) For the ball:

Mass ni’ = 0.150 kg, speed v’ = 30.0 m/s.
Then momentum p’' = m' »' = 0,150 (kg) x 30.0 (m/s)
p'=4.50 ki m/s
de Broglle wavelength &' = h/p’.
_ 663x10*Js

450 kgm/s
A= 147 %10 m

The de Broglie wavelength of electron is comparable with X-ray
wavelengths. However, for the ball it is about 10'® times the size of
the proton, quite bevond experimental measurement.

SUMMARY

1. The minimum energy needed by an electron to come out from a metal
guriace 1s called the work function of the metal. Eneregy [greater than
the work function (¢) required for electron emission from the metal
surface can be suppled by suittably heating or applying strong electric
feld or trradiating it by lght of sultable frequency,

2. Photoelectric effect is the phenomenon of ennizsion of electrons by metals

when {lluminated by light of sultable frequency. Certain metals respond
to ultraviolet lght while others are sensitive even (o the visible light.
Photoelectric effect involves conversion of light energy into electrical
energy. It follows the law of conservation of energy. The photoelectric
emission is an Instantaneous process and possesses cerlain special
[eatures,
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Fhotoelsctric current depends on () the intensity of ineldent lght, (11}
the potential difference applied belween the two electrodes, and fii)
the nature of the emitter material.

The stopping polential (V) depends on (i) the Fequency of inecident
light; amd [ii] the nature of the emitler material. For a given frequency
of incident light, it is mdependent of its intensity. The stopping potential
Is direcily related (o the maxioun Kinetic energy of elecirons emitied:
eV =/ mel =K .

Below a certain frequency (threshold frequency) v.. characteristic of
the metal. no photoelectric emission talkies place. no matter how large
the intensity may be.

The classical wave theory could not explain the main features of
photoelectric effect. Its picture of condnuons absorption of energy
[rom radiation could not explain the independence of K _ on
intensity. the existence of v, and the instantaneous nature of the
process. Einstein explained these features on the basis of photon
piciiure of light, According to this, ght is compoesed of discrete
packeis of energy called quanta or photons. Each pholon carries an
energy E (= hv] and momenium p (= /i), which depend on the
frequency (v) of netdent light and not on its intenstty. Photoelectric
emission from the metal surface oceurs due to absorption of 2 pholon
by an electrorn.

Einsiein's pholoelecirie equation is in sccordance with the energy
conservabon law as applied to the photon absorption by an eleciron in
the metal, The maximum kinetic energy (1/2)nr v 15 equal to
the photon energy (hiv) minus the work function 4, [= o) of the
target metal!

%mufm= Voe=hv-g,=Riv—1v)

This phetoelectric equation explains all the featmures of the photoelectrie
effect. Millikan's first precise measurements confirmed the Einstein's
phatoelectric equation and obtalned an accurate value of Planck's
constant b, This led to the acceptance of particle er photon description
{nature] of electromagnetic radiation, Iniroducsd by Enstein.

Radiation has dual nature: wave and particle. The nature of experiment
determines whether a wave or particle description is best sutied for
understanding the experimental result. Reasoning that radiation and
marter should be symmetrical in nature, Louis Victor de Brojlie
attributed a wave-like character to matter (material particles). The waves
-associated with the moving material particles are called matter waves
or de Broglle waves,

. The de Brogiie wavelength (i) azsociated with a moving particle is
related to its momentum p as: A= h/p. The dualism of matrer is
inlierent in the de Broglie relation which contains a wave concepl
(A) and a parilcle concept (p). The de Broglie wavelength is
independent of the charge and nature of the material particle. It is
gignificantly measurable (of the order of the atomie-planes spacing
in crystals] only in case of sub-atomic particles Hke electrons,
protons, ete. [due to smallness of their masses and hence, miomental.
However, it is indeed very small, quite beyond measurement, in case
of macroseople objects, comunonly encountered in everyday life.
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EXERCISES

Find the
(a) maximum fFequency, and
(b) minimum wavelength of X-rays produced by 30 kV clecirons.



11.2

11.3

11.4

11.5

11.6

11.7

11.8

11.9

11.10

11.11

Dual Nature of Radiation

and Matter

The work [unction of cacsivm metal is 2.14 ¢V, When light of
frequency 6 10" Hz is incident on the metal surface, photoemission
of electrons ccours, What is the

(a) maxitnum kinetic energy of the emitied elecirons.

(L) Stopping potential, and

(¢) maxirnum speed of the emilted pholoelectrons?

The phoicelectric cut-off voltage in a certain experiment is 1.5 V.
What i= the maximum kinetic energy of photoelectrons emiited?

Monochrormatic light of wavelengih 632.8 nm is produced by a
heliumn-neon laser. The power emiited is 9.42 mW.

[a) Find the energy and mementum of each photon in the light beam,
(B) How many photons per second. on the average, aitive at a target
irradiaied by ihis beam? (Assume the beam to have uniform
cross-section which is less than the target area), and
() How fast does a hydrogen atom have to travel in order to have
the same momenium as that of the photon?
In an experiment on photoeleciric effect, the slope of the cul-off vollage
versus frequency of incident Hght is found to be 4,12 ¥ 1078V 5. Calculate
the value of Planck's constant.
The threshold frequency for a certain metal is 3.3 x 10* Hz. If light
of frequency 8.2 x 10'* Hz is incident on the metal, predict the cui-
off voltage for the photoelecirle emission.
The work funciion for a certain meial is 4.2 eV. Will this metal give
hotoelectric emission for incldent radiatlon of wavelength 330 nm?
Light of frequency 7.21 % 10" Hz is incident on a metal surface.
Electrons with a maxdmum speed of 6.0 ¥ 10° m/s are ejected from
the surface. Whal is the threshold Fequency for pholoemizsion of
elecirons?
Light of wavelength 488 nm is produced by an argon laser which is
used in the photoelectric effect. When light from this speciral line is
incident on the emiiler, the siopping (cut-off] poiential of
Phoielectrons is 0.38 V. Find the work funciion of the marterial from
which the emitier is made.

What is the de Broglie wavelength of

(a) a bullet of mass 0.040 kg travelling at the speed of 1.0 lun/s.

{b) a ball of mass 0.060 kg moving at a speed of 1.0 m/=, and

{c) a dust parilcle of mass 1.0 ¥ 10 kg drifting with a speed of 2.2
m/s?

Show that the wavelength of electromagnetic radiation is equal to

the de Broghe wavelength ol its quanium (pholon).
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Chapter Twelve

ATOMS

12.1 INTRODUCTION

By the nineteenih century, enough evidence had accumulated in favour of
atomic hypothesis of matter. In 1897, the experiments on eleciric discharge
through gases carried out by the English physicist J. J. Thomson (1856 -
1940) revealed that atoms of different elements contain negatively charged
constituents (electrons) that are idendeal for all atoms. [However, atoms ona
whole are electrically neutral. Therefore, an atom must al=o contain some
positive charge to neutralise the negative charge of the electrons. But what
Is the arrangement of the positive charge and the electrons inside the atom?
In other words, what is the structure of an atom?

The firsi model of atom was propozed by J. J. Thomson in 1898,
According Lo this model, the positive charge of the atom is uniformly
distributed throughout the volume of the atom and ihe negaiively charged
electrons are embedded in it like seeds in a watermelon. This model was
picturesquely called plum pudding model of the atom. However
subsequent studies on atoms, as described in this chapter, showed that
the distribution of the electrons and positive charges are very different
from that proposed in this model.

We know that condensed matter (solids and liquids) and dense gases at
all temperamures emit electromagnetc radiation in which a condnuous
distribution of several wavelengths is present, though with different
intensides. This radiaton is considered to be due to oscillations of atoms



and moelecules, governed by the interacton of each atom or
molecule with its neighbours. In confrast, light emitted from
rarefied gases heated in a flame, or excited eleciricallyina
glow tube such as the familiar neon sign or mercury vapour
light has only certain discrete wavelengths. The specirum
appears as a series of bright lines. In such gases, the
average spacing beiween atoms is large. Hence, the
raciation emitted can be considered due to individual atoms
raihier than because of interactions between atoms or
molecules.

In the early nineteenth century it was also established
that each element is assoclated with a characieristic
specirum of radiation, for example, hydrogen always gives
a set of lines with fixed relative position between the lines.
This fact suggested an intmate relationship between the
internal siructure of an atom and the specirum ol
radiation emitted by it. In 1885, Johann Jakob Balmer
(1825 — 1895) obtained a simple empirical formula which
gave the wavelengths of a group of lines emitted by atomic
hydrogen. Since hydrogen is simplest of the elements
known, we shall consider iis specirum in detail in this
chapter.

Ernst Rutherford (1871-1937), a former research
student of J. J. Thomson, was engaged in experiments on
w-partcles emitted by some radioactve elements, In 1906,
he proposed a classic experiment of scatiering of these
o-particles by atoms to investigaie the atomic structure,
This experiment was later performed around 1911 by Hans
Geiger (18582-1945) and Ernst Marsden (1882-1970, who
was 20 year-old student and had not yei earned his
bachelor's degree). The details are discussed in Section
12.2. The explanation of the resulis led to the birth of
Ruiherford's planetary model of atom (also called the
nuclear model of the atom). According to this the entre
positive charge and most of the mass ol ihe atom is

Ernst Rutherford (1871 -
1937) New Zealand born,
British physicist who did
pioneering work on
radioactive radiation. He
discovered alpha-rays and
beta-rays. Along with
Federick Soddy, he created
the modern theory of
radioactivity. He studied
the ‘emanation’ of thorium
and discovered a new noble
gas, an isotope of radon,
now known as thoron. By
seattering alpha-rays from
the metal foils, he
discovered the atomic
nucleus and proposed the
plenatery model of the
atom. He also estimated the
approximate size of the
nuclens.
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concenirated in a small volume called the nucleus with electrons revolving
around the nuclens just as planets revolve around the sun.

Rutherford's nuclear model was a major siep towards how we see
the atom today. However, it could not explain why atoms emit light of
only discrete wavelengths. How could an atom as simple as hydrogen.
consisting of a single electron and a single proton, emit a complex
specirum of specific wavelengihs? In the classical picture of an atom, the
electron revolves round the nucleus much like the way a planet revolves
round the sun. However, we shall see that there are some serious
difficulties in accepting such a model.

12.2 ALPHA-PARTICLE SCATTERING AND
RutHERFORD'S NucLEAR MoODEL oF ATOM

At the suggestion of Emst Rutherford, in 1911, H. Geiger and E. Marsden

performed some experiments. In one of their experiments, as shown in 291
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Vacuum

Fig. 12.1, they directed a beam of
5.5 MeV a-particles emitted from a
#Bi radioactive source at a thin metal
foil made of gold. Figure 12.2 shows a
schematic diagram of this experinaent.

Alpha-particles emitied by a #iBi

radioactive source were collimated into
a narrow beam by their passage
through lead bricks. The beam was
allowed to fall on a thin foil of gold of
thickness 2.1 x 107 m. The scattered
alpha-particles were observed through
a rotaiable detector consisting of zinc
sulphide screen and a microscope, The
scattered alpha-particles on siriking
the sereen produced brief light [lashes
or scintillations. These flashes may be
viewed through a microscope and the
FIGURE 12.1 (reiger-Marsden scattering experiment, disiribution of the number of seattered
The entire apparatus is placed in 8 vacuum chamber pariicles may be studied as a function

(not shown in this Bgure), aof
: angle of scattering,
Thin geld foil
Lead bricks
Small angle
- scatlering of seme

Beam of :
g-particles |.
- —_— S
Source of »
o-particles —

\1 ZnS screen

A~ W /\

Bacloward scattering et
of & very small
fraction (1 in 8000 o sa] Microscape]

FIGURE 12.2 Schematic arrangement of the Geiger-Marsden experimeni

A typical graph of the total number of a-particles scattered at different
angles, in a given interval of time, is shown in Fig. 12.3. The dots in this
flgure represent the data poinis and the solid curve is the theoreiical
prediction based on the assumption that the target atom has a small.
dense, positively charged nucleus. Many of the a-particles pass through
the foil. It means that they do not suffer any collisions. Only about 0.14%
of the incident a-particles scatier by more than 1°; and about 1 in 8000
deflect by more than 90°. Rutherford argued that, io deflect the a-particle

292 backwards, it must experience a large repulsive force. This force could



Atoms
be provided if the greater part of the
mass ol the atom and iis positive charge
were concentraied tightly at its centre. T 1o’
Then the incoming w-particle could get % : \
very close to the positive charge without = 10 1i
penetrating it, and such a close 2 \
encounter would result in a large E 10°
deflleciion. This agreement supporied = “\
the hypothesis of the nuclear atom. This E w0 “xl
is why Rutherford is credited with the % N
discovery of the nucleus, @ 10° ~_
In Rutherford's nuclear model of © ! S
the atom, the entire positive charge and E 10° o el | o |
most of the mass of the alom are é
concenlrated in the nucleus with Lthe 10 0 20 40 60 80 100 120 140 160 180
elecirons some disiance away. The R WP Y S e
elecirons would be moving in orbits ' '
about the nucleus just as the planets FIGE‘_RE 12.3 L*ia.'y-*tm_p':'.utal ];l ta polms |~.3]1~;-w.n by
dots) on scatlering of g-particles by a thin foil al

do around the sun, Rutherford's
experimentis suggesied the size of

different angles obiained by Gelger and Marsden

using the setup =shown in Figs. 12,1 and
the nucleus to be about 10 m to 12.2. Futherford's nuclear model predicts the solid
10 m. From kinetic theory, the size curve which is secn o be in good agreement with
of an atom was known to be 10" m, experiment

about 10,000 to 100,000 times larger

than the size of the nucleus (see Chapter 10, Section 10.6 in Class XI
Physics textbook). Thus, the electrons would seem to be at a distance
from the nucleus of about 10,000 to 100,000 imes the size of the nucleus
ilself. Thus, mosl of an atom is emply space. With the atom being largely
emply space. it is easy to see why most a-particles go right through a
thin metal foil. However, when a-particle happens to come near a nucleus,
the intense eleciric field there scatters il through a large angle. The atomic
electrons, being so light, do nol appreciably alfect the a-particles.

The scattering daia shown in Fig. 12.3 can be analysed by employing
Rutherford's muclear model of the atom. As the gold foil is very thin, it
can be assumed that e-particles will suffer not more than one scattering
during their passage through it. Therefore, compuiaiion of the trajectory
of an alpha-particle scaitered by a single nucleus is enough. Alpha-
partcles are nuclei of helivun atoms and, therefore, carry two units, 2e,
of positive charge and have the mass of the helium atom. The charge of
the gold nucleus is Ze, where Z is the atomic number of the atom; for
gold Z=79. Since the nucleus of gold is about 50 times heavier than an
w-particle, it s reasonable to assume that it remaing stationary
throughout the scattering process. Under these assumptions. the
irajectory ol an alpha-particle can be compuied employing Newion's
second law of motion and the Coulomb’s law for elecirostaiic
force of repulsion between the alpha-particle and the positively
charged nucleus,
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The magniiude of this force is

1 (Ze)lZe)

= ]

B ine, r

(12.1)

where ris the distance belween the o-particle and the nucleus. The lorce
is directed along the line joining the a-particle and the nucleus. The
magnitude and direction ol the force on an a-particle continuously
changes as it approaches the nucleus and recedes away from it.

12.2.1 Alpha-particle trajectory

The trajectory traced by an w-particle depends on the impact paramerter,
b of collision. The impac parameter is the perpendicular distance of the
inidal velocity vector of the u-particle from the centre of the nucleus (Fig.

e

+ + @ Target nucleus

FIGURE 12.4 Trajeciery of a-particles In the
coulomb field of a targei nucleus. The impaci
parameter, b and scatrering angle 8
are-also depicted

12.4). A given beam of u-particles has a
distribution of impact parameters b, so that
the beam is scattered in various directions
with different probabilities (Fig. 12.4). {In
a beam, all particles have nearly same
ldnetic energy.) It is seen that an u-particle
close to the nucleus (small impact
parameter) suffers large scattering. In case
of head-on collision, the impact parameter
iz minimum and the e-particle rebounds
back (@ = ). For a large Impact parameter.
the a-particle goes nearly undeviated and
has a asmall defleciion (& = 0).

The fact that only a small fracton of the
number of incident particles rebound back
indicates that the number of a-particles
undergoing head on collision is small. This,

in turn, implies that the mass and positive charge of the atom is
concentrated in a small volume. Ruthertord scattering theretore, is a
powerful way to determine an upper limit to the size of the nucleus.
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Exzample 12.1 In the Rutherford's nuclear model of the atom, the
nuecleus (radius about 107'° m) is analogous to the sun about which
the electron move in orbit [radius = 107'% m) like the earth orbiis
around the sun. If the dimensions of the solar system had the same
proportions as those of the atom, weould the earth be closer to or
fariher away from the sun than actually it is7? The radius of earth's
orbit is about 1.5 x 10'! m. The radius of sun is taken as 7 x 10° m.

Solution The ratio of the radius of eleciron’s orbit to the radius of
nucleus is {107 m)/(107"% m) = 10°, that is, the radius of the electron's
orbit is 10® times larger than the radius of nucleus, If the radius of
the earth’s orbil around the sun were 10° times larger than the radius
of the sun, the radius of the earth’s orbit would be 10° x 7 x 10° m =
7 » 10™ m. This is more than 100 times greater than the aciual
orbital radius of earth. Thus, the éarth would be much farther away
from the sun.

It implies thai an atom contains a much greater fraction of empty
gpace than our =selar system does.
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Example 12.2 In a Geiger-Marsden experiment, what is the distance
of closest approach to the mueleus of a 7.7 MeV o-particle before it
comes momentarily to rest and reverses ils direction?

Solution The key idea here is that throughout the scaitering process,
the total mechanical energy of the system consisting of an a-particle
and a gold nucleus is conserved. The system's initial mechanical
energy is E, before the particle and nucleus interact, and il is equal
to its mechanical energy E, when the v-particle momentarily stops.
The initial energy E, is just the kinetic energy Kof the incoming
u~ pariicle. The fl.nal eneTay E,is just the eleciric potential energy U
of the system. The putcnﬁal energy U can be ealculated rom
Eq. (12.1).

Let d be the centre-to-cenire distance between the o-particle and
the gold mucleus when the a-particle is at its stopping point. Then
we can write the conservation of energy E, = E as '

1 (2eliZe) 22Ze*
o 4ng, d " 4med
Thus the distance of closest approach d is given by

= 2&2
Ame, K
The maximum kinetic energy found in a-particles of nataral origin is

7.7 MeV or 1.2 x 107 J. Sinee 1/4nz,= 9.0 x 10® N m*/C*. Therefore
with e = 1,6 ¥ 10 €, we have,

(2)(9.0 x10°Nm* / C*)1.6 x 107 CF 2
1.2x107%J
=3.84%x 107% Zm

The atomic number of foil material gold is £ = 79, so that

d (Au) = 8,0 % 107 m = 30 fm. (1 fm (e, fermi) = 107° m.)

The radius of gold nucleus is, therefore, less than 2.0 x 10" m. This
iz not in very good agreement with the observed result as the actual
radius of gold nucleus is 6 fm. The cause of discrepancy s that the

distance of closesi approach is considerably larger than the sum of
the radil of the gold nucleus and the a-partiele. Thus, the a-particle

reverses its motion without ever actually (ouching the gold nucleus.

d=

12.2.2 Electron orbits

The Rutherford nuelear model of the aiom which involves classical
concepts, pictures the atom as an electrically neutral sphere consisting
of a very small, massive and positively charged nucleus at the cenire
surrcunded by the revolving electrons in their respective dynamically
stable orbits. The electrostatic force of atiraction, F, between the revolving
electrons and the nucleus provides the requisite centripetal force (F) to
keep them in their orbits. Thus, for a dynamically stable orbit in a
hydrogen atom

it

1 et
=

drg, r r

o1 Tlaeviy

(12.2)
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Exavreie 12.3

Thus the relation between the orbit radius and the electron
velocity is
2

e
F (12.3)

fr=——
4ne,mu
The kineiic energy (K) and elecirosiaiic potential energy (U) of the eleciron
in hydrogen atom are

ey S R | SO
2 Brer dne,r
(The negative sign in U signifies that the electrostatic force is in the —r
direction.) Thus the total energy E of the eleciron in a hyvdrogen aiom is
e &
Sne,r 4dner

E=K+U=

EE

Bme,r

(12.4)

The ioial energy of the electron is negative. This implies the [aci that
the electron is bound to the nucleus. If Ewere positive, an electron will
nol follow a closed orbil around the nuecleus.

Example 12.3 It is found experimentally that 13.6 eV energy is
required to separaie a hydrogen atom inte a proton and an electrom.
Compute the orbital radius and the velocity of ihe eleciron in a
hydrogen atom.

Solution Total energy of the electron in hydrogen atom is -13.6 eV =
—18.6%1.6x107°J=-2.2 x10"® J. Thus from Eq, (12.4), we have

fa:=—.'EE =-22x10""J

Bme,r
This gives the orbital radius
g 9% 10° N m?/C?)(1.6 x10°CP
Brel @)-2.2%10 " J)

=53 % 107" m;
The velocity of the revolving electron can be computed from Eq. (12.3)
with m=9.1 x 1073 kg,

r=

e

= =2.2x10° m/s.
u :}_Mq,nu- m/s

12.3 Aromic SPECTRA

As menijoned in Seciion 12.1, each element has a characierisiic specirum
of radiation, which it emits, When an atomic gas or vapour is excited at
low pressure, usually by passing an eleciric current through it, the emiited
radiation has a spectrum which conlains cerlain specific wavelengths
only. A specoum of this kind is termed as emission line specirum and it
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consists of bright lines on a
dark background. The
specirum emiited by atomic
hydrogen 1is shown In
Fig. 12.5. Study of emission

G656 nifm

122 pim

Wavelength, & -

1875 nn

line spectra of a material can
itherefore serve as a type of
“fingerprint” for ideniification
of the gas. When white light

f— 01 nm
[ 045 nm

e

passes through a gas and we
analyse the transmitted light
using a spectrometer we find
some dark lines in the
spectrum. These dark lines

—

Lymman Balmiar serigs
series

S

Paschen series

correspond precisely to those wavelengths which were found in the
emission line spectrum of the gas. This is called the absorption spectrim

of the material of the gas.

12.4 Bour MobpeL oF THE HYDROGEN
Arom

The model of the atom proposed by Rutherford assumes
that the atom, consisting of a central nucleus and
revolving electron is stable much like sun-planet system
which the model imitates. However, there are some
fundamental differences between the two situations.
While the planetary sysiem 1s held by gravitational
force, the nucleus-eleciron syslem being charged
objects, interacl by Coulomb’s Law of force. We know
thal an objecl which moves in a circle is being
constantly accelerated — the acceleration being
centripetal in naiture. According to classical
elecromagnetic theory, an accelerating charged particle
emits radiation in the form of electromagnetic waves,
The energy of an accelerating electron should therefore,
continuously decrease. The electron would spiral
inward and eventually fall Into the nucleus (Fig. 12.6).
Thus. such an atom can not be siable. Further,
according to the classical eleciromagnetic theory. the
frequency of the electromagnetic waves emitted by the
revolving electrons is equal to the Irequency of
revolution. As the elecirons spiral inwards, their angular
velocities and hence their frequencies would change
continuously, and so will the frequency of the light
emitted. Thus, they would emit & continuous speciram,
in contradiction to the line spectrum actually observed.
Clearly Rutherford model tells only a part of the story
implying that the classical ideas are not sufficient to
explain the atomic struciure.

Niels Henrik David Bohr
(1885 - 1962) Danish
physicist who explained the
spectrum of hydrogen arom
based on quantum ideas.
He gave a theory of nuclear
fission based on the liquid-
drop model of nucleus.
Bohr contlributed Lo the
clarification of conceptual
problems in quantum
mechanics, in particular by
proposing the comple-
mentary principle.

FIGURE 12.B5 Emission lines in the spectrum of hydrogen
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Exawme 12.4

Proton
(hydroge

nuc]ma}

L".lecttﬂn

FIGURE 12.6 An -‘L{-..?l':lf.‘l:m--u_l araric sleciron must spiral into the
nucleus as it loses energy

Exemple 12.4 According to the classical electromagnetic theory,
calculate the initial frequency of the light emitied by the electron
revolving around a proten in hydrogen atom.

Solution From Example 12.3 we know that veloeily of electron moving
around a proton in hydrogen atom in an orbit of radius 5.3 x 107" ' m
is 2.2 % 10°® m/s. Thus, the frequency of the eleciron moving around
the proton is

_n . 2810 ms™
2rr 2n(5.3x107"" m)

= 6.6 x 10'° Hz.
According to the classical electromagnetic theory we know that the
frequency of the electromagnetic waves emitied by the revolving
electrons is equal to the frequency of its revolution around the nucleus.
Thus the initial frequency of the light emitted is 6.6 x 10 Hz.

It was Niels Bohr (1885 — 1962) who made certain modifications in
this model by adding the ideas of the newly developing quantum
hypothesis. Niels Bohr studied In Rutherford's laboratory for several
momnths n 1912 and he was canvinced about the validity of Rutherford
nuclear model. Faced with the dilemma as discussed above, Bohr, in
1913, concluded thal in spite of the success of electromagnelic theory in
explaining large-scale phenormena, it could not be applied 1o the processes
at the atomic scale. It became clear that a [airly radical depariure from
the established principles of classical mechanics and electromagnetism
would be needed to undersiand the structure of atoms and the relation
of atomic structure to atomic specira. Bohr combined classical and early
quantum concepis and gave his theory in the form of three postulates.
These are :

{1} Bohr's first postulaie was that an electron in an atom could reveolve
in certain stable orbits without the emission of radiant energy,
contrary 1o the predictions of eleciromagnetic theory. According to
this pestulate, each atom has certain definite stable states inwhich it
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can exist, and each possible state has definite total energy. These are
called the stationary states of the atom.

(fi) Bohr's second postulate defines these stable orbits. This postulate
states that the electron revolves around the nucleus only in those
orbits for wwhich the angular momentum is some infegral multiple of
h/2x where his the Planck's constant (= 6.6 x 107**J ). Thus the
angular momentum (L) of the orbiting electron is quantised. Thatis

L=nh/2n (12.5)

[iii) Bohr's third postulate incorporated into atomiic theory the early

gquantum concepis that had been developed by Flanck and Einsiein.

It states that an eleciron might make a (ransition _from one of ils

specified non-radiating orbits to another of lower energy. When it

does so, a pholon is emilled having energy equal to the energy

difference between the initial and Jinal states. The frequency of the

emitied photon is then given by

hv = E - E.r (12,86)
where E and E; are the energies of the initial and final states and E, > E}_

For a hydrogen atom, Eq. (12.4) gives the expression to determine
the energies of differeni energy states. But then this equation requires
the radius r of the electron orbit. To calculate r, Bohr's second postulate
aboul the angular momentum of the electron-the quantisation
condition —-is used.

The radius of nth possible orbit thus found 1s

P h ?4ne,

o= ; E o2 (12.7)

The total energy of the electron in the stationary states of the hydrogen
alom can be oblained by substituting the value of orbital radius in
Eq. (12.4) as

e m 2 &

E =- o
" 8rg, n® h 4ng,
ITIE‘
X e T
or &g Sﬂzfghz “.28]
Substituting values, Eq. (12.8) yiclds
-18
E, = _MJ (12.9)
n

Atomic energies are oficn expressed in eleciron volis (eV) rather than
joules, Since 1 eV = 1.6 x 107% J, Eq. (12.9) can be rewriiten as

13.6
E, =- " eV (12.10)
The negative sign of the total energy of an electron moving in an orbit
means that the electron is bound with the nucleus, Energy will thus be
required to remove the eleciron fromn the hydrogen atom to a distance
infinitely far away from its nucleus (or proton in hydrogen atom).
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Total energy, E (eV]
A

-0.85
-1.51

-13.6

FIGURE 12.7 The energy level

diagram for the hydrogen atom

The clectron in & hydrogen atom
il TOOI TemMPernture spends

Ground siate

12.4.1 Energy levels
The energy ol an alom is the least (largest negalive value)

Unbound flonised) When its electron is revolving in an orbit closest to the

atom nucleus i.e., the one for which n=1. Forn=2, 3, ... the
absolute value of the energy Eis smaller. hence the energy

is progressively larger in the outer orbits. The lowest state

Excited  ©f the atom, called the ground state, is that of the lowest
states  energy, with the electron revolving in the orbit of smallest
radius, the Bohr radius, a,, The energy of this state (n= 1),

n=2 E, i5-13.6 eV, Therefore, the minimum energy required to
free the electron from the ground state of the hydrogen atom
is 13.6 eV. I is called the ionisation energy of the hydrogen
aloin, This prediction of the Bohir's model is in excellent
agreement with the experimental value ol ionisation energy.
At room temperature, most of the hydrogen atoms are

in ground state. When a hydrogen atom receives energy
by processes such as electron collisions, the atom may
acquire sufficient energy to raise the electron to higher
energy states. The alom is then said ie be in an excifed
state. From Eq. (12.10), for n = 2; the energy E, is
SR -3.40 ¢V. It means that the energy required to excite an
eleciron in hydrogen atom to its first excited state, is an
energy equal to E, —E, =-3.40 ¢V - [-13.6) eV = 10.2 eV.
Similarly, E,=-1.51eVand E,-E, = 12.09 eV, or to excite
the hydrogen atom from ils ground siate (n = 1) to second

A 37
oo
G2 el

most of 1ts time in the ground excited state (n= 3], 12.09 eV energy is required. and so
gtale. To iondse a ]I}'I:i.l'l:-gﬂ 1 on. From these excited states the eleciron can then fall back
atom an eleciron from the 10 a state of lower energy, emitiing a photon in the process.
ground state, 13,6 eV of energy Thus, as the excitation of hydrogen alom increases (thal is
musi be supplied. (The horizontal  as nincreases) the value of minimum energy required io
lings specify the presence ol free the eleciron from the exclted atom decreases.
allowed energy srates.) The energy level diagram* for the stationary states of a
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hydrogen atom. compuied rom Eq. (12.10), is given in
Fig. 12.7. The principal quantum number n labels the stationary
staies in the ascending order of energy. In this diagram, the highesi
energy state corresponds to n =« in Eq, (12.10) and has an energy
of 0 eV. This is the energy of the alom when the eleciron is
completely removed (r = «) from the nucleus and is at rest. Observe how
the energies of the excited siates come closer and closer togeither as
nincreases.

12.5 TuE LINE SPECTRA OF THE HYDROGEN ATOM

According to the third postulate of Bohr's model. when an atom makes a
transition from the higher energy state with quantum number n, to the
lower energy state with quantum number n, {nJ.f: ), the difference of
energy is carried away by a photon of frequency v, such that

* An electron can have any total energy above K= 0 eV. In such situations the
clectron is free. Thus there is & continuum of energy states sbove E= 0 eV, as
shown in Fig. 12.8,
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ho,=E - E. (12.11})

Since both nyand n, are integers, this immediately shows that in
transitions between different atomic levels, light is radiated in various
discreie [requencies,

The various lines in the atomic spectra are produced when electrons
jump from higher energy state to a lower energy state and photons are
emitted. These speciral lines are called emission lines. But when an atom
absorbs a photon that has precisely the same energy needed by the
eleciron in a lower energy staie to make transitions to a higher energy
slate, the process is called absorption. Thus il photons with a continuous
range of [requencies pass through a rarefied gas and then are analysed
with a spectrometer, a series of dark spectral abzorption lines appear in
the continuous specirum. The dark lines indicate the requencies that
have been absorbed by the atoms of the gas.

The explanation of the hydrogen atom spectrum provided by Bohr's
model was a briliant achievement, which greatly stimulated progress
towards the modern quantum theory. In 1922, Bohr was awarded Nobel
Prize in Physics.

12.6 Dr BrocLIE's EXPLANATION OoF BOHR'S
SeEcoND POSTULATE OF QUANTISATION

Of all the postulates, Bohr made in his model of the atom,
perhaps the most puzzling is his second posiulate. It siates
ihat the angular momentum of the eleciron orbiling around
the nucleus is quantised (that is, I, =nh/2mn =1, 2,3 ...).
Why should the angular momentum have only those values
that are integral multiples of h/2n? The French physicist Louis
de Broglie explained this puzzle in 1923, ten years afier Bohr
proposed his model.

We studied, in Chapter 11, about the de Broglie's
hypothesis that material particles. such as electrons, also
have a wave nature. C. J. Davisson and L. H. Germer later
experimentally verified the wave nature of electrons in 1927.
Louis de Broglie argued ihat the eleciron in iis eircular orbil,
as proposed by Bohir, must be seen as a particle wave. In
analogy o waves lravelling on a siring, particle waves oo
can lead to standing waves under resonant conditions. From FIGURE 12.8 A sianding wave
Chapter 14 of Class XI Physics textbook, we know that when 18 showi on & elrcular orbli
a string is plucked, a vast number of wavelengths are excited. whise o fie Rvgie
However only those wavelengths survive which have nodes S L Iatis £o0
at the ends and form the standing wave in the siring. It means ST e
that in a string. standing waves are formed when the total distance
travelled by a wave down the string and back is one wavelength, two
wavelengths, or any integral number of wavelengths. Waves with other
wavelengths Interfere with themselves upon reflection and fheir
amplitudes quickly drop to zero. For an electron moving in n™ circular
orbit of radius r . the total distance is the circumference of the orbit,
2xr . Thus 301
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nr,=nd, n=1,2 3. (12.12)

Figure 12.8 illustrates a standing particle wave on a circular orbit
for n=4 Le., 2nr, =44, where A is the de Broglie wavelength of the electron
maving in n™ orbit. From Chapter 11, we have A = h/p, where p is the
magnitude of the electron’s momentum. If the speed of the electron is
much less than the speed of light, the momentum is mu,. Thus, 4 =h/
mu,. From Eq. (12.12), we have

2nr,=nh/mv, or mu,r,= nh/2n

This is the quantum condition proposed by Bohr for the angular
momentum of the electron [Eq. (12.15)]. In Secton 12.5, we saw that
this equation is the basis of explaining the discrete orbits and energy
levels in hydrogen atom. Thus de Broglie hypothesis provided an
explanaiion [or Bolir's second posuudaie for the quaniisation of angular
momentum of the orbiting electron. The quantised electron orbits and
energy states are due (o the wave nature of the electron and only resonant
standing waves can persist.

Bohr's model, involving classical trajectory picture (planet-like electron
orbiting the nucleus), correctly predicts the gross features of the
hydrogenic atoms’, in particular, the frequencies of the radiation emitted
or selectively absorbed. This model however has many limitations.
Some are:

(i The Bohr model is applicable io hydrogenic atoms. It cannot be
extended even (o mere two electron atoms such as helivm. The analysis
of atoms with more than one electron was attempted on the lines of
Bohr's model for hydrogenic atoms but did not meet with any success.
Difficulty lies in the fact that each eleciron interacts not only with the
positively charged nucleus but also with all other elecirons.

The formulation of Bohr model involves elecirical force beiween

positively charged nucleus and electron. It dees not include the

electrical forces between electrons which necessarily appear in
multi-clectron atoms.

(if)} While the Bohr's model correctly predicis the frequencies of the light
emitted by hyvdrogenic aloms,. the model is unable to explain the
relative intensities of the frequencies in the specuum. In emission
spectrum of hydrogen, some of the visible frequencies have weak
Intensity, others strong. Why? Experimental observations depict that
some transitions are more favoured than others. Bohr's model is
unable to accounl for the intensity variations.

Bohr's model presents an elegant picture of an atom and cannot be

generalised to complex atoms. For complex atoms we have to use a new

and radical theory based on Quantum Mechanics, which provides a more
complete picture of the atomic siructure.

* Hydrogenic atorns are the atorns consisting of a nucleus with positive charge
+Ze and a gingle eleciron. where Z is the proton number. Examples are hydrogen
alom, singly ionised helium, doubly ionised lithium, and so forth, In these
atoms more cormplex sleciron-eleciron interactions are nonexistent.



1.

2»

3.

Afoms

SUMMARY

Atom, asa whole, is electrically neutral and therefore contains equal

amount of positive and negalive charges.

In Thomson's model, an atom |s a spherical cloud of positive charges

with elecirons embedded in it

In Rutherford’s model, most af the mass of the atom and all its positive

charge are concentrated in a tny nucleus (bpically one by ten thousantd

the size of an atom), and the electrons revolve around it

Rutherford nuclear model has twe main difficulties in explaining the

structure of atom: {a) It predicts that atoms are unstable because the

accelerated electrons revolving around the nuclens must spiral into
the nucleus. This contradicts the stability of matier, [b) I cannot
explain the characteristic lue spectra of atoms of different elements.

Atome of most of the elements are stable and emit characteristic

spectrum. The specirum consists of a set of isolated paralle]l lines

termoed as line spectrom. It provides useful information about the
alomic slructars.

To explain the line spectra emitied by atoms, as well as the stability

of atoms. Misl's Bohr proposed a mode] for hyvdrogenic (single elctron)

atoms. He introduced three postulates and laid the foundations of
quantum mechanics;

(a) In a hydrogen stom, an eleciron revolves in certain stable orbits
(ealled stationary orbits) without the emission of radianl energy.

[b) The stationary orbits are thoese for which the angular momentum
iz some integral multiple of h/2n. (Bohr's quantisation condition:)
That is L = nh/2x, where n Is an integer called the principal
quanium number,

{c] The third postulate states that an electron might malee a transition
from one of its specified non-radiating orbils to ancther of lower
energy. When it does so, a photon 15 emitted having energy equal
to the energy difference between the inital and final states. The
frequency (vi of the emitied photon is then given by
hy = E - E,

An atom absorbs radiation of the same [equency the atom emils,
in which case the eleetron is iransferred 1o an orbit with a higher
value of n. '
E+hv = E,

A= a result of the quantisation condition of angular momenium, the

electron erbits the nucleus at only specific radil. For a hydrogen atom

il is given by

P n? h Cang

" m 2r et
The total energy is also quantised:

TI'PE'4

3.12 éhﬁ

=-18.6 eV/r?
The n =1 state i5 called ground state. In hydrogen atom the ground
state energy 18 -13.6 eV, Higher values of n correzpond to excited
slales (> 1). Aloms are excited Lo these higher states by eollisions
with ether atoms or elecirons or by absorption of a photon of right
frequency.

E, =-
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de Broglie's hypothesis that electrons have awavelength A =h/mp gave
an explanation for Bohr's quantized orbits by bringing in the wave-
particle duality. The orbils correspond to circular standing waves in
which the circuruference of the orbit equals s whole number of
wavelengths.

Bohr's model is applicable only fo hydrogenic (single electron) atoms.
It carmot be extended to even two electron atoms such as helium.
This model is also unable to explain for the relative inten=sities of the
Fequencies emitted even by hydrogenic atoms.

POINTS TO PONDER

Both the Thomson's as well as the Rutherford's models constitute an
unsiable system. Thomson's mode] 1s unsiable elecirostatically, while
Rutherford's model 1s unstable because of electromagnetic radiation
of orbitng electrona.

What made Bohr gquantise angular momentum (second postulate) and
nol some other quantity? Note, h has dimensions of angular
momentum, and for cirenlar orbits, angular momentum is a very
relevant quantily. The second postulate is then so naturall

The orbital piciure in Bohr's model of the hydrogen alom was
mcensistent with the uncertainty princple. It was replaced by modern
quantum mechanics in which Bohr's orbits are regions where the
eleciron may be found with large probability.

Unlike the siiuation In the solar system, where planet-planet
gravitational forces are wery small as compared to the gravitational
force of the sun on each planel (because the mass of the sun is &p
much greater than the mass of any of the planeis), the-eleciron-electron
eleciric force Interaction is comparable in magnitude to the eleciron-
nucleus electrical force, because the charges and distances are of the
same order of magnitude. This 1s the reason why the Bohr's model
with tts planei-like electron is not applicable to many electron atoms.
Baohr laid the foundation of the quantum theory by postulating specific
orbils in which eleclrons do not radiate, Bohr's model include only
one quantur number r, The new theory called quantum mechanics
supportes Bohr's postulate, However in guantum mechanics (more
generally accepted). a givem energy level may not correspond to just
one quantum state, For example, a state 18 characierised by four
quantum numbers (r, I, m and s, but for a pure Coulomb potential
(a= in hydrogen atom) the energy depends only on n.

In Bolhr model, contrary o ordinary classical expectation, the frequency
of revolution of an electron in its orbif is not connected to the frequency
of speciral line. The Iater is the differenice beiween two orbital energics
divided by h. For transitions between large quantum numbers:(nito n
- 1. mwery large), however, the two colncide as expected.

Bolir's semiclaseical model based on some aspects of classical phyvsics
and some aspects of modern physics also does not provide a true picture
of the simplest hydrogenic atoms. The trae picture is quantum
mechanical affair which differs from Bohr model in a number of
fondamental ways. But then if the Bohr model is not stricily correct,
why do we bother about it? The reasons which make Bohr's model
sifll useful ars:
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{i} Themodelis based on just three pastalates but accouts for almost
all the general features of the hydrogen specirum,

(i1} The model mcorporates many of the concepts we have learnt
classical physics,

{111} The model demonstrates how a theoretical plivsicist occasionally
must guite lterally ignore certain problems of approach in hopes
of being able to make some predictions. If the predictions of the
theory or model agree with experiment, a theorétician then must
gomehow hope to explain away or ratenalise the problems that
were ignored along the way.

EXERCISES

Choose the correci aliernative [rom ihe clues given ai the end ol
the each statement:

(a) The sife ol the atom in Thomson's model is ... the atomic
gize in Rutherford's model. (much greater than/no different
[rom/much less than.)

(b} In the ground state of ... cleelrons are in stable equilibrinm,
while in .......... electrons always experience a nel loree,
[Thomson's model/ Rutherford's model.)

()] A classical atom based onm .......... is doomed to collapse.
(Thomson's model/ Rutherford's model.)

{d} An atemn has a nearly continuous mass disoibutden in a «..vveeees
buti has a highly non-uniform mass distribution in .........
(Thomson's model/ Rutherford's model.)

{e) The posiiively charged part of the aiom posszesses most of the
Mmass in ... [Rulheriord's model /both the models,)

Suppose you are given a chance fo repeal the alpha-pariicle

scattering experiment using a thin sheet of solid hydrogen in place

ol the gold [oil. (Hydrogen is a #olid al temperalures below 14 K

Whal resullz do you expectl?

A differenice of 2.3 eV separaies two energy levels in an atom. What

is the frequency of radialion emiiled when the alom make a

transidon from the upper level to the lower level?

The ground state energy of hydrogen atom is -13.6 €V. What are the
kinetic and potential energies of the electron in this state?

A hydrogen atom iniidally in the ground level absorbs a phoiom
which excites it 1o the n = 4 level. Determine the wavelengih and
frequency of photon.

{a) Using the Bohr's model calculate the speed of the eleciron in a
hydrogen atom in the n=1, 2, and 3 levels. (b} Calculate the orbital
periad in each of these levels.

The radius of the innermost electron orbit of a hydrogen atom is
5.3x107"" m. What are the radii of the n = 2 and n =3 orbits?

A 125 eV electron beam is used to bombard gaseous hydrogen at
room temperatire. What series of wavelengths will be emitted?

In accordance with the Bohr's model, find the gquantum number
that characterises the earth's revolution around the sun in an orbit
of radinus 1.5 % 10" m with orbital speed 3 % 10* m/s. (Mass of earih
=6.0 x 10 kg.)
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Chapter Thirfeen

NUCLEI

13.1 INTRODUCTION

In the previous chapter, we have learnt that In every atom, the positive
charge and mass are densely concentrated at the centre of the atom
forming its nucleus. The overall dimensions of a nucleus are nmch smaller
than those of an atom. Experimenis on scaticring of e-particles
demonstrated that the radius of a nucleus was smaller than the radius
of an atom by a facter of about 10* This means the volume of a nucleus
is about 10*? times the volume of the atom. In other words, an atom is
almost empty. If an atom 1s enlarged to the size of a classroom, the nucleus
would be of the size of pinhead. Nevertheless, the nucleus contains most
(more than 99,9%) of the mass of an atom.

Does the nucleus have a structure, just as the atom does? If so, what
are the constituents of the nucleus? How are these held together? In this
chapter, we shall look for answers to such questions. We shall discuss
varlous properties of nuclel such as their size, mass and stability, and
also associated nuclear phenomena such as radioactivity, fission and fusion.

13.2 Aromic Masses anp ComrosiTioN oF NUCLEUS

The mass of an atom is very small, compared to a Kllogram; for example,
the mass of a carbon atom, *2C, is 1.992647 % 10 kg. Kilogram is not
a very convendent undi 1o measure such small quaniilies, Therelore, a
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different mass unit is used for expressing atomic masses. This unit is the
atomic mass unit (1), defined as 1/12" of the mass of the carbon (}*C)
atom. According to this definition

mass of one C atom
12

la=

~ 1.992647 x10% kg
12

= 1.660539 x10% kg (13.1)

The atomic masses of varlous clements expressed in atomic mass
unil [u) are close to being integral multiples of ithe mass of a hydrogen
atom. There are, however, many siriking exceptions o this rale. For
example, the atomic mass of chlorine alom is 35.46 u.

Accurate measurement of atomic masses is carried out with a mass
spectrometer, The measurement of atomic masses reveals the existence
of different types of atoms of the same element, which exhibit the same
chemical properiles, but differ in mass. Such atomic species of the same
elernent differing in mass are called {sotopes. (In Greek, isotope means
the same place, i.e. they occur in the same place in the periodic table of
elements.) It was found that practically every clement consists of a mixture
of several isotopes. The relative abundance of different isotopes differs
from element to element. Chlorine, for example, has two isotopes having
masses 34.98 u and 36.98 u, which are nearly iniegral multiples of the
mass of a hydrogen atom. The relative abundances of these isotopes are
75.4 and 24.6 per cent, respeciively. Thus, the average mass of a chlorine
atom is obtained by the weighted average of the masses of the two
isotopes, which works out to be

75.4%34 98+24.6x36,98
100

3547 u
which agrees with the atomic mass of chlorine,

Even the lightest element. hydregen has three isoiopes having masses
1.0078 u, 2.0141 u, and 3.0160 u. The nucleus of the lightest atom ol
hydrogen, which has a relative abundance of 99.985%. is called the
proton. The mass of a proton is

m, =1.00727u = 1.67262 x 10*" kg (13.2)

This is equal to the mass of the hydrogen atom (= 1.00783u), minus
the mass of a single electron (m_ = 0.00055 u). The other two isoiopes of
hydrogen are called deuterium and tritium. Tritium nuclei, being
unstable, do not eccur naturally and are produced artificially in
laboraiories.

The positive charge in the nucleus is that of the protons. A proton
carries one unit of undamental charge and 1s stable. It was earlier thought
that the nucleus may contain electrons, but this was ruled out later using
arguments based on quantum theory. All the electrons of an atom are
outside the nucleus. We know that the number of these elecirons oulside
the nucleus of the atom is Z the atomic number. The total charge of the
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atomic eleclrons is thus (-Z€), and since the alom is neuiral, the charge
of the nuecleus is (+Ze). The number of protons in the nucleus of the atom
is. therefore. exacily Z, the atomic number.

Discovery of Neutron

Since the nuclei of deuterium and tritium are isotopes of hydrogen, they
musi contain only one proton each. Bul the masses of the nuclei of
hydrogen, deuterium and tritium are in the ratio of 1:2:3, Therefore, the
nuclei of deuterium and tritium must contain, in addition to a proton,
some neutral matter. The amount of neutral matter present in the nuclei
of these isotopes, expressed in units of mass of a proton, 1s approximately
equal 1o one and two, regpeciively. This fact indicates that the nuclei of
atoms coniain, in additon to protons. neutral matier in multiples of a
basic unit. This hypothesis was verified in 1932 by James Chadwick
who observed einission of neutral radiation when beryllium nuclel were
bombarded with alpha-particles (o-particles are helum nuclei, to be
discussed in a later section). It was found that this neutral radiaton
could knock out protons from light nuclei such as those of helivum, carbon
and nitrogen. The only neutral radiation known at that tme was photons
[eleciromagnetic radiaton). Applicaiion of the principles of conservation
of energy and momenium showed that if the neuiral radiation consisted
ol photons, the energy of photons would have to be mmuch higher than is
available from the bombardment of beryllium nuclei with o-particles.
The clue to this puzzle, which Chadwick satisfactorily solved. was to
assume that the neuiral radiation consists of a new type of neufral
particles called neutrons. From conservaton of energy and momentum.
he was able to determine the mass of new particle ‘as very nearly the
same as mass of proton'.

The mass of a neutron is now known to a high degree of accuracy. Itis

m, = 1.00866 u = 1.6749%10*" kg (13.3)

Chadwick was awarded the 1935 Nobel Prize in Physics for his
discovery of the neutron.

A [ree neutron, unlike a Iree proton, is unstable, Ii decays into a
proton. an electron and a antineuirine (another elementary particle), and
has a mean life of about 1000s. Itis, however, stable inside the nucleus.

The composition of a nucleus can now be described using the following
terms and symbols:

£ - atomic number = number of protons [13.44{a)]
N - neutron number = number of neutrons [13.4(b]]

A - mass number=2Z+ N

= total number of protons and neuirons [13.4(c)]

One also uses the term nucleon for a proton or a neutron. Thus the
number of nucleons in an atom is its mass number A.

MNuclear species or nuclides are shown by the notation QX where X is
the chemical symbol of the species. For example, the nucleus of gold is
denoted by ‘ggﬁu. It contains 197 nucleons, of which 79 are protons
and the rest118 are neutrons.
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The composition ol isolopes of an element can now be readily
explained. The nuclei of isolopes of a given element contain the same
number of protomns, but differ from each other in their mamber ol neutrons.
Deuterium, fH. which is an isotope of hydrogen. contains one proton
and one neuiron. Its other isolope tritium, *H, conlains one proton and
two neutrons. The element gold has 32 isotopes, ranging from A=173 to
A=204. We have already mentioned that chemical properties of elemenis
depend on their elecironic structure. As the atoms of lzotopes have
identieal electronic struciure they have identical chemical behaviour and
are placed in the samte location in the periodic table.

All nuclides with same mass number A are called isobars. For
example, the nuclides {H and jHe are isobars. Nuclides with same
neutron number N but different atomic number Z, for example '3 Tg
and 7 Au, are called isotones,

13.3 Size oF THE NUCLEUS

As we have seen in Chapter 12, Rutherford was the pioneer who
postulaied and established the existence of the atomic nucleus. At
Rutherford’s suggestion. Geiger and Marsden performed their classic
experiment: on the scattering of a-particles from thin gold foils. Their
experiments revealed thai ithe distance of closest approach 1o a gold
nucleus of an a-particle of kinetic energy 5.5 MeV is about 4.0 x 107 m.
The scattering of e-particle by the gold sheet could be understood by
Rutherford by assuming that the coulomb repulsive force was solely
responsible for scattering. Since the positve charge is confined to the
nucleus. the actual size of the nucleus has to be less than 4.0 x 107 m.

If we use g-particles of higher eniergies than 5.5 MeV, the distance of
closesi approach Lo the gold nucleus will be smaller and al some point
the scatiering will begin to be alfecied by ihe short range nuclear forces,
and differ [rom Eutherford’s calculations. Rutherford's caleulations are
based on pure coulomb repulsion between ihe positive charges ol the o-
particle and the gold nucleus. From the distance at which deviations set
in, nuclear sizes can be inferred.

By performing scatlering experiments in which [ast electrons, instead
of a-particles. are projectiles that bombard targets made up ol various
elements, the sizes ol nuclei of various elemenis have been accurately
measured.

It has been found that a nucleus of mass number A has a radius

R=R A" (13.5)
where R, = 1.2 x 107 m (=1.2 fim; 1 fin = 107"*m). This means the volume
of the nucleus, which is proportional to R® is proportional to A. Thus the
density of nucleus is a constant. independent of A, for all nuclei. Different
nuclei are like a drop ol liquid ol consiant density. The density ol nuclear
matier is approximately 2.3 % 107 kg m~, This density is very large
compared to ordinary matter. say water, which is 10° kg m™, This is
undersiandable, as we have already seen that most of the atom is empty.
Ordinary maitter consisting of atoms has a large amount of empty space.
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Example 13.1 Given the mass of iron nuclens as 55.85u and A=56,
find the nuclear density?

Solution
my, = 55.85, u=9.27x 10 kg

mass 0.27x10% 1
Nuclear density = volume  (4r/3)(1.2x107) = 56

=2.29%10"kgm™>

The density of matier In neutron stars (an astrophysical objeci) is
comparable to this density. This shows that maiter in these objects
has been compressed to such an extent that they resemble a big nucleus.

13.4 Mass-ENErGY AND NucLEAR BinpING ENERGY

13.4.1 Mass - Energy

Einstein showed from his theory of special relatvity that it is necessary
to ireal mass as another form of energy. Before the advent of this theory
of special relativily it was presumed that mass and energy were conserved
separalely in a reaction. However, Einstein showed that mass is another
form of energy and one can convert mass-energy into other forms of
energy, say lkinelic energy and vice-versa.

Einstein gave the famous mass-energy equivalence relation

E = mc* (13.6)

Here the energy equivalent of mass mis related by the above equation
and ¢ is the velocity of light in vacuum and is approximately equal to
3%x10%m s,

Example 13.2 Calculate the energy equivalent of 1 g of substance.
Solution
Energy, E= 107 x (3 x 10%%J

E=10"x9x 10"®"=9x10"J
Thus, if one gram of matter is converted 1o energy. there is a release
of enormous amount of energy.

Experimental verification of the Einstein’s mass-energy relation has
reen achieved in the study of nuclear reactons amengst nucleons, nuelei,
electrons and other more recently discovered particles. In a reaction the
conservation law of energy states that the initial energy and the final
energy are equal provided the energy associated with mass is also
included. This concept is important in understanding nuclear masses
and the interaction of nuclei with one another. They form the subject
martter of the next few secdons.

13.4.2 Nuclear binding energy

In Section 13.2 we have seen that the nucleus is made up of neuirons
and protons. Therefore it may be expected that the mass of the nucleus
is equal to the total mass of its individual protons and neutrons. However,
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the nuclear mass M is found (Lo be always less than this. For example, let
us cousider 0 a nucleus which has 8 neutrons and 8 protons. We
have

Mass of 8 neutrons = 8 ¥ 1.00866 u
Mass of 8 protons =8 X 1.00727 u

Mass of 8 elecirons = 8 x 0.00055 u

Therefore the expected mass of 'O nucleus

=8x201593 u=16.12744 u.

The atomic mass of 'L O found from mass speciroscopy experiments
is seen to be 15.99493 u. Substracting the mass of 8 electrons (8 % 0.00055 u)
from this, we get the experimental mass of 'f O nucleus to be 15.99053 u.

Thus, we find that the mass of the lg O nucleus is less than the total
mass ol its constituents by 0, 13691 u. The dillerence in mass of a nucleus
and its constituents. AM, is called the mass defect, and is given by

AM =[Zm, +{A-Z)m, |-M (13.7)

Whalt is the meaning ol the mass defect? It is here thai Einsiein's
equivalence of mass and energy plays a role. Since the mass of the oxygen
nucleus is less that the sum of the masses of iis constituents (8 proions
and 8 neutrons, in the unbound state), the equivalent energy of the oxygen
nucleus is less than that of the sum of the equivalent energies of its
constituents. If one wants to break the oxygen nucleus into 8 protons
and 8§ neutrons, this extra energy AM ¢*, has to supplied. This energy
required E, is related Lo the mass defect by

E,=AMc* (13.8)

Example 13.3 Find the energy equivalent of one atomic mass umnit,
first in Joules and then in MeV. Using this, express the mass defect
of 20 in MeV/c.

Solution
1u = 1.6605 x 107" kg
To convert it into energy units, we multiply it by ¢* and find that
energy equivalent = 1,6605 x 10 x (2,9979 x 10%? kg m?/s"
=1.4924 x 10 J
1.4924 %101
- -_""""""""_"'ﬁ"'ev
1.602x10°
0.9315 x 107 eV
931.5 MeV
or, lu = 931.5 MeV/¢*
For 'f0, AM=0.13691 u = 0.13691x931.5 MeV/¢*
= 127.5 MeV/c?

The energy needed to separate FO into its constituents is thus
127.5 MeV /%

If a certain number of neutrons and protons are brought together to
form a nucleus of a certain charge and mass, an energy E, will be released

£ &1 TIINVIH
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in the process. The energy E, is called the binding energy of the nucleus.
Il we separale a nucleus into its nucleons, we would have to supply a
total energy equal to E,. lo those particles. Although we cannot tear
apart a nucleus in this way, the nuclear binding energy is still a convenient
measure of how well a nucleus is held together. A more useful measure
of the binding between the constituents of the nucleus is the binding
energy per nucleon, E,_, which is the ratio of the binding energy E, ofa
nucleus to the namber of the nucleons, A, in that nucleus:

E_=E/A (13.9)
We can think of binding energy per nucleon as the average energy
per nucleon needed to separate a nucleus into iis individual nucleons.

Figure 13.1 is a plot of the
binding energy per nucleon E,,

as a lunctlon of mass number, (W

i s |5 ol “L versus the mass number A for a
3l .9 ] | ey w . large mumnber of nuclei. We notice
-iE;}u.ﬁ —=e—  the following main features of
kﬁr "M the plot:

BTy (ij the binding energy per
nucleon. E, . is practically
constant, i.e, practically

LB independent of the atomic

number for nuclei of middle

H mass number ( 30 <A < 170).

0 50 100 150 200 250 TE"—‘ Clwggﬁﬂéﬂﬂ“m;g

about 8. eV for A = 56
iy and has a value of 7.6 McV

FIGURE 13.1 The binding energy per nucleon for A=238.

E,. 1g lower for both Hght

nuclei {A<30) and heavy

muclei (A=170).

We can draw some conclusions [rom these two observations:

(i) The force is attractive and sufficiently strong to produce a binding
energy of a few MeV per nucleon.

(ii) The constancy of the binding energy in the range 30 <A< 170isa
consequence of the fact that the nuclear force is short-ranged. Consider
a particular nucleon inside a sufficientdy large nucleus. It will be under
the influence of only some of its neighbours, which come within the
range of the nuclear force. If any other nucleon s ai a distance more
than the range of the nclear force from the partcular nucleon it will
have no influence on the binding energy of the nucleon under
consideration. Il a nucleon can have a maximum of p neighbours
within the range ol nuclear force, its binding energy would be
proportional to p. Let the binding energy of the nucleus be plk, where
kis a constant having the dimensions of energy. If we increase Aby
adding nucleons they will not change the binding energy of a nucleon
inside. Since most ol the nucleons in a large nucleus reside inside il
and not on the surface, the change in binding energy per nucleon
would be small. The binding energy per nucleon is a constant and is
approximately equal to pk. The property that a given nucleon
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influences only nucleons close to it is also referred to as saturation

property of the nuclear force.

(iii) A very heavy nucleus, say A =240, has lower binding energy per
nucleon compared to that of a nucleus with A = 120. Thus if a
nucleus A = 240 breaks into two A = 120 nuclei, nucleons get more
tightly bound. This implies energy would be released in the process.
It has very important implications lor energy produciion through

fission, to be discussed later in Section 13.7.1.

[ivl] Consider two very lisght nuclei (A< 10) joining to form a heavier
nucleus. The binding energy per nucleon of the used heavier nuclei
is more than the binding energy per nucleon of the lighter nuclei.
This means that the final system is more tightly bound than the initial
system. Again energy would be released in such a process of
Susion. This is the energy source of sun, to be discussed later in

Section 13.7.2.

13.5 NucrLear Force

The force that determines the molion of alomic elecirons is the familiar
Coulomb force. In Sectlon 13.4, we have seen that for average mass
nuclei the binding energy per nucleon is approximately 8 MeV, which is
much larger ithan the binding energy in atoms. Therefore, 1o bind a
nucleus together there must be a strong attractive force of a totally
different kind. Ii musi be sirong enough (o overcome the repulsion
between the [positvely charged) protons and to bind both protons and
neutrons into the tiny nuclear volume. We have already seen
that the constancy of binding energy per nucleon can be
understood in terms of its short-range. Many features of the
nuclear binding force are summarised below, These are
obtained from a variety of experimenis carrled out during 1930
io 1950,

(i)

(i)

The nuclear lorce is much stronger than the Coulomb [orce
acting between charges or the gravitational forces between
masses. The nuclear binding force has to dominate over
the Coulomb repulsive force beiween protons inside the
nucleus. This happens only because the nuclear force is
much sironger than the coulomb force. The gravitational
force is much weaker than even Coulomb force.

The nuclear force between two nucleons falls rapidly to
zero as their distance is more than a few femtometres. This
leads to safuration of forces in 2 medium or a large-sized
nucleus, which is the reason for the constancy of the
binding energy per nucleon.

A rough plot of the potential energy between two nucleons
as a [unction of distance is shown in the Fig. 13.2. The
potential energy is a mininnm at a distance r, of about

Potentlal energy (MeV)
@ o
___'_,_ﬂ-

ST

2 3
r ([m)
FIGURE 13.2 Polenlial energy

of a pair of nucleons as -

Iuneilon of thelr separalion
For a geparation greater
than r,, the loree ia atlractiv
and for separations less

than r;, ithe [oroe ig
sitongly repulsive.

0.8 [m. This means thal the lorce is atiraclive lor dislances larger
than 0.8 fm and repulsive il they are separaied by distances less

than 0.8 fin,
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(ili) The nuclear force between neuiron-neutron. proton-neuiron and
proton-proton is approximately the same. The nuclear force does not
depend on the electric charge.

Unlike Coulomb’s law or the Newton's law of gravitation there is no
simple mathematical form of the nuclear force.

13.6 RADIOACTIVITY

A TL Becquerel discovered radioactivity in 1896 purely by accident. While
studying the fluorescence and phosphorescence of compounds rradiated
with visible light, Becquerel observed an interesting phenomenon. After
Hliminating some pleces of uranium-potassium sulphate with visible
light, he wrapped them in black paper and separated the package from a
photographic plate by a piece of silver. When, afier several hours of
exposure, the phoiographic plaie was developed, it showed blackening
due to something that must have been emitted by the compound and
was able to penetrate both black paper and the silver.

Experiments performed subsequently showed that radinactivity was
anuclear phenomenon in which an unstable nucleus undergoes a decay.
This is referred o as radicactive decay. Three types of radioactive decay
OCCUr in nanire :

[l o-decay in which a helium nucleus (He is emitted;

(ii} Pf-decay in which electrons or positrons (particles with the same mass
as electrons, but with a charge exactly opposite to that of electron)
are emitted;

(iii) y-decay in which high energy (hmdreds of keV or more) photons are
emitted.

13.7 NvucLear ENERGY

The curve of binding energy per nucleon E, . given in Fig. 13.1, has
a long flat middle region between A = 30 and 4 = 170. In this region
the binding energy per nucleon is nearly constant (8.0 MeV). For
the lighter nuclei region. A < 30. and for the heavier nuclei region.
A > 170, the binding energy per nucleon is less than 8.0 MeV, as we
have noted earlier. Now, the greater the binding energy, the less is the
total mass of a bound system, such as a nucleus. Consequently, if nuclei
with less total binding energy transform to nuclei with greater binding
energy, ithere will be a net energy release. This is what happens when a
heavy nueleus decays into two or more intennediaie mass fragments
(fission) or when light nuclei fuse into a havier nucleus (fusion.)

Exothermic chemical reactions underlie conventonal energyv sources
such as coal or petroleum. Here the energies involved are in the range of
electron volts. On the other hand, in a nuclear reacton, the energy release
is of the order of MeV. Thus for the same guantity of matter, nuclear
sources produce a million times more energy than a chemical source.
Fission of 1 kg of uranium, for example, generates 10 J of energy:
compare it with burning of 1 kg of coal that gives 107 J.
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13.7.1 Fission

New possibililies emerge when we go bevond natural radioactive decays
and study nueclear reactions by bombarding nuclei with other nuclear
particles such as proton. neutron, o-particle. etc.

A most important neutron-induced nuclear reaction is fission. An

example of fission is when a uranium isotope *3U bombarded with a
neuron breaks into two intermediate mass nuclear fragments
(N2 U U S'EBa+iKr+3n (13.10)
The same reaciion can produce oiher pairs of infermediaie mass
fragmenis

in+ 25U - 35U > §Sb+ ENb +44n (18.1)
Or, as another example,
o+ U— 5Xe+ 3Sr+2,n (18.12)

The fragment products are radioactive nuclei; they emit f# particles in
succession to achieve stable end products.

The energy released (the Qvalue | in the fission reaction of nuclei like
uranium is of the order of 200 MeV per [issioning nucleus. This is
estimated as follows:

Let us take a nucleus with A= 240 breaking into two fragments each
of A= 120. Then

E,. for A = 240 nucleus is about 7.6 MeV,
E, for the two A = 120 [ragment nuclei is about 8.5 MeV,
Gain in binding energy for nucleon is about 0.9 MeV.

Henee the total gain in binding energy is 240x0.9 or 216 MeV.

The disintegration energy in fission events first appears as the kinelic
energy of the fragments and neuirons. Eventually it is transferred to the
surrounding matter appearing as heat. The source of energy in nuclear
reactors, which produce eleciricity, is nuclear fission. The enormonus
energy released in an atom bomb comes from uncontrolled nuclear
fission.

13.7.2 Nuclear fusion - energy generation in stars

When two light nuclei fuse 1o form a larger nucleus, energy is released,
since the larger nucleus is more tightly bound, as seen [rom the binding
energy curve in Fig. 13.1. Some examples of such energy liberating nuclear
fusion reactions are

{H+iH—2H+ " + v+ 0.42 MeV [13.13(a)]
IH+iH— JHe+ n+ 3.27 MeV [13.13(b)]
H+2H - SH+ IH + 4.03 MeV [13.13(c]]

In the first reacton, two protons combine to form a deuteron and
a positron with a release of 0.42 MeV energy. In reaction [13.13(b]]. two
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deuterons combine to form the light isotope of helium. In reaction
(13.13c), two deuterons combine to form a iriton and a proton. For
fusion to take place, the two nuclei must come close enough se that
atractive short-range nuclear force is able to affect them. However,
since they are both positively charged particles, they experience coulomb
repulsion. They, therefore, must have enough energy to overcome this
coulomb barrier. The height of the barrier depends on the charges and
radii of the two interacting nuclei. It can be shown, for example, that
the barrier height for two protons is ~ 400 keV, and is higher for nuclei
with higher charges. We can estimate the temperature at which two
protons in a proton gas would (averagely) have enough emergy to
overcome the coulomb barrier:

(3/2)k T= K =~ 400 keV, which gives T ~ 3 x 10° K,

When fusion is achieved by raising the temperature of the system so
that particles have enough kinetic energy to overcome the coulomb
repulsive behaviour, it is called thermonuclear fusion.

Thermonuclear fusion is the source of energy output in the interior
of stars. The interior of the sun has a temperature of 1.5%10" K, which
is considerably less than the estimated femperature required for fusion
of particles of average energy. Clearly, fusion in the sun involves protons
whose energies are much above the average energy.

The fusion reaction in the sun is a muli-step process in which the
hydrogen is bumed inio helivm. Thus, the fuel in the sun is the hydrogen
in its core. The proton-proton (p, p) cycle by which this occurs is
represented by the following sets of reactions:

H+H%H + &' + v+ 0,42 MeV (i)
e*+e - y+y+1.02MeV [ii)
*H+1H - He+ y+ 5.49 MeV (i)
3He +3He — iHe+]H+!H+ 12.86 MeV (iv) (13.14)

For the [ourth reaction Lo cccur, the frst three reactions must occur
twice, in which case two light helivun nuelei uniie to form ordinary helinm
nucleus. If we consider the combination 2{i) + 2(ii) 4+ 2(iii) +{iv], the net
effect is
AH+2¢ — ;He+2v+6y+26.7MeV
or ([4'H+4e) = (fHe+2e )+ 2v+6y+26.7MeV (13.15)

Thus, four hydrogen aioms combine to form an $He atom with a
release of 26.7 MeV of energy.

Helium is nof the only element that can be smthesized in the interior of
a star. As the hydrogen in the core gets depleted and becomes helium, the
core starts to cool. The star begins to collapse under its own gravity which
increases the temperature of the core, If this ternperature increases to about
10% K, [usion takes place again, this time ol helium nuelei into carbon.
This kind of process can generaie through usion higher and higher mass
number elements. But elements more massive than those near the peak of
the binding energy curve in Fig. 13.1 cannot be so produced.
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The age of the sun is about 5%10° y and it is estimated that there is
enough hydrogen in the sun to keep it going for another 5 billion years.
After that. the hydrogen burning will stop and the sun will begin to cool
and will start to collapse under gravity, which will raise the core
temperature. The outer envelope of the sun will expand, turning it inio
the so called red giant.

13.7.3 Controlled thermonuclear fusion

The natural thermonuclear fusion process in a star is replicated in a
thermonuclear fusion device. In conirolled usion reaciors, the aim is o
generate steady power by heating the nuclear fuel to a temperature in the
range of 10° K. At these temperatures, the fuel is a mixture of positive
ions and electrons (plasma). The challenge is to confine this plasma, since
no container can stand such a high temperature. Several countries
around the world including India are developing technigues in this
connection. If suceessiul. fusion reactors will hopefully supply almost
unlimited power to hurmnarnity.

Example 13.4 Answer the [ollowing questions:

(a) Are the equations of nuclear reactions {such as those given in
Section: 13.7) 'balanced’ in the sense a chemiecal squadon (e.g.,
2H, + O, 2 HO} is? If not. in whai sense are they balanced on
both sides?

b} If both the number of protons and the number of neulrons are
conserved in each muclear reaciion, in what way is mass converted
into energy (or vice-versal in a nuclear reaction?

(e} A general immpression exisis thal mass-energy interconversion
takes place only in nuclear reaction and never in chemical
reaction. This is strictly speaking, incorrect. Explain;

Solution

{a] A chemical equation is balanced in the sense thal the number of
atoms of each element is the same on both sides of the equation.
A chemical reaction merely alters the original corabinations of
atoms. In a nuclear reaction, elements miay be transmuted. Thus,
the number of atoms of each element is not necessarily conserved
in a Auelear reaction. However, the number of protons and the
number of neuirons are both separately conserved in a nuclear
reacon. [Actually. even this is noi strictly irue in the realm of
very high energies — whai is strictly conserved is ihe iotal charge
and total baryon number’. We need not pursue this maiter here.]

In nuclear reactions (e.g., Eq. 13.10), the number of protons and
the number of neutrons are the same on the twa sides of the equation.
{b)] We kmow that the binding energy of a nucleus gives a negative
conribution to the mass of the nucleus (mass defect). Now, since
proton number and neuron number are conserved in a nuclear
reaction, the total rest mass of neuirons and protons is the same
on cither side of a reaction: But the total binding energy of nucled
on the left side need not be the same as that on the right hand
side. The difference in these binding energies appears as energy
released or absorbed in a nuclear reaction, Since binding energy
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contributes w mass, we say that the difference in the toral mass
ol nuclei on the two sides get converted Into enetgy or viee-versa.
It iz in these sense that a nuclear reaction is an example ol mass-
energy interconversion.

From the point of view of mass-energy interconversion, a chemical
reaction is stmilar to a nuclear reacton in principle. The energy
released or absorbed in a chemical reaction can be traced to the
difference in chemical (not nuclear) binding energies of atoms
and molecules on the two sides of a reaction. Since, sirictly
speaking, chemical binding energy also gives a negalive
contribuion [mass defect) to the toral mass of an atom or molecule,
we can equally well say that the differenice in the toial mass of
atoms or molecules, on the two sides of the chemical reaction
gels converfed into energy or vice-versa., However, the mass
defecis tnvolved in a chemical reaction are almost a million times
smaller than those in a nuclear reacion.This is the reason for
the general impression, [which is incorreci) thal mass-energy
interconversion does not take place n a chemical reaction.

SUMMARY

An atom has a muclens. The nucleus 1= positively charged. The radius
of the nuclens is smaller (han (he radius of a1 atom by a [actor of
10*. More than 99.9% mass of the atom Is concentrated in the nucleus.
Om the atomic scale, mass is measured In atomle mass units (). By
definiton, 1 atomic mass unit (1) 5 1/12™ mass of one atom of 120:
lu=1.660563% 107 kg

Anucleus containg a neviral particle called niewiron. Its mass is almost
the same as thai of preton
The atomdc mumber Zis the number of profons in the atomic muacleus
of an element. The mass number A is the total number of protons and
neuilrons in the atornic nuclens; 4 = Z+ N, Here N denotes the number
of neutrons in the nucleus.

A nuclear specles or a nuclide 1= represented as 2X where X is the
chemical symbal of the species,

Nuclides with the same atomic number 2, but different neutron number
N are called isotopes. Nuclides with the same A are isobars and those
with the same N are (sotores.

Meost elements are mixtures of two or more (sotopes. The atomlc mass
of an element 1s a weighted average of the masses of ils isotopes and
caleulated in accordance to the relalive abundaneces of the isotopes.

A nueleus can be consldered to be sphetical i shape and assigned a
radius. Electron scattering experiments allow determination of the
nuclear radine; it is found that radii of nuclei fit the formula

R. = Rﬂ A] ilﬂ'.

where R, = a constant = 1.2 fin. This implies that the nuclear density
is independent of A, It is of the order of 10% Ig/m?.

Neutrons and protons are bound n a nueleus by the short-range strong
nuclear foree, The nuclear foree does not distinguish between neutron
and proton,
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7. The nuclear mass M is always less than the total mass, Zm. of its

constituents. The difference in mass of 2 nucleus and its constituents.
jﬁ-ﬂﬂﬂﬁi the mass defect.

AM = (Zm, + (A= Zhm,) - M
UmngEmstam‘amaaa energy relation, we express this mass difference.
in terms of energy as
Al = AM &
mwmr@am the binding energy ol the nucleus, In the
mass number range A = 30 to 170, the binding energy pe.rmmlaunh.
nearly constant, about 8 MeV/nuecleon.

8. Energies associated with nuclear processes are about a million times.

lﬁzggq:ﬂmnthmﬂalprmm '
o mg-wmadanuﬂwmmau
Q= ﬁmlklmtiuanargyr miﬂalkhlaﬂﬂﬂnﬁ‘mn
Due to conservalion of mass-energy, this is alse,
@ = {sum of initial masses - Eumufﬁnalmméalé

10. Radioactivity is ﬁtcphﬂmmmmmwmnhmdﬁnfamm
h'&nﬂunnbygiﬁngm\: or f or yrays: e-raye are heltum muclel:

[Brays are electrons. yrays are electromagnetic radiation of wavelengths

ﬁhﬁrterl:hanmem

Enmﬁﬁrelmaedﬁ:ﬂl&ssﬂgﬁﬂyhmmdnudﬁmttmmtbdM'
more tightly bound nuclei. In fission. 2 heavy nucleus like 22U breaks.

into two smaller fragments, e.g., % Us-'n—-s’ESb+ ﬂb+4},:u
HHEEMWMMNEHMNMamEMMnM

‘hydrogen nuclet into helium nuclei is the source of energy of all stars

ineluding eur sun.

Physical Quantity Symbol Dimensions Units

REemarks
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POINTS TO PONDER

The densily of nuelear maiter is independent of the size of the nucleus.
The mass density of the atom does not follow this rule.

The radius of a2 nucleus determined by electron scattering is found to
be slightly different from that determined by alpha-particle scatrering,
This is because electron scattering senses the charge distribution of
the nucleus; whereas alpha and similar particles sense the niuclear
Mmater,

After Einstein showed the equivalence of mass and energy, E = nic?,
we cannot any longer spealk of separate laws of conservation of mass
and conservaiion of energy, but we have to speak of a unified law of
conservation of mass and energy. The most convineing svidence that
this principle operates in nature comes from nuclear physics. It is
cemtral to our understanding of nuclear energy and hamessing it as a
source of power. Using the prineciple, Q of a nuclear process {decay or
reaction) can be expressed also in terms of initial and fizal masses.
The nature of the binding energy (per nucleon) eurve shows that
exothermic nuclear reactions-are possible, when two lght nuclei fuse
or when a heayvy nuclens undergoes fission into nuclei with intermediate
mass,

TFor Masion, the light nuclei must have sufficient initial energy o
gvercome the coulomb potential barrier. That is why fusion requires
very high temperatures.

Although the binding energy (per nucleon) eurve is smooth and slowly
varying, it shows peaks at nuclides like *He, "0 etc. This is considered
as evidence of atom-like shell structure in nuclei,

Electrons and postiron are a paritlcle-aniipariicle patr. They are
identieal in mass; their charges are equal in magnitude and opposiie.
(It is found that when an electron and a posilron come together, they
anmihilate each other giving energy in the form of gamma-ray photons.)
Radioactivity 13 an dication of the Instabiliiy of nuelel, Stability
requires the ratio of neuiron io proton to be around 1:1 for light
nuclei, This ratio increases to abouf 3:2 for heavy nuclel. (More
neutrons are required to overcome the effect of repulsion among the
protons.) Nuclei which are away from the stability ratio, l.e., nuclei
which have an excess of neuirons or protons are unstable, In fact,
orilly about 10% of knon isotopes (of all elemernts), are stable. Others
have been either arlificially produced in the laboratory by bombarding
a, p. d, n or other particles on targets of slable nuclear species or
identified in astronomical observations of matter in the universe,
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EXERCISES

You may find the following data wseful in solving the exercises:

13.1

13.2

13.3

13.4

13.5

13.6

e = 1.6x101%¢C N =6.023%10* per mole
1/l4rzy) =9%10°Nm*/C? k =1381x10%JK"
1 MeV = 1.6%107%J 11u= 9315 MeV/c*
1 year = 3,154x107 5
m, = 1.007825 u m, = 1.008665 u
m{;HE] = 4.002603 u m, = 0.000548 u

Obtain the binding energy (in MeV) of a nitrogen nucleus (’;N).
given m (%¥N)=14.00307 u

Obtain the binding energy of the nuclet ¥Fe and 5Bi in units of
MeV [rom the lollowing data:

m(jeFe) = 55934939 u m (%5 B1) = 208.980388 u

A given coln has a mass of 3.0 g. Caleulate the nuelear energy that
would be required io separaie all the neuirons and protons [rom
each other. For simplicity assume that the coin is entirely made of
55Cu atoms (of mass 62.92960 u).

Obtain approximately the ratio of the nuclear radii of the gold isotope
197 Au and the silver isotope 7 Ag.
The £ value of a nuclear reaction A + b — C + d is delined by
@=|m, + m,— m,— mjc

where ihe masses refer lo the respective nuclei. Determine from the
given data the Gvalue of the {ollowing reactons and stare wheiher
the reactons are exothermic or endothermic.

(i) IH+°H = H+'H

(i) FC+EC - Ne+iHe

Alomic masses are given Lo be

m(fH) = 2.014102 u

m(FH) = 3.016049 1

m(%3C] = 12.000000 u

m (3 Ne) = 19.992439 u

Suppose, we think of fission of a JiFe nucleus into iwo equal
fragments. {5Al. Is the fission energetically possible? Argue by
working out Q of the process. Given m (%Fe) = 55.93494 u and
mifsAl) = 27.98191 u,
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13.7

13.8

12.9

13.10

The fission properties of %5 Pu are very similar to those of 2 U . The
average energy released per fission is 180 MeV. How much energy,
in MeV, is released if all the atoms in 1 kg of pure 2?Pu undergo
fission?

How long can an electric lamp of 100W be kept glowing by fusion of
2.0 kg of deuterlum? Take the lusion reaction as

*H+3H 5 He+n+3.27 MeV

Caleulate the heighi of the potential barrier for a head on collision
of two deuterons. (Hint: The height of ihe poiendal barrier is given
by the Coulomb repulsion between the two deuterons when they
just touch each other. Assume that they can be taken as hard
spheres of radlus 2.0 fm.}

From the relailion R = RAY®, where R, is a constant and A is the
mass nunber of a nucleus, show that the nuclear matter density is
nearly constant {i.e. independent of A).



Chapter Fourteen

SEMICONDUCTOR
ELECTRONICS:
MATERIALS, DEVICES

AND SIMPLE CIRCUITS w

14.1 INTRODUCTION

Devices In which a controlled flow of electrons can be obtained are the
basic building blocks of all the electronic circuils. Before the discovery of
transistor in 1948, such devices were mostly vacuum lubes {also called
valves) like the vacuum diede which has two elecirodes, viz., anode (ofien
called plate) and cathode; trinde which has three electrodes — cathode,
plate and grid; tetrode and pentode (respectively with 4 and 5 electrodes).
In a vacuum tube, the electrons are supplied by a heated cathode and
the controlled flow of these electrons in vacuum is obtained by varying
the voliage between its different electrodes, Vacuum is required in the
inter-elecirode space; otherwise the moving elecirons may lose their
energy on collision with the air molecules in their path. In these devices
the elecirons can fow only from the cathede to the anode (i.e., only in one
direction). Therefore, such devices are generally referred to as valves.
These vacuum tube devices are bulky, consume high power, operate
generally at high voltages (~100V) and have limited life and low reliability.
The seed of the development of modern solid-stafe semiconductor
electronics goes back to 1930's when it was realised thal some solid-
state semiconductors and their junctions offer the possibility of controlling
the number and the direction of flow of charge carriers through them.
Simple excitations like light, hear or small applied voltage can change
the number of mobile charges in a semiconductor. Note that the supply
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and flow of charge carriers in the semiconductor devices are within the
solid itself, while in the earlier vacuum tubes /valves. the mobile electrons
were obtained from a heated cathode and they were made to flow in an
evacumied space or vacuum. No external heating or large evacuated space
is recquired by the semiconductor devices. They are small in size, consume
low power, operate at low voltages and have long life and high reliability.
Even ihe Cathode Ray Tubes [CRT) used in felevision and compuier
monitors which work on the principle of vacuum tubes are being replaced
by Liquid Crystal Display (LCD) monitors with supporting solid state
elecironics. Much before the full mplications of the semiconductor devices
was formally undersiood, a naiurally ocowrring erystal of galena (Lead
sulphide, PbS) with a metal point contact attached to il was used as
detector of radio waves.,

In the following sections. we will introduce the basic concepis of
semiconductor physics and discuss some semiconductor devices like
junction diodes (a 2-electrode device) and bipolar junction transistor (a
3-elecirode device). A few circuits illusirating their applications will also
be described.

14.2 CurassrrFicatioN oF MeTaLs, CONDUCTORS AND
SEMICONDUCTORS

On the basis of conductivity

On the basis of the relative values of electrical conductivity (=) or resistivity

[p=1/e], the solids are broadly classilied as:

(i) Metals: They possess very low resistvity [or high conductvity).
g~10%-10%am

e~ 10°-10*S m™
(ii) Semiconductors: They have resistivity or conductivity intermediate

o metials and insulators.

p~10°-10°Qm

e~ 10°-10°8m™
(iii) Insulators: They have high resistivity (or low conductivity].

p~10" 10" Om

o~ 107" - 1072 8§ m?

The values of p and o given above are indicative of magnitude and
could well go outside the ranges as well. Relative values of the resistivity
are noi the only criteria for distnguishing meials, insulators and
semiconductors from each other. There are some other differences, which
will becomne clear as we go along in this chapter.

Our interest in this chapter is in the study of semiconductors which
could be;

i) Elemental semiconductors: 5i and Ge
(il Compound semiconductors: Examples are:

* Inorganic: CdS, GaAs, CdSe, InP, elc.

* Organic: anthracene, doped pthalocyanines, etc.

» Organic polyvmers: polypyrrole, polyaniline, polythiophene, ete.

Mosi of the currently available semiconductor devices are based on
elemental semiconduciors Si or Ge and compound inorganic
semiconduciors. However, after 1990, a few semiconducior devices using
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organic semiconduciors and semiconducting polymers have been
developed signalling the hirth of a futuristic technology of polymer-
electronics and molecular-electronics. In this chapter, we will restrict
ourselves to the study of inorganic semiconductors, particularly
elemental semiconductors Si and Ge. The general concepis introduced
here for discussing the elemental semiconductors, by-and-large, apply
to most of the compound semiconductors as well.

On the basis of energy bands

According to the Bohr atomic model, in an isolated atom the energy ol
any of its electrons is decided by the orbit in which it revolves. But when
the atoms colne together to form a solid they are close to each other. So
the outer orbits of elecirons from neighbouring atoms would come very
close or could even overlap. This would make the naiture of electron motion
in a solld very different from that in an isclated atom.

Inside the crysial each electron has a unique position and no two
electrons see exacily the same pattern of surrounding charges. Because
of this, each eleciron will have a different energy level. These different
energy levels with contlnuous energy variation form what are called
energy bands. The energy band which includes the energy levels of the
valence electrons s called the valence band. The energy band above the
valence band is called the conduction band. With no external energy, all
the valence electrons will reside in the valence band. If the lowest level in
the conduction band happens to be lower than the highest level of the
valence band, the electrons from the valence band can easily move into
the conduction band. Normally the conduction band is empty. But when
it overlaps on the valence band electrons can move frecly into it. This is
the case with metallic conductors,

I[ there is some gap beiween the conduction band and the valence
band, elecirons in ihe valence band all rernain bound and no [ree elecirons
are available in ihe conduction band. This makes the material an
insulator. Bui some of ihe elecirons rom the valence band may gain
exiernal energy Lo cross the gap beiween ihe conduction band and the
valence band. Then ihese elecirons will move into the conduction band,
At the same time they will create vacani energy levels in the valence band
where other valence elecirons can move. Thus the process creates the
possibility of conduction due o elecirons in conduction band as well as
due to vacancies in the valence band.

Letus consider what happens in the case of Si or Ge erystal containing
Natoms. For 5i, ihe outermosi orbii is ihe third orbit (n = 3), while [or Ge
it is the fourth orbit (n = 4], The number of elecirons in the oulermosi
orbii is 4 (25 and 2p elecirons). Hence, the total nuumber of ouler elecirons
in the erystal is 4N. The maximum possible mumber ol elecirons in the
outer orbii is 8 (2s + 6p elecirons). So, for the 4N valence electrons there
are 8N available energy siates. These 8N discreie energy levels can either
form a coniinuous band or they may be grouped in differeni bands
depending upon the distance beiween the atoms in the crystal (see box
on Band Theory of Solids).

At the distanice between the atoms in the crystal lattices of Si and Ge,
the energy band of ithese 8N states is splil apart into two which are
separated by an energy gap E_(Fig. 14.1). The lower band which is
complelely occupied by the 4N valence electrons at lemperature of absohate 295
zero is the valence band. The other band consisting of 4N energy siates,
called the conduction band, is completely empiy at absolute zero.
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Infipitely large numnber of
statés earch oocupied by
two electrons at 0 K

FIGURE 14.1 The cnergy band positions n a
semiconducior at 0 K. The upper band, called the
conduction band, consists of Infinitely large number
of closely spaced energy siates, The lower bamd,
ealled the valence band. consists of closely spaced
completely lled energy states.

The lowest energy level in the
conduction band is shown as E, and
highest energy level in the valence band
is shown as E . Above K and below E,
there are a large number of closely spaced
energy levels. as shown in Fig. 14.1.

The gap between the top of the valence
band and boiiom of the conduction band
is called the energy band gap (Energy gap
E). It may be large, small, or zero,
depending upon the material. These
different situations, are depicied in Fig.
14.2 and discussed below:

Case I: This refers to a situation, as
shown in Fig. 14.2(a). One can have a
metal either when the conduciion band
is partially filled and the balanced band
is partially empty or when the conduction
and valance bands overlap, When there
is overlap electrons from valence band can
casily move into ihe conduction band.
This situation makes a large number ol

elecirons avallable for electrical conduction. When the valence band is
partially empty, electrons from its lower level can move to higher level
making conduction possible. Therefore, the resistance of such materials
1= low or the conductivity iz high.

.
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; FIGURE 14.2 Difference beitween energy bangds of (a) metals,
o (0] Insulators and (c] semiconduciors.,



Semiconductor Electronics:

Materials, Devices and
Simple Circuits

Case II: In this case, as shown in Fig. 14.2(b), a large band gap E, exists
{Ey > 3 eV). There are nio electrons in the conduction band. and therefore
no elecirical conduction is possible. Noie thati the energy gap is so large
that elecirons cannoi be excited [rom the valence band (o the conduction
band by thermal excitation. This is the case of insulators,
Case III: This situation Is shown in Fig. 14.2(c). Here a finite but small
band gap (E, < 3 eV) exists. Because of the small band gap. at room
iemperature some elecirons from valence band can acquire enough
energy to cross the energy gap and enter the conduction baned. These
elecirons (though small in numbers) can move in ithe conduciion band.
Hence, ihe resistance ol semiconductors is not as high as that of the
insulators.

In this section we have made a broad classification ol metals,
conduciors and semiconductors. In the secton which follows yvou will
learn the conduction process in semiconductors,

14.3 INTRINSIC SEMICONDUCTOR
We shall take the most commmon case of Ge and Si whose

laitice situciure is shown in Fig. 14.3. These siructures
are called the diamond-like structures. Each atom iz
surrounded by four nearest neighbours. We know that
31 and Ge have four valence electrons. In its crystalline
siruciure, every Si or Ge alom tends to share one of ils
four valence electrons with each of ils four nearest
neighbour aioms, and also fo take share of one eleciron
from each such neighbour. These shared clectron pairs
are referred to as forming a covalent bond or simply a
valence bond. The two shared elecorons can be assumed

to shutile back-and-forth between the associated atoms :
holding them together strongly. Figure 14.4 schematically @ csiorce

s Covalent bonds

shows the 2-dimensional representation of 51 or Ge pIGURE 14.3 Three-dimensional dia-
sircihure Shm in Flig. 14.3 which nl'El‘Erll]}hElSiEEE the 1mone 1]'-:_([: 1:1'.\_.'..—..1 ;JJ_ sinuciare :-'-'l- L ;.'.-_'r-!}f_.]'i:

covalent bend. It shows an idealised picture in which no Sllicon or Germanium with
bonds are broken (all bonds are intact). Such a situation respectlve lattice spacing ¢ equal
arises at low temperatures. As the temperature increases, to 3.56, 5.43 and 5.66 A.

more thermal energy becomes available fo these electrons and some of
these electrons may break-away (becoming free elecirons contributing to
conduciion). The thermal energy effectively ionises only a few atoms in the
cryslalline lattice and creates a vacancy in the bond as shown in Fig. 14.5(a).
The neighbourhood, from which the free electron (with charge —g) has come
out leaves a vacancy with an effective charge (+g). This vacancy with the
effective positive elecironic charge is called a hole. The hole behaves as an
apparent free particle with eflective positive charge.

In intrinsic semiconductors, the number of free electrons, n,is equal to
the number of holes, n,. Thatis

n,=n, =n, {14.1)
where n,is called intrinsic carrier concentration.

Semiconductors posses the unigque property in which, apart from
eleclrons, the holes also move. Suppose there is a hole at site 1 as shown
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i : in

51 or Ge

Covalent
bonds

Bonding
glactrons

FIGURE 14.4 Schematic two-dimensional
representation of St or Ge. structure showing
covalent bonds at low temperamre
(all bends intactd), +4 symbal
indicates innetr cores of 51 or Ge

I=L+],

in Fig. 14.5(a). The movement of holes can be
visualised as shown in Fig. 14.5(b). An electron
[rom the covalent bond at sile 2 may jump Lo
the vacant site 1 (hole). Thus, afier such a jump,
the hole is at site 2 and the site | has now an
electron. Therefore, apparently, the hole has
moved [rom site 1 to site 2. Note that the electron
originally set free [Fig. 14.5(a)] is not involved
in this process of hole motion. The free eleciron
moves completely independently as conduction
electron and gives rise to an electron current, I,
under an applied eleciric field. Remember that
the motion of hole is only a convenient way of
describing the actual motion of baund elecirons,
whenever there is an empty bond anywhere in
the crystal. Under the action of an electric field,
these holes move lowards negative poileniial
giving the hole current, I The total current, Iis
thus the sum of the electron current [, and the
hole current [

(14.2)

It may be noted thart apart from the process of generation of conduction
elecirons and holes, a simullaneous process of recombination oceurs in
which the electrons recombine with the holes. At equilibrium,. the rate of
generation is equal to the rate of recombination of charge carriers. The
recombinadon cccurs due to an electron colliding with a hole.

fﬂ Thermally gcm:mted free electron)

§ 1
;' '.‘: '- Hniea.tmtﬂl
T = lelectron vacancy)
lnsw o
+am—z .

'l . .‘
.E:qu‘:‘r:

(@)

@

@ .

(b)

FIGURE 14.5 fa) Schematle model of generadon of hole at site 1 and conducton electron
due to thermal energy at moderate temperaiures. () Stmplfed representation of

possible thermal motion of a hole,
(siie 2) goes o the earlier hole site],
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The electrom from the lower lell hand covalent bond
leaving a hole at its sjte indicating an
apparent movement of the licle from site 1 o site 2,



Semiconductor Electronics:
Materials, Devices and
Simple Circuits
An inirinsic semiconductor _ w

EJ

will behave like an insulalor at i

T=0K as shown in Fig. 14.6(a). & T Be
E,

E‘f’

13

It 1s the thermal energy at
higher temperatures (T > 0K),
which excites some electrons
from the valence band io ihe
conduction band. These
thermally excifed electrons at
T > 0 K, partially occupy the
conducton band, Therefore,

Electron energy

the energy-band diagram of an (a) k)
intrinsic semiconductor will be
as shown in Fig. 14.6(b). Here, FIGURE 14.6 (3) An intrinsic semiconducter ai T= 0K

some electrons are shown in  hehaves lke msulator, (b) At T > 0 K, four thermally generated
the conduction band. These  elecon-hole pairs. The filled circles (+) represent electrons
have come from the valence and empty ecircles {Q) represent hioles,

band leaving equal number of

holes there.

Example 14.1 €, Si and Ge have same latiice struchare. Why is ©
insulator while 5i and Ge inirinsic semiconductors?

Solution The 4 bonding electrons of C, 5i or Ge lie, respectively, in
the second, third and fourth orbit. Henece, energy required to take
out an electron from these atoms (i.e.. lonisation energy E) will be
least for Ge, followed by Si and highest for C. Hence, number of free
electrons for eonduction in Ge and 5i are significant but negligibly
small for C. '

TPl TTIVEST

14.4 EXTRINSIC SEMICONDUCTOR

The conductivily of an inirinsic semiconductor depends on iis
temperature, but at room temperature its conductivity is very low, As
such, no important elecironic devices can be developed using these
semiconduciors. Hence there is a necessily of improving itheir
conductivity, This can be done by making use of impurities.

When a small amount, say, a few parts per million (ppm), of a suitable
impurity is added o the pure semiconduclor, the conduclivity of the
semiconductor is increased manifold. Such materials are known as
extrinsic semiconductors or impurity semiconductors. The deliberaie
addition of a desirable impurity is called doping and the impurity atoms
are called dopanis. Such a material is also called a doped semiconductor.
The dopant has to be such thal it does nol distort the original pure
semiconductor lattice. It occupies only a very few of the original
semiconductor atom sites in the crystal. A necessary condition lo attain
this is that the sizes of the dopant and the semiconductor atoms should
be nearly the same,

There are two types ol dopants used in doping the tetravalent Si
or Ge:

() Pentavalent (valency 5); like Arsenic (As), Antimony (Sb), Phosphorous

(P). etc. 329
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(i) Trivalent [valency 3); like Indium (In),
Boron (B). Aluminium (Al). etc.

I Al
kPl -t el -'_l..... % % 5
.‘ .... N We shall now discuss how the doping
. § -3 $

changes the number of charge carriers (and
hibonded fee' hence the conductivity) of semiconductors.

[+5 valency) atom

i . :
--- ST TR S S ' electron :lmm_ed 51 or Ge belongs to the fourth group in the
.. . .-.,_ by pentavalent  perjgdic table and, therefore, we choose the
v '- i L] [ ] .

dopant element from nearby fifih or third
group, expecting and taking care that the

LI e
"'"' ' "' "'"’""" size of the dopant atom is nearly the same as
*-‘ g e that of 5i or Ge. Interestingly, the pentavalent

fa)

and trivalent dopants in Si or Ge give two
entirely different types of semiconductors as
discussed below.

Donor core (i} n-type semiconductor

Q0
T X)X
000

Suppose we dope Si or Ge with a pentavalent
element as shown in Fig. 14.7. When an atom
ol +5 valency element occupies the position
of an atom in the crystal lattice of 5i. four of
its elecirons bond with the four silicon

~Eleetron

neighbours while the fifth remains very

(b

weakly bound to its parent atom. This is
because the four elecirons panicipating in

FIGURE 14.7 {a] Pentavalent donor atom |As, Sb, bonding are seen as part of the effective core
P, elc.) doped lor letravalenl Si or Ge giving o- of the atom by the fifth electron. As a result
bype semiiconductor, and (b) Commonly used the ionisation energy required lo sel this

schematic representaton of n-wype material
which shows only the fixed cores of the
substituent donors wilh one additionsl eliective
positive charge and s associated extra electron
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eleciron free is very small and even at room
temperature it will be free to move in the
latiice of the semiconductor. For example, the
energy required is ~ 0.01 eV for germanium,
and 0.05 eV for silicon, to separate this
electron from its atom. This is in contrast Lo the energy required Lo jump
the forbidden band (about 0.72 eV for germanium and about 1.1 eV for
silicon) at room temperature in the inirinsic semiconductor. Thus, the
pentavalent dopant is donating one exira electron lor conduction and
hence is known as donor impurity. The number of electrons made
available for conduction by dopant atoms depends strongly upon the
doping level and is independent of any increase in ambient temperature.
On the other hand, the number of free electrons (with an equal number
of holes) generated by 5i atoms, increases weakly with temperature.

In a doped semiconductor the total number of conduction eleclrons
n, is due to the elecirons contributed by donors and those generated
intrinsically, while the total number of holes n, is only due to the holes
from the intrinsic source. But the rate of recombination of holes would
increase due to the increase in the number of electrons. A= a result, the
number of holes would get reduced further.

Thus, with proper level of doping the number of conduction electrons
can be made much larger than the number of holes. Hence in an exirinsic



Semiconductor Electronics:
Materials, Devices and
Simple Circuits

semiconducior doped with pentavalent impurity. electrons
become the mgjority carriers and holes the minorily carriers,
These semiconductors are, therefore. known as n-type

'f'.'."'.f.'._.'

semiconductors. For n-type semiconduciors, we have, 4 ._ L I
n,>>n, (14.3)

(ii] p-type semiconductor . O

This is obtained when Si or Ge is doped with a trivalent impurity _ ﬁ'} {r .

like Al, B. In, eic. The dopant has one valence eleciron less ihan fgﬁ& *

5i or Ge and, therefore, this atom can form covalent bonds with
neighbouring three Si atoms but does not have any eleciron to
offer to the fourth Si atom. So the bond between the fourth
neighbour and the trivalent atom has a vacancy or hole as
shown in Fig. 14.8. Since the neighbouring Si atom in the lattice (&)
warnts an electron in place of a hole, an electron in the ouler
orbit of an atom in the neighbourhood may jump to fill this
vacancy, leaving a vacancy or hole at its own site. Thus the hole
ig avallable for conduction. Noie thar the trivalent foreign aiom
becomes effectively negatively charged when it shares fourth
electron with neighbouring Si atom. Therefore, the dopant atom
of p-type maierial can be ireated as core of one negative charge Oy 4———Hole
along with its associated hole as shown in Fig. 14.8(b). It is O O O
obvious that one acceptor atom gives one hole, These holes are

in addition to the intrinsically generated holes while the source

of conduction electrons is only intrinsic generation. Thus. for bl

such a material, the holes are the majority carriers and elecirons
are minority carriers. Therefore, extrinsic semiconductors doped

Acceptor core
A

©@9 0O
O\QO

FIGURE 14.8 [a) Trivalent

with trivalent impurity are called p-type semiconductors. For J““ ""‘“} i " aom (o, "‘L B etc))
p-type semiconductors, the recombination process will reduce ~ 1°P¢d 171 tetravalent 81 ar Ge
latiice giving p-lype semicon-

the number [ﬂf]ﬂf intrinsically generated electrons to n,.
We have, [or p-iype semiconduciors
n

>>n, (14.4)

duetor. (b} Commonly used

schematic repressntation of

p-iype material which shows
only the fxed core of the

Note that the eryslal mainiains an overall charge newlralily
as the charge of additional charge carriers is just egual and
opposite to that of the lonised cores in the laftice,

In extrinsic semiconductors, because of the abundance of

subsunent qeceptor with
one eflective additional
negalive charge and its
1ssociated hole.

majority current carriers, the minority carriers produced
thermally have more chance of meeling majorily carriers and

thus getting destroyed. Hence, the dopant, by adding a large number of
current carriers of one wpe, which become the majority carriers, indirectly
helps io reduce the intrinsic concentration of minority carriers.

The semiconductor's energy band structure is alfected by doping. In
the case of extrinsic semiconductors, additional energy states due to donor
impurities (E;) and acceptor impurities (E,) also exist, In the energy band
diagram ol n-type 5i semiconducior, the donor energy level £, is slighily
below the bottom E, of the conduction band and electrons from this level
move into the conduction band with very small supply of energy. At room
temperature, most of the donor atoms get ionised but very few (~10%%)
atoms of 5i gel ionised. So the conduction band will have mos! elecirons

coming from the donor impurities. as shown in Fig. 14.9(a). Similarly, 331
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for p-type semiconductor, the acceptor energy level E, is slightly above
the top EV of the valence band as shown in Fig. 14.9(b). With very small
supply of energy an eleciron from the valence band can jump to the level
E, and ionise the acceptor negatively. (Alternately. we can alzo say that
with very small supply of energy the hole from level E, sinks down into
the valence band. Electrons rise up and holes fall down when they gain
exiernal energy.) Al room temperaiure, most of the accepior aioms get
iondsed leaving holes in the valence band. Thus at room temperature the
density of holes in the valence band is predominantly due to impurity in
the exirinsic semiconductor. The electron and hele concentration in a
semiconductor in thermal equilibrium is given by

nn, = nt (14.5)

Though the above description is grossly approximate and
hypothetical. it helps in understanding the difference between metals,
insulators and semiconductors [exirinsic and intrinsic) in a simple
mannet, The difference in the resistivity of C, 5i and Ge depends upon
the energy gap between their conduction and valence bands. For C
(diamond), Si and Ge, the energy gaps are 5.4 eV, 1.1 eV and 0.7 eV,
respectively. Sn also is a group [V element but it is a metal because the
cnergy gap in its case is 0 eV,

o

~
=0.01 - 0.05 eV

(a) T=0K
one thermally generated electron-haole (b] T= 0K

pair + 9 electrons from donor atoms

FIGURE 14.9 Encrgy bands of (&) n-type semiconductor at T = 0K, (b) p-tvpe

Examrir 14.2

semiconductor ar T > 0K,

Example 14.2 Suppose a pure 5i crysial has 5§ = 10%* atoms m*. liis
doped by 1 ppm concentration of pentavalent As. Calculate the
number of electrons and holes. Given that n, =1.5 x 10" m®,

Solution Note that thermally generated electrons (n; ~10'® m™) are
negligibly small as compared (o those produced by doping.
Therefore, n, = N,

Since nn, = n?, The number of holes

n, = (2.25 x 10°%)/(5 x10%)

~45x 10°m?
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14.5 p-n JUNCTION

A pnjunction is the basic building block of many semiconductor devices
like dicdes, transistor, etc. A clear understanding of the junetion behaviour
is important to analyse the working of other semiconductor devices.
We will now try to undersiand how a junction is formed and how the
junction behaves under the influence of external applied voltage (also
called bias).

14.5.1 p-n junction formation

Consider a thin p-type silicon (p-5i) semiconductor waler. By adding
precisely a small quantity of pentavelent impurity, parl of the p-Si waler
can be converted into n-Si. There are several processes by which a
semiconductor can be formed. The wafer now contains p-region and
n-region and a metallurgical junction between p-, and n- region.

Two important processes ocour during the formalion of a p-n junction:
diffusion and drift. We know thatl in an n-type semiconductor, the
concentration of electrons (mumber of electrons per unit volume) is more
compared to the concentration of holes. Similarly. in a p-tvpe
semiconductor, the concentration of holes is more than the concentration
of electrons. During the formation of p-n junction. and due to the
concentration gradient across p-, and n- sides, holes diffuse from p-side
to n-side (p — n) and electrons diffuse from n-side to p-side (n — p). This
mokion ol charge carries gives rise to diffusion current across the junction.

When an eleciron diffuses from n — p, it leaves behind an ionised
donor on n-side. This lonised donor (positive charge) is immobile as it is
bonded io the swrrounding atems. As the elecirons coniinue io diffuse
from n — p, a layer of positive charge [or positive space-charge region] on
n-side of the junction is developed.

Similarly, when a hole dilluses [rom p — n due 1o the concentration
gradient, it leaves behind an ionised acceptor (negative charge) which is

e-Augd-s3s il ciadAay /s dny

apolp vonounu-d Jo Dupiom pue UoetLIo]

sy unludsoos/asegy npansd- s

e,
N g

ol
immeobile. As the holes continue to diffuse. a layer of negative charge (or -
negative space-charge region) on the p-side of the junction is developed.
This space-charge region on either side of the junciion together is known
as depletion region as the electrons and holes taking
part in the initial movement across the junction depleted < Electron diffusion
the region of its free charges (Fig. 14.10). The thickness Electron drift —>
ol depleiion region is of the order of one-tenth of a o588
. o e : EEETS
micrometre, Due to the positive space-charge region on P P "
n-side of the junciion and negative space charge region gggg
on p-side of the junciion, an electric field direcied from ; e Diegletsin Feggst
positive charge towards negative charge develops. Due  Hole diffuston —
to this field, an electron on p-side of the junction moves Tl
1o n-side and a hole on n-side of the junction moves to p- FIGURE 14.10 p-n juncton
side. The motion of charge carriers due o the electric field [ormation process

is called drift. Thus a drift current, which is opposite in
direction to the diffusion current (Fig. 14.10) starts.

333




% Physics

O O
—_— W je—
il
SE@a
P SEEd n
SOaS
(=110
+—F
{a)
d
VU
—_—
il
FIGURE 14.11 (a) Dicde umder
equilibriven (V = 0], (b) Barrier
potential under no bias.
b
=
-
s
Eoos
p ©s88 A
ooew
Metallic #
contact Depletion
Teglon
EY
[ |
e ]
|
P wﬂ
()

Initially, diffusion current is large and drilt current is small.
As the diffusion process contlinues, the space-charge regions
o either side of the junclion extend, thus increasing the electric
field strength and hence drift current. This process continues
until the diffusion current equals the drift current. Thusap-n
junction is formed. In a p-n junction under equilibrium there
is no net current,

The loss of electrons from the n-region and the gain of
electron by the p-region causes a difference of potential across
the junction of the two regions. The polarity of this potential is
such as o oppose further flow of carrlers so that a condition of
equilibriuvm exisis. Figure 14.11 shows the p-n junciion at
equilibrium and the potential across the junction. The
n-material has losi elecirons. and p material has acquired
elecirons. The n material is thus positive relaiive io the p
material. Since this potential tends to prevent the movement of
electron from the n region into the p region, it is often called a
barrier polential.

Example 14.3 Can we (ake one slab of p-type semiconductor and
physically join it to another n-type semiconductor io get p-n juncion?

Solution Nol Any slab, howsoever flat, will have 1 ness much
larger than the inter-atomic crystal spacing (~2 10 3 and hence
continuous contact at the atomic level will not be possible. The junciion
will behave as a discontinuity for the flowing charge carriers.

14.6 SemiconpucTorR DIODE
A semiconductor diode [Fig. 14.12(a)] is basicallva p-n

‘:ﬁ‘ém lic Jjuncton with metallic contacts provided at the ends for
contact  the application of an external voltage. It is a two terminal

device. A p-n junction diode is symbolically represented
as shown in Fig. 14.12(b).

The direction of arrow indicates the conventional
directiion of current (when the diode is under forward
biasg). The equilibrium barrier poiential can be aliered
by applying an external voltage Vacross the diode. The

FIGURE 14.12 [a) Semiconductor disde, situation of p-n junction diode under equilibrium
(b) Symbol for p-n funedon disde (withoul bias) is shown in Fig. 14.11{a) and (h).

14.6.1 p-n junction diode under forward bias

When an external voltage Vis applied across a semiconductor diode such
that p-side is connected to the positive terminal of the battery and n-side
to ithe negaiive lerminal [Fig. 14.13(al], il is said o be forward hiased,
The applied voliage mostly drops across the depletion region and the
voltage drop across the p-side and n-side of the junction is negligible.
(This is because the resistance of the depletion region - a region where
there are no charges — is very high compared to the resistance of n-side

and p-side.) The direction of the applied voltage (V) is opposite to the
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built-in potential V. As a result, the depletion layer width
decreases and the barrier height is reduced [Fig. 14.13(b)]. The
elfective barrier heighl under forward bias is (V- V).

If the applied voltage is small, the barrier potential will be
reduced only slightly below the equilibrivm value, and only a
small number of carriers in the material—those that happen to
be in the uppermosl energy levels—will possess enough energy
to cross the junction. So the current will be small. If we increase
the applied voliage significantly, the barrier height will be reduced
and more number of carriers will have the required energy. Thus
the current increases.

Due to ithe applied voliage, elecirons from n-side cross the
depletion region and reach p-side (where they are minority

carries). Similarly, holes [rom p-side cross the junction and reach —_

ihe n-side [where they are minority carries). This process under
forward bias is known as minority carrier injecton. At the
junction boundary, on each side, the minority carrier
conceniration increases significantly compared to the locations
far from the junction.

il

—| Wje—

23888

g

k)

FIGURE 14.13 (a) p-n
junction diode under forwaril
bias, (b) Barrier potential

Due o this concentration gradient, the injected elecirons on flil sk li g . :[11
p-side diffuse [rom the junction edge of p-side to the otherend m]..:f_b ,I :L‘:].:_ G
of p-side. Likewise, the injected holes on n-side diffuse from the i s
junciion edge of n-side to the other end of n-side opeE.

(Fig. 14.14). This motion of charged carriers on either side i §$g§§
gives rise o current. The total diode forward current is sum ioset
of hole diffusion current and conventional current due to ;eem%

electron diffusion. The magnitude of this current is usually
inmA.

Injected Injected
electrons holes

14.6.2 p-n junction diode under reverse bias e B

When an external voltage (V) is applied across the diode such FIGURE 14.14 Forward bias
thal n-side is positive and p-side is negative, il is said to be minority carrier injeciion.

reverse biased [Fig.14.15(a)]. The applied voltage mostly

drops across the depletion region. The direction of applied vollage is same
as the directon of barrier potenilal, As a resuli, the barrer height increases
and the depletion region widens due to the change in the eleciric field.
The effective barrier height under reverse bias is (V,, + V), [Fig. 14.15(b)].
This suppresses the flow of electrons from n — p and hales from p — n.
Thus, dilfusion current, decreases enormously compared to the diode
under forward bias.

The electric field direction of the junction is such that if electrons on
p-side or holes on n-side in their random motion come close 1o the
junciion, they will be swepi 1o iis majority zone. This drili ol carriers
gives rise to current. The drift current is of the order of a few pA. This is
quite low because it is due to the motion of carrlers from their minority
side to their majority side across the junction. The drift current is also
there under forward bias but it is negligible (uA) when compared with
current due o injected carriers which is usually in mA.

The diode reverse current is nol very much dependent on the applied
voltage. Even a small voltage is sufficient to sweep the minority carriers
from one side of the junction to the other side of the junction. The current
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)
FIGURE 14.15 {a) I¥ode
under reverse bias,
(b) Barrier potentlal under
reverse bias

is not limited by the magniinde of the applied voliage but is
limited due to the concentration of the minority carrier on either
side of the junction.

The curreni under reverse bias is essentially voliage
independent upto a critical reverse bias voltage, known as
breakdown voltage (V, ). When V=V, the diode reverse current
mcreases sharply. Even a slight increase in (he bias voltage canses
large change in the current. If the reverse current is not limited by
an external circuit below the rated value (specified by the
manufacturer) the p-n junction will get destroyed. Once it exceeds
the rated value, the diode gets desiroyed due to overheating. This
can happen even for the diode under forward bias, if the forward
current exceeds the rated value.

The circuit arrangement for studying the V-I characteristics
of a diode, (i.e.. the variation of curtent as a function of applied
voltage) are shown in Fig. 14. 16(a) and (b), The batiery is connected
o the diode through a potentiometer {or reheosiat) so that the
applied voltage (o the diode can be changed. For dilferent values
ol voltages, the value of the current is noted. A graph between V
and [ is obtained as in Fig. 14.16(c). Note that in forward bias

measurement, we use a milliammeter since the expected current is larde
[as explained in the earlier section) while a micrometer is used in reverse
bias to measure the current. You can see in Fig. 14.16(c) that in forward
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FIGURE 14.16 Experlmental circult arrangement for studying V-I characteristics of

& p-o junctien disde {a) in forward bias, (b) in reverse bias. (g} Typical V-i

characteristics of a sillcon diode
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bias, the currend first increases very slowly, almosl negligibly, tll the
vollage across the diode crosses a cerlain value. Aller the characterislic
voltage, the diode current increases significantly (exponentially), even for
a very small increase in the diode bias voltage. This voltage is called the
threshold voltage or cut-in voltage (~0.2V for germanium diode and
~{0.7 V for silicon diode].

For the diode in reverse bias, the current is very small (~pA) and almost
remains constant with change in bias. It is called reverse saturation
current. However, for special cases, at very high reverse bias (break down
voltage), the crurent suddenly increases, This special action of the diode
Iz discussed laier in Section 14.8. The general purpose diode are not
uged beyond the reverse saturation current region.

The above discussion shows that the p-n junciion diode primerly
allows the Qow of current only in one direction (forward bias). The forward
bias resisiance is low as compared io the reverse bias resistance. This
property is used for rectification of ac voltages as discussed in the next
section. For diodes, we define a quantity called dynamic resistance as
the ratio of small change in voltage AV to a small change in current Al

AV
= AL (14.6)

Example 14.4 The V- characteristic of a silicon dioede is shown in
the Fig. 14.17, Calculaie the resistance of the diode at (a) I, = 15 mA

and (b) V, =-10V.

=18 ¥
B

FIGURE 14.17

Solution Considering the diode characteristics as a straight line
between I = 10 mA io [ = 20 mA passing through the origin, we can
calculate the resistance using Ohm's law.
(a) From the curve, at I=20mA, V=08V, I=10m4, V=07V
m-=AV AL S 0.AV/ 10 mA = 100
{b) From the curve at V==-10V, [=-1 pi.
Therelore,
=10 V/1uA=1.0%x 10" 0

¥ 1 TdNVEH
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14.7 ArpLicATION OF JUNCTION DIODE AS A RECTIFIER

From the V-l characteristic of a junciion diode we see that it allows current

to pass only when it is forward blased. So if an alternating voltage is
applied across a diode the current flows only in that part of the cvele

when the diode is forward biased. This property

is used fo rectify alternating voltages and the

Transformer A X circuit used for this purpose is called a reciifier.

- I an alternating voltage is applied across a
diode in series with a load, a pulsating voltage will
appear across the load only during the half cycles
of the ac input during which the diode is forward
biased. Such rectifier circuit, as shown in
l la) Fig. 14.18, is called a halfwave rectifier. The

; secondary of a transformer supplies the desired
ip T 55 ac voliage across terminals A and B. When the
= = voltage at A is positive, the diode is forward biased
= /  anditconductis. When A is negative, the diode is
o2 \-/ \—// t  reverse-biased and it does not conduct. The reverse
E 1 i : i | saturation current of a diode is negligible and can

‘ : - i be considered equal to zero for practical purposes.
;;] lﬂmu? VDLTM:}EJ [The reverse breakdown voliage ol the diode must
8 /\ be sullicienily higher than the peak ac voliage at
S ' L —  the secondary of the transformer Lo protect the

(b) diode from reverse brealkdown.)

Therefore. in the positive half-cycle of ac there
is & current through the load resistor R, and we
get an output voltage, as shown in Fig. 14.18(b).
whereas there is no current in the negative half-
cycle, In the next positive half-cyele, again we get

the output vollage. Thus, the output voltage, though still varying, is
resiricted to only one direction and is said to be rectified. Since the
rectified output of this circuit is only for halfl of the input ac wave it is
called as halfiwave rectifier.

The eircult using two diodes, shown in Fig. 14.19(a), gives output
rectified voltage corresponding to both the positive as well as negative
half of the ac cycle. Hence, it is known as full-wave rectifier. Here the
p-side of the two diodes are connected to the ends of the secondary of the
transformer. The n-side of the diodes are connected together and the
outpul is taken between this common point of diodes and the midpoint
of the secondary of the transformer. So for a full-wave rectifier the
secondary of the iransiormer is provided with a centre tapping and so 1t
is called centre-tap transformer. As can be seen from Fig.14.19(c) the
vollage rectified by each diode is only hall the lotal secondary vollage.
Each diode rectifies only for half the cycle. but the two do so for alternate
cycles. Thus, the ouiput beitween their commmon terminals and the cenire-
tap of the transformer becomes a full-wave rectifier output. [Note that
there is another cireuit of full wave rectifier which does not need a centre-

338 tap transformer bul needs four diodes.) Suppose the inpul voltage to A

FIGURE 14.18 (a] Half-wave reciifier
eirenit. (b Input ac voltage and outmi
voliage wavelornig lrom the rectifier eirewit.



with respect to the centre tap at any instant
is positive. i is clear that, at that instant.
voltage at B being out of phase will be
negative ag shown in Fig. 14.19(b). So, diode
D, gets forward biased and conducts (while
D, being reverse biased is not conducting).
Hemnce, during this positive hall cycle we get
an output current (and a output voliage
across the load resisior R)) as shown in
Fig.14.19(c). In the course of the ac cycle
when the voliage ai A becomes negative with
respect to centre tap, the voltage at B would
be posilive. In this part of the eycle diede
D, would not conduct but diode 13, would,
giving an output current and output
voltage (across R;) during the negative half
cycle of the input ac. Thus, we get ouiput
voltage during both the positive as well as
the negaiive halfl of the cycle. Obviously,
this is a more efficient circuit for getting
rectified voliage or ewrrent than the hall-
wave rectifier.

The rectified voltage is in the form of
pulses of the shape of half sinusoids.
Though it is unidirectional it does not have
a sleady value. To get steady de output
from the pulsating voltage normally a
capacitor is connecled across the output
terminals (parallel to the load R;). One can
also use an inductor in series with R, for
the same purpose. Since these additional
circuils appear o filter oul the ac ripple
and give a pure dc voliage, so they are
called filiers.

Now we shall discuss the role of
capacitor in filtering. When ihe voliage
across the capacitor is rising, it gets

Semiconductor Electronics:

Materials, Devices and
Simple Circuits

charged. Il there is no external load, il remains charged to the peak vollage
of the reclified ouiput. When there is a load, it gets discharged through
the load and the voltage across it begins to fall, In the next half-cycle of
rectifled output it again gets charged to the peak value (Fig. 14.20). The
rate of fall of the voltage across the capacitor depends inversely upon the
product of capacitance Cand the effective resistance R, used in the circuit
and is called the time constant. To make the time constant large value of
C should be large. So capacitor input filters use large capacitors, The
oulput voltage obtained by using capacitor input filter is nearer to the
peak voltage of the rectified voltage. This type of filter is mosi widely

used in power supplics.
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FIGURE 14.19 (a) A Full-wave rectfier
cireuit; (b} Input wave fotms given to the
dicde I, at A and to the diode T}, at B;
¢} Cutput wavelorm across the
load i"-:l_ connecled ino the fall-wave
recilfier circidt
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vollage of rectifier in (a).

SUMMARY

Semiconductors are the basic materials used in the present solid stale
electronic devices like diode, transistor, ICe, efc.

Laftice siruchure and the atemnle gituciure of constituent elements
decide whether a particular material will be insulator, metal or
semmiconductor.

Metals have low resistivity {1 0% 10 10® (i), insula tors have very high
resistivity (=10*0 m"), while serniconductors have intermediate values
of resistivity.

Semiconductors are elemental (51, Ge) as well as compound [(GaAs,
CdS, ete).

Pure semiconductors are called ‘intrinsic semiconductors’, The presence
of chargs carrlers (elecirons and holes) Is an 'Intrinsic’ property of the
malerial and these are obtained as a resull of thermal excitation. The
muzmber of elecirons (n_) is equal to the nomber of holes (i, ) in inirinsic
conductors. Holes are eszentially electron vacancies with an effective
posiiive charge.

The number of charge cartiers can be changed by ‘doping’ of a suitable
{mpurdty i pure semdeonductors. Such serndconduciors are known as
extrinsic semiconductors, These are of two tvpes (n-type and p-type).
In n-type semiconductors, n, >> n, while in p-type semiconductors n, >>
n-type serndecnducting 51 or Ge is obtalned by doping with pentavelent
atoms (donors) like As, Sb, P, elc,, while p-type Si or Ge can be oblained
by doping with trivalent atom (acceptors] like B, Al, In ete.

s, = nl.’ in all eases. Purther, the material possesses an overall charge
newtralify.

There are two distinet band of energies (called valence band and
conduection band) in which (he electrons in a2 materisal e, Valence
band energies are low a8 compared to conduction band energies. All
energy levels in the valence band are filled while energy levels in the
conduction band may be fully empty or partially filled, The electrons in
the conduction band are frée {o move in a solid and are responsible for
the conductwity. The extent of conduchvity depends upon the energy
gap [E,l between the top of valence band (E,] and the bottom of the
comduction band E. The electrons from valence band can be excited by
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heat, light or elecirical energy to the conduction band and thus, produce
a change in the current flowing in a semiconductor.

11. For insulatore E, > 3 £V, for semiconductors E is 0.2 eV to 3 eV, while
for metals E = {}

12. p-n ]unmmn 1s the 'key’ to all semiconducior devices. When such a
Junetion is made, a ‘depletion laver' is formed comnsisting of immobile
ion-cores devoid of their electrons or holes, This is responsible for a
junction potcntial barrier.

13. By changing the extermal applied voltage, junction barriers can be
changed. In forward bias (n-side is connecied to negative terminal of the
battery and p-side is connected to the positive). the barrier is decreaszed
while the barrier increases in reverss bias. Henee, forward bias current
18 maore (mA) while it is very small (pd) In & p-n junection diode.

14. Diodes can beused for rectifiing an ac voltage {restricting the ac voltage
to one direction). With the help of a capacitor or a suitable filter, a de
voltage can be oblained.,

POINTS TO PONDER

1. Theenergy bands (E.or EJ) inthe semiconductors are space delocalised
which means thm;thua are not located in any specific place inside the
sohd, The energles are the overall averages. When you see a picture in
which E, or E, are drawn as straight lines, then they should be
rel-;.pecﬁvely taken sitmply as the bottom of conduciton band energy levels
and top of valence band encrgy levels:

2. In elemerntal semiconductorz (Si or Ge}, the n-type or p-iype
semiconductors ars oblained by miroducing ‘dopants’ as defects. In
compound semiconductors, the change in relative stoichiometric ratio
can also change the type of semiconductor. For example, n ideal GaAs
the ratio of Ga:As is 1:1 bul in Ga-rich or As-rich GalAs il could

respectively be Ga, , As _ or Ga, As, . In general, the presence of
defects control the properties of semiconductors in many ways.

EXERCISES

14.1 In an n-fype silicon, which of the following statement is oue:
(a) Electroms are majority carriers and itrivalent atoms are the
dopants.
(b) Electrons are minorily carriers and pentavalent atoms are the
dopants.
(c) Holes are minority carriers and pentavalent atoms are the
dopants.
(d) Holes are majority carriers and ivalent atoms are the dopants.
14.2 Which of the statements given in Exercise 14.1 is wrue for p-type
semiconducios.
14.3 Carbon, silicon and germanium have four valence elecirons each.
These are characierised by valence and conduction bands separated 341
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14.4

14.5

14.6

by energy band gap respectively equal to (E))., |E)g, and (E,)... Which
of the following statements Is twue?

(@) (E)g <(E)y <(E).

b} (E). <(E)g, > (E)g

(e} [E)y > (E)y > (E)g,

(d) (E), = E)y = (E)g,

In an unbissed p-n junction, holes diffuse fom the p-region to
n-region because

[a) free elecirons in the n-reglon attract them.

b} they move across the junction by the potental diflerence.

(e} hole concenmration in p-region is more as compared to n-region.
(d) All the above.

When a forward bias is applied to a p-n junction, it

(a) raises the potential barrier.

(b) reduces the majority carrier current Lo Zero.

[c} lowers the potential barrier,

(d) None of the above.

In half~wave rectification, what is the output frequency il the input
frequency is 50 Hz. Whar is the ourput frequency of a full-waye rectifler
for the same inpur frequency.
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APPENDIX A1l
THE GREEK ALPHABET

lota
Kappa
Lambda
Mu

Mu

Xi
Ornicron
Pi
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APPENDIX A2
COMMON 51 PREFIXES AND SYMBOLS FOR MULTIPLES AND SUB-MULTIPLES

Frgﬁx Symbol  Factor hﬂ‘h smhnl
Exa :Ei 107"t
1o ﬁ:mm.
W™ pica
10" nano
10°°  micro.
10 milli
16 centi
107" deci

o g E Bo me

ﬂ-1 o ﬁ i) =
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APPENDIX A3
SOME IMPORTANT CONSTANTS

Name
Speed of light in vacuum
Gha’ge-oi' electron
Crravitational constant
I"}mél'fcur_i:stant
Bollzmann constant
Avogadro number

Universal gas constant
Mass of electron

Mass of neutron

Mass of proton
Electron-charge to mass ratio
Faraday constant

Rydberg constant

Bohr radius
Stefan-Bolizmann constant

Wien's Constant
Permittivity of free space

Permeability of free space

Symbol| ____ vame

&

i

=]

14T 5

Hy

29979 % 10"ms '
lemzx107®c
6.673% 107 Nm? kg?
6.626 C D i s
1381 x 10781k
6.022 % 10 mol*
2314 T mol 'K
9,110 % 10 Y kg
1.675 % 10 kg
1673 x 10" kg
1,759 % 10" C/kp
9,648 x 10* C/mol
1,097 % 107m '
520210 M,

5.670 % 10" Wm'K*
2.898 x 10*mK

8854 %107 C? N 'm*
8.987 % 10"N mi’ €

4r x 10" TmA"
=1257%x10°"WhbA'm'

OTHER USEFUL CONSTANTS

Name

Mechanical equivalent of heat
Standard atmospheric pressure

‘Absolute zero

Electron valt

Unified Atontie mass unit
Electrom rest enersy
Energy equivalent of 1 v

Volume of ideal gas (0 'C and latm)

Acceleration due to gravity
{sea Tevel. at equator)

Symbol | Value
J 4,186 Jcal™
latm  1.013x%107Pa
0K 215157

I &V 1.602= 10771
lu 1.661 % 100 kg
me’ 0.511 MeV
lue? 931.5 MeV
v 224 L mol™

g 9,78049 m s~
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ANSWERS

Cuaaprer 9

9.10
8.11

9.12

9.13

v =-54cm. The Image Is real, Inverted and magnified. The sixe of the
image is 5.0em. As u — f, v — e} for u< f, image is virtual,

v =6.7cm. Magnification = 5/9, i.e., the size ol the image is 2.5cm. As
u—» = v — [ [bul never beyond) while m — Q.

1.35; 1.7cm

A= 1.51; n_mu = 1.32; M, = 1.144; which gives sin r= 0L6181 ie.,
r~ 38",

r=0.8 x tan {,and sini, =1/1.33 ] 0.75, where ris the radius (in m)

of the largest circle from which light comes out and i is the critical

angle for water-air interface, Area = 2.6m®

n | 1.53 and D_ for prism in water | 10°

R=22cm

Here the object is virtual and the image is real. u=+12e¢m [ohject on

right: virtual)

(a) Jf=+20cm. Image Is real and at 7.5 cn from the lens on Its right
gide.

(b} JF=-16cm. Image |s real and at 48cm from the lens on its right side,

v = 84cm, image is erect and virtual. It is diminished to a size

1.8cm. As u—r e, v — [ [but never beyond fwhile m — 0).

Note that when the object is placed at the locus of the concave lens

(21 cm), the image is located at 10.5cm (not at infinity ‘as one might

wrongly think).

A diverging lens ol loeal length 60 em

(a) v,=-25cm and f,=6.25cm give u,=-5cm; v,= (15~ 5)cm =
10cm,
Jo = u, =—2.5¢cm; Magnilying power = 20

b) u,=-2.59cm.

Magnifyving power = 13.5.

Angular magnification of the eye-plece for Image at 25cm

=i—2+1=11: B18 }nﬁ%cfm =2 27cm u, = 7.2¢m
Separation = 9.47 cm; Magnifying power = 88
24; 150 cm

(4] Angular magnificaion = 1500

(b) Dilameter of the image = 13.7 cm.



9.15

9.16

8.17

9.18

9.19
9.20

ANnswers

Apply mirror equation and the condition;

(a) Ff= 0 [concave mirror): u < 0 (object on left)

b) f=0:u=<0

{c) =0 {convex mirror) and u<0

(d) f=< 0 [concave mirror); f<u<0

to deduce the desired result.

The pin appears ralsed by 5.0 cm. It can be seen with an explicit ray
diagram that the answer is independent of the location of the slab
(lor small angles of incidence),

(a) sin @)= 1.44/1.68 which gives i = 59" Total Internal reflection
takes place when i > 59° or when v < r = 31° Now,

nax

{slnfmf.-s!nrmx}=158 , which gives { = 60% Thus, all

nax —

incident rays of angles in the range 0 < [ < 60° will sulfer Lotal
internal rellections in the pipe. (If the length of the pipe is
finite, which it is in practice, there will be a lower limit on
determined by the ratio of the diameter to the length of the
pipe.)

{b) If there is no outer coating, il = sin 1{1/1.68) = 36.5°. Now,
i= 90" will have r= 36.5° and ' = 53.5° which is greater than
. Thus, all incident rays {in the range 53.5° < i < 90°) will
suffer total Internal reflections.

For fixed distanee s between object and sereen, the lens equation

does not give a real solution for v or v if fis greater than s/4.

Therefore, [ . = 0.75m.

[HiSE
21 4om
(a) (i) Leta parallel beam be the incident from the left on the convex
lens first,

J=20cmand u, =—es, give v, =+ 30cm. This image becomes
a virtual ohject for the second lens,

f; =-20cm, u, = + (30 - B)cm = + 22 cm which gives,
i, =— 220 cm. The parallel incident beam appears to diverge
from a point 216 cm from the centre of the two-lens system.

(ii) Let the parallel beam be incident from the left on the concave
lens first: f, =-20cm, w, =—w, give v, =—20cm, This image
becomes a real object for the second lens; ;= + 30cm, 1y =
- (20 + Bjem = - 28 cm which gives, v, = - 420cm. The parallel
Ineident beam appears to diverge from a point 416 cm on the
left of the centre of the bwo-lens system,

Clearly, the answer depends on which side of the lens system
the parallel beam is incident, Further we do not have a simple lens
equation true for all u fand vl in terms of a definite constant of the
system (the constant being determined by f; and f,. aned the separation
between the lenses). The notion of elfective local lenglh, therelore,
does not seem (o be meaninghul for this system.

b)) w, =-40cm, f = 30cm, gives v,= 120 cm.
Magnitude of magnification due to the first (convex) lens is 3,
u; =+ (120 - 8)cm = +112 em (ohjecl virtaal);

S5 == 20 cm which gives u, Tﬂl%gm

Magnitude of magnification due to the sccond (concave)

347
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9.21

9.22

9.23

9.24

29.25

lens = 20,02,
Net magnitude of magnification = 0.652
Size of the image = 0.98 em

II the refracted ray In the prism Is incldent on the second face at the
critical angle i, the angle of refraction r at the first face is [B0°-{).

Now, (= sin™ (1/1.524) - 41°
Therelore, r= 19°
gin 1= 04962 { = 30°

iy Byl
al '8 10
{6, 0=—00em,

Magnitude of magnification = 90,/8 = 10,
Each square in the virtual image has an area 10 % 10 % | mrm”
= 100 mm*= 1 em?®

b Magnifying power = 25/9 = 2.8

o) No, magnification of an image by a lens and angular magnification
{or magnitying power) of an optical instrument are two separate
things. The latter is the ratio of the angular size of the object
(which is equal to the angular size of the image even If the image
is magnified] to the angular size of the object il placed at the near
point (25 em). Thus, magnification magnitude is |(v/u)| and
magnifying power is (25/ |u|). Only when the image is located at
the near point || = 25 cm. are the two quantities equal.

{a) Maximum magnilying power is oblained when the image is at
the near point (25 cmy)
= =714 cm,

(b} Magnltude of magnification = 25/ |u]) = 3.5.

fe) Magnifying power = 3.5
Yes, the magnilying power (when the image is produced at 25 cm)
is equal to the magnitude of magnification.

Magnification = J(8.25/1) = 2.5

v=+25u
1 1 1
+—— —
2bu u 10
ie,u=-6cm
|v| = 15cm

The virtual image is closer than the normal near point (25 em) and

cannot be seen by the eve distinctly.

(a] Ewen though the absolute image size |s bigger than the object
alze, the angular size of the image is equal to the angular size of
the object. The magnifier helps in the following way: without it
object would be placed no closer than 25 cm; with it the object
can be placed much closeér. The closer objecl has larger angular
size than the same object at 25cm. It is in this sense that angular
magnification is achicved.

(b) Yes, it decreases a little because the angle subtended at the eye
is then slighlly less than the angle subiended al the lens. The
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effect is negligible if the image is at a very large distance away,
[Note: When the eye ls separated [rom the lens, the angles
subtended al the eye by the [irst object and its image are nol
equal.]

{c) First, grinding lens of very small focal length is not easy. More
impaortant, if you decrease focal length, aberrations (both spherical
and chromatic) become more pronounced. So. in practice, you
cannot get a magnifying power of more than 3 or so with a simple
convex lens. However, using an aberration correcled lens systen,
one can Increase Lhis limit by a faclor ol 10 or so,

(d} Angular magnification of eye-piece is [{25,{1‘;] + 1] [_)‘;in cm) which
increases if f is smaller. Further, magnification of the objective

L,

o _ 1
lug | (ug 1/ fo) =1

which is large when |uu [ is slightly greater than f,. The micro-

is given by

scope is used for viewing very close object. So |u, | is small, and
s0.is f,.

(el The image of the objective in the eye-piece is known as 'eyering’.
All the rays from the object refracted by objective go through the
eyve-ring. Therefore, it is an ideal position lor our eyes [or viewing,
If we place our eyes too close to the eve-piece, we shall not collect
much of the light and also reduce our field of view, If we position
our eyes on the eye-ring and the area of the pupll ol our eye is
greater or equal to the area of the eve-ring, our eyes will collect
all the light refracted by the objective. The precise location ol
the eye-ring nalurally depends on the separation bebween (he
objective and the eye-plece. When you view through a microscope
by placing your eyes on one end.the ideal distance between the
eves and eye-piece is uswally buili-in the design of the
instrument,

9.26 Assume microscope In normal use fe., lmage at 25 cm, Angular
magnification of the eye-plece

= —d+1l=68
5
Magnitication of the objective

30

= —=5

4]
1

= g R
Suy, u, 1.25
which gives u,=-1.5cm; o= 7.5cm. |, |= (25/6) em = 4.17 cm. The
separation between the objective and the eye-piece should be (7.5 +

4.17)cm = 11.67 cm, Further the object should be placed 1.5cm from
the objective to obtain the desired magnification.

9.27 (a) m=(f,/f)=28

. Jo -
L =do A0 =33¢
b) m i 1&25

"
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9.28 (a)
(b)

)

fatf=14bcem
Angle subtended by the tower = (100/3000) = {1/30) rad,
Angle subtended by the image produced by the objective

h h

— e ——

£, 140

Equating the two. It= 4.7 cm.

Magnification [magnitude] of the eye-piece = 8. Helght of the
final image (magnilude) = 28 em,

9.29 The image formed by the larger (concave) mirror acts as virtual object
for the smaller (convex) mirror. Parallel rays coming from the object
al infinity will [ocus at a distance of 110 mm [rom the larger mirror.
The distance of virtual ohject for the smaller mirror = (110 -20) =
20mm. The focal length of smaller mirror is 70 mm. Using the mirror
formula, image Is formed at 315 mm from the smaller mirror.

9.20 The refllected rays get deflected by twice the angle of rotation of the
mirror. Therelore, d/1.5 = tan 7°. Hence d = 18.4 cm.

9.31 n=133

CuarTER 10

10.1 f{a) Rellecied light: (wavelengih, frequency, speed same as incident
light)
A =589nm. v=5.02 x 10" Hz, c= 3.00 x 10°ms '

(b) Refracted light: (frequency same as the incident frequency)
v=509x 10"z
v=(c/n) =226 % 10°ms?, 1= (u/v) = 444 nm

10.2 (a] Spheriecal

(] Plane

{c] Plane (& small area on the surface ol a large sphere Is nearly
planar).

10.3 (a) 2.0 x10°ms"

(b) No. The refractive Index, and hence the speed of light in a
medium, depends on wavelengih. [When no particular
wavelength or colour of light is specified, we may take the given
refractive index to refer to yvellow colour.] Now we know violet
colour deviates more than red in a glass prism. ie. n, > n.
Therefore, the violet component of white light travels slower than
the red component,
1.2x107%x0.28x 107

10.4 1= m = 500 nm
4x1.4

10.5 E/4

10.6 (a) 1.17mm (b)) 1.56mm

10.7 0.15°

10.8 tan '(1.5) = 56.3°




10.9
10.10

ANnswers

5000 A, 6 x 10" Hz; 45°
A0m

Cuarter 11

11.1
11.2
11.3
11.4

11.5
11.6
11.7
11.8
11.9
11.10
11.11

(a) 7.24 x 10'8Hz (b] 0.04]1nm

(a) 0.34eV=0.54x% 10 9] (b) 0.34V (c) 344 km/s
1.5eV=24x% 10"

{2) 3.14x=10%), 1.05= 10¥ kg m/s (b} 3 % 10" photons /s
fc) 0.63m/s

6.50 x 107" Js

20V

No, because v< v,

4,73 % 10"Hz

2.16eV=3.46x 10"%]

(a) 1.7x*10%m (b) 1.1 x 10%®m (€) 3.0 % 10%m
A=h/p=h/hv/d=¢c/v

CuaarrEr 12

12.1

12.2

12.3
12.4
12.5
12.6

12.7
12.8

12.9

(s} No different from

(b) Thomson's model; Rutherford's model
[c] Rutherford’s model

(d) Thomson's model; Rutherford’s model
(e] Both the models

The nucleus of a hydrogen atom is a proton. The mass of it is
1.67 x 10" kg, whereas the mass of an Incident a-particle is
6.64 ® 10*" kg. Because the scatlering particle is more massive than
the target nuclei (proton), the g-particle won't bounce back in even
in a head-on collision. It is similar to a football colliding with a tenis
ball at rest. Thus, there would be no large-angle scattering.

5.6 = 10"Hz

13.6 eV, 272V

9.7 % 107m; 3.1 x 10¥Hz.

(a) 2.18 % 10%m /s 1.09 x 105m/s; 7.27 * 10°m/s

(b) 1.52 x 107™%g; 1,22 x 107"%s; 4,11 % 107"5.

2.12x10"%m; 4.77 »« 10" m

Lyman series: 103 nm and 122 nm; Balmer series: 656 nm.

2.6 x 10™

CuartEr 13

13.1
13.2
13.3
13.4

104.7 MeV
8.79MeV, 7.84 MeV

1.584 x 10*™MeV or 2.535%10"J
1.23

3561
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13.5

13.6
13.7

13.8
13.9

il & =-4.03 MeV; endothermic

(i) @ = 4.62 MeV; exothermic

g= m mFe —2m 12 Al = 26.90 MeV: not possible.
4.536 x 10" MeV

About 4.9 = 10y
260 KeV

CuaprrER 14

14.1
14.2
14.3
14.4
14.5
14.8

(c)
(d)
(c)
(c)
(c)
/0 Hz for hall-wave. 100 Hz for [ull-wave
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GENERAL BOOKS

For instructive and entertaining general reading on science, you may like Lo read some of the following books.
Remember however, thal many of these books are written at a level far beyvond the level of the present book.

@ =l o S N

o

11

12
13
14
15

16

354
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