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Students Learning Outcomes

After studying this unit, the Siudttﬂ will be able to:

dlstinguish between inertial and non-inertial frames of reference.

describe the significance of Einstein's assumption of the constancy of the 5pc¢d of
light.
identify that if ¢ is constant then space and time become relative,

expluin qualitatively and quantitatively the consequence of special relativity in relatmn
to!

the relativity of simultaneity
the equivalence between mass and energy
length contraction
time dilation

O INUsS increase
explain the implications of mass increase, time dilation and length contraction for Space
travel.
describe the concept of black body radiation. _
describe how energy is distributed over the wavelength range for several values of
source ll..mpﬂmlur-:

describe the Planck’s hypothesis that radiation emitted and absorbed by the walls ofa
black body cavity is quantized.

claborate the particle nature of electromagnetic radiation.
describe the phenomenon of photoelectric effect.

solve problems and analyze information using: E = hf and ¢ =fA.
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» identify data sources, gather, process and present information to summarize the use of
the photoelcctric effect in solar cells & photocells, )

o describe the confirmation of de Broglie's proposal by Davisson and Germer experiment

" in which the diffraction of electrons by the surface layers of a crystal | atlice was

observed.
describe the impact of de Broglie’s proposal that any kind of particle has both wave

and particle properties,

explain the particle model of light in terms of photons with particular energy and
frequency.

describe Compton effect qualitatively,

explain the phenomena of pair production and pair annjhilation.

explain how the very short wavelength of electrons, and the ability to use electrons and
magnetic fields to focus them, allows clectron microscope to achieve very high
reselution:.

o ,ﬁesrfﬁbﬁ unaﬂna;in!}* principle,

Class:ca! phys:cs is the physics that evolved before the 20th century, Jt consists
of mefan s laws of motion, gravitational laws, laws of thermodynamics, kinetic
theory, Maxwell’s theory of clectromagnetic wave and so many others, Due to all
these achievements, many scientists felt that most of the great discoveries in physics
had been made. The post-Newtonian concepts in the world of physics brought a
revolution in the field of physics which is known modern physics. Modern physics
means physics based on the two major breakthroughs of the early 20" century which
are relativity and quantum mechanics. In 1900, Max Planck introduced the concept
of the guantum theory and it Jeads to understanding the distribution of black body
radiation. Later on, Einstein also explained the photoelectric effect on the basis of
Planck’s quantization. Bohr in 1913, introduced his mode] of the hydrogen atom. In
1923, Compton confirmed experimentally the particle nature of light by scattering X-
rays with electrons. In 1923, de-Broglie proposed the wave nature of particles and
this notion was proved expenimentally by Davisson and Germer in 1927, Heisenberg
and Schrodinger further explained analytically the dual nature of matter.

Even though the physics that was developed during the 20" century has led to
a multitude of important technological achievements, the story is still incomplete.
Discoveries will continue to evolve during our Jifetimes and beyond that, and many
of these discoveries will refine our understanding of the nature of universe around us.
It is still 2 marvelous time to be alive. In this unit, we will explain some important
 theories of modern physics, such as special theory of relativity and its consequences,
black bﬂﬂ'ﬂﬁm and Planck’s law, phetoelectric effect and Compton effect, De-
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Broglie wave equation and Davisson-Germer experiment, pair production and
annihilation of matter and Heisenberg’s uncertainty principle.

18.1 RELATIVE MOTION

Our moving earth appears at rest with respect to the geostationary satellite,
while appears in motion with respect to the moon. This example provides the principle
of relative rest and relative motion. The experimental facts show that observations of
all the events would have different meaning to different observers. It can further be
explained by another example of a boy who is standing in a train which is moving
with uniform velocity and is holding a ball in his hand. The ball appears stationary
for an observer A, who is also standing in the train. But the same ball appears moving
with the train for another observer B who is standing on the ground outside the train.
Now if the boy throws the ball vertically straight upward, it will come back straight
downward. This will be observed by the observer A as shown in Fig.18.1(a). But the

observer B who is standing outside the train will observe that the ball is movmg alc-ng
the parabolic path as shown in Fig.18.1(b). r -
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Although the two observers disagree on the POINT TO Pﬂ“DLR '

h foll d by the: ball. but bsth Let you are standmg at the roofl the |

e .DWE yAlie: ayl, but oth agree mfﬂr building and you are observed by two |

the motion of the ball obeys the law of gravity | gbserver one is at the moon and other 1

and Newton’s laws of motion, and they also | is at the geostationary satellite. Who |
agree on how long the ball is in the air. By | will observe that you are in motion?

< il Sl
| |

l The path of the ball is up and down The path of the ball is a parabolic
as scen by an observer in the train as scen by a S'li!lil:m ary observer on
moving at constant velocity relative outside the train.

to the ground.

Fig.18.1
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summing up these observations, it is concluded that all the motions are relative. There
is no absolute rest or no absolute motion.

18.2 FRAME OF REFERENCE

In daily life, when we observe an event | h, H-'H;'-‘E'T!-'D I_:\,};ER& f:‘?'fa'?—'l
i.e., physical happening or measure e |
position, or change in position of a body
then we use some relative points such as
east, west, north and south which are
lying on the earth’s surface. These points |
are called reference points and the earth |
is a frame of reference. In physics we use ‘
Cartesian coordinates as reference points |
for measurements. The set of coordinates
with respect to which the measurements |
or observations are made is called frame |
of reference. There are two kinds of |

frame of reference. | From the carth frame of reference. light takes

|
. - T 25,000 years to travel from the center of our |

- : o | i o | ] 'Il il 3 "“
] Inertial frame of reference milky way galaxy to our solar system. From E

A frame of reference which is al | e frame of reference of a high speed space
rest or moving with uniform velocity is | ship flying outward from the galactic center
called inertial frame of reference. e.g., | toward carth, the trip takes less time. If a
earth is taken almost as an inertial frame | frame of rcference could be attached to the
of reference. In inertial frame of light itself, the travel time could be reduced to
reference, the acceleration of the body 1s et —
zero and law of inertia remains valid in it. That is, if a body is at rest it will be remain
at rest and if a body is moving with uniform velocity it will be continue its uniform
motion unless an unbalanced force produces an acceleration in it. According to the
principle of Galilean relativity, all the laws of physics must be the same in all inertial
frames of reference.

[T  Non-inertial frame of reference

A frame of reference which is accelerating, or decelerating is known as
non-inertial frame of reference. It may be pointed out that Newton’s laws of motion
are not valid in non-inertial frame of reference.

18.3 SPECIAL THEORY OF RELATIVITY

The Special Theory of relativity was proposed by Albert Einstein in 1905. This
theory has brought a revolution in the field of the science. The scientists completely
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changed their notion about Ether (a hypo
time coordinates and 80 many other. The
{ollowing two postulates,
1 All the Jaws of physics are Same in
2 The speed of light is a
(3  10° ms™) remains
The first postulate js also called the
principle of relatiyity and it states that a)l the
Jaws of physics are equally applicable in all
frames of reference, if the relative motion
between them is uniform, For exaim ple, let any
kind of experiment such as mechanical,
thermal, optical or clectrical js performed in a
Jaboratory at rest. Then according to Einstein’s
principle of relativity, the same result will be

uniform speed.
The second postulale Is contrary

believed that the light ravel through a hypothet

speed of Jight relative to ether is different in
different direction, Bul according to Einstein,

! the speed of Jight in vacuui is the same in al
inertial frames of relerence. For example, 1€l

{wo observers ineasure speed of fight in
vacuum, such that one observer is at rest with
respeet to the SOUrce of Jight and the other is
moving away
relativity, the

e
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Einstein's special theory of rel
are related to the base physieal quantit
to the special theory of relativity, the results
different in different frame of reference. Tl
two points, the time interval of an event and
of special theory of relativity.

The relativity of simnitaneity

The concept of :
postulate. i, the speed of light is @

universal eonstant.
the same in all inertial frames of reference,

from it with uniform velocity. Aeeo
resull of both observers will be the same.
n epRCIAL THEORY OF RS
ativity has some Very importal
ies such as len
of measurement of these
erefore. We measure
mass of @ body based on

imultaneity gives & interestin
universal constant. !

thetical medium), speed of light,
. AILERL S =»_«-";§PﬂgEand
special theory of relativity is based on the

all inertial frames of reference.

That is, the yalue of speed of light

Special relativity is “special” in the
sense that it deals with uniformly
moving reference frames — once that
are not aceelerated. General relativity
js “gencral” and deals also with
Lacceferating reference  frames. The
general theory of rejativity presents a
sow theory of gravity.

obtained when the same experiments are p_erfﬂrmm in a laboratory moving with

Hence there are ho preferred inertial frame of
(0 the Ether theory. Mos!

reference.
of earlier physicists
jcal medium cajled Ether and the

If you were travelling in a space ship at
aspeed of C/2 relatiye to earth and you
fired a laser beam in the dircction of
the spaceship’s motion. What will be
' the light speed from the laser refauve
to theearth?

ding to Einstein’s principle of

r OF RELATIVITY

\ results which

Jength, time and mass: According
guantities ar

distance betwesh

the consequeNce

the

ting result of Einstein’s second
¢ it is stated as. when Yo
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 events that are simultaneous in one frame of reference need not be simultaneous
' in a second frame of reference that moving relative to the first. It is explained by
an example. Consider a light source suspended by the exact centre of the roof of the
compartment of a train. When the light is switched on, it spreads out in all direction
with speed ‘c’. An observer inside the compartment observes that light reaches the
front wall of the compartment at the same time it reaches the back wall as shown in
Fig. 18.2(a). This occurs whether the train is at rest or moving at constant speed. Here
the two events of falling of light on the back wall and falling on the front wall occur
" simultaneously for the observer inside the compartment.
' On the other hand, if
the same two events are v
| observed by another observer
who is standing on the ground
(at rest) and outside the
compartment, then these two

events are not simultaneous.
As light travel away from the  Fig.18.2() With respeet to the observer who travels inside the
sourcc, this observer sees the L‘“'“P-‘ll"-ljwnl. light from the source travels equal distance to both
(rain Moves forward, so the walls of the compartment and therefore strikes both walls

back wall of the compartment -
moves toward the beam while e ———

the front moves away [rom it. /
The beam going to the back of \ % ' )“l
the compartment, therefore, —
has a shorter distance to travel
than the beam going forward,
as shown in Fig. 18.2(b). —
Thus thus Dll‘lSldL? UbSGI"’\-"CI' Fig.18.2(h) the events of light ﬁlﬁk.i"E the front and back walls of
sees the event of llghl ﬁ:‘ll[!l'lg the compartment are not simultancous with respect to an observer
the back wall of the who is standing on the ground. ’
1 compartment before seceing
- | the event of light falling the front wall of the compartment. Similarly, another
‘ observer in another moving train that passes in the opposite direction would report
that the light reaches the front wall of the compartment first.
\_.’Je should not wonder which observer is right concerning the two events.
According to Einstein’s theory of relativity, both observers are correct because
simultaneously is not absolute and there is no preferred inertial frame of ;eference,

but the two observers must find that light travel at the same speed.
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When both ends of length of an y
object are measured simultancously by an
observer at rest relative to the object, then
such length of the object is called its rest
or proper length. According to special
theory of relativity, the length of an object
measured in a frame of reference which is
moving with respect to the object’ is O x
always less than the rest length or proper (a)
length. This effect is known as length -"‘
contraction. The length contraction takes
place only along the direction of motion, [ { g
this effect is negligible at ordinary speeds, R ,.T_."'
no such effects may be observed [ sstel
perpendicular to the direction of motion.

Consider, the length of an object 0 "
(rod) between two point which s (b) o]
measured by two observers, such thatone |
observer 1s at rest relative to the Dbjﬂi’:l Fig.18.3 Length contraction of the body in a
while the other one is moving with very ~ moving frame of reference.
high velocity ‘v’ with respect to the object. If the length measured by the rest observer

is £, and the length measured by the moving observer is * (" then according to the
relativistic mechanics,

(= Eu,’l—Z—; ...... (18.1)

If the moving observer is also at rest, i.e., v="0then { = [, that is, the results
of the both observers are the same. But if there is a relative motion of the observer
with velocity ‘v’ the length / is less than the proper length £, . This result shows that

a moving body has a decrease in its length along the direction of motion as shown in
Fig.18.3.

When a time interval between two events is measured by an observer who is |
at rest then it is called a proper time. Now according the special theory of relativity
time is not absolute quantity but the time interval between the two same events would |
be greater than the proper time which is measured by another observer who is moving

A7



at very high-speed relative to the place of event.
This effect is called time dilation i.e., to dilate
means to become larger and it is explained as:
Consider two events which occurred at
the same place. The time interval between these
two events measured by two observers, such
that one observer is at rest frame and he noted
the proper time interval as ‘to’ while, the other
observer in other frame of reference is moving
with uniform velocity v relative to the rest
frame and he noted the time interval between

*7

POINT TO PONDER
If a rod of length 1m moves with a very

high speed, will you observe its length
less or grcater than lm'?
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| Two tdcnucal constructed clocks are
| synchronized. One is attached with a
| wall of a moving spaceship while the
' other remains on carth. Which clock
| Tuns more fast?

the two events is ‘t’. Thus, according to the relativistic mechanics

t
i
{= = s (18.2)
2 v
T2
c-
i (B
| Event
Stapwaich
—
==t | 40.9% : -
il
¥
Swpwatch
I % >
Clocks run slower a1 ane approaches the speed of lght
Fig.18.4 Different time interval between two events observed by two observers in two
different frames ol relerence. '
Vill pFR F TS _-__l
Ju’ JLrL 'r)”

l.e, v=0then t= t, But if there is a relative

motion between the two observers and the
denominator of equation 18.2 is less than one
thus time ‘t’ is always greater than the proper

If the moving observer is also at rest. ‘
|
{

time ‘t,’ as shown in Fig.18.4. l

&Y

At constant distance, time and speed are
mversely proportional to each other.

]
speed oc ——
time

It means greater is the speed lesser is the
time taken

i.e.




Mass variation. y

Like length contraction and time
dilation, mass of a body is also not A
absolute rather it is a varying quantity. It
depends upon the speed of frame of
reference or frame of observers. It is
explained as: when a body is at rest, its A
measured mass is called its rest mass or
proper mass. Now when the body starts —p X
motion at very high speed, then according  ig.18.5 Mass dilation in a moving frame of
to the special theory of relativity, the mass reference.
of the moving body will be increased as shown in Fig.18.5. This is called mass

variation effect. Let m, be the rest mass of a body and m be the mass of the same body
which is moving with velocity ‘v’ then the mass variation is given as

m= rnﬂ (I R 3) FOR YOUR INFORMATION
V2 S The global positioning system (GPS)
J] s takes account of the time dilation of
C orbiting atomic clocks. Otherwise, our

This relation shows that increase in mass | GPS receiver would badly miss our
of a body depends upon its speed. If the speed | location.

of mass is one-tenth of speed of light (0.1c), the
increase in mass is only 0.5%. Similarly, the increase in mass of the body will be
100% if the body has a speed nine-tenth (0.9¢) of the speed of light. But, in our daily
life, we deal with extremely small specds compared to the speed of light and hence
m = m,, This is the reason why Newton’s laws of motion are valid in everyday life.
However, in case of atomic particles which —— =
are moving with speeds comparable with Stable

speed of light, the relativistic effect can be /—\
observed evidently, and their experimental

results cannot be explained without taking
Einstein's equations into account. E=m¢’

Mass-Energy Relation

According to special theory of \/
relativity, mass and energy are not two

different  quantities, but they are
interconvertible to each other. That is, the Mass and energy are convertible 1o each other.
mass ‘'m’ ol a moving body can be

converted into energy *E' and vice versa.

o
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Such conversion can be studied under the following

mass-energy relation:
E=mc’® __ (18.4)

Similarly, if the body is at rest then its energy is called

Mass-Fnerpy Eguivalence
lkg <> 8.988 x 1051
lu < 931.5MeVp
leVo <> 1.074 x 10%u

rest mass energy E,and its value is given by

E, = myc’
According to the mass-dilation effect,
change in mass causes of change in
energy, since E > Eq, so
o 2 2
E~E;= me"—m,c
AE= (m-m,)c’
AE= Amc’

This shows that a small variation

in mass cause an enormous amount of
change in energy, because the value of ¢
is very large. It can be observed
experimentally in a nuclear power plant
which produces energy by fission of
uranium, it involves the conversion of a
small amount of the mass of the uranium
into large amount of energy.

Example 18.1

| megajoules of cnergy to ils consumers is |

INTERESTED INFORMATION -

Saying that a power plant delivers 90 million |

equivalent to saying that it delivers 1 gram of
energy to its consumer because mass and energy
are equivalent, ‘

A rocket of proper length 50m is moving with a speed of 0.13c. Then how
much will it appear to be shortened to an observer on earth?

Solution:
Proper length = £, =50m
Speed of rocket=v =0.13¢
Speed of light =c =3 x 108
Shortened length= [ =?

ms!

According to the relation of length contraction

2

_ v
=t 1=
2
f = qul-—-(O‘]fc)
C

{ =5041-0.0169




{ =49.5m
Shortening the length of the rocket

AL=t,—¢
Al = 50m-49.5m
AL =0.5m

Example 18.2

An atom will decay in 2 x 10°¢ s. What will be the decay time as measured by
an observer in a laboratory if the atom is moving with a speed of 0.8c.

Solution:

Time of decay when the atom is rest = to = 2 x 10
Time of decay when the atom is moving =t = ?

Speed of atom = 0.8¢
According to time dilation equation

t=
.
c
(= 2x107
2
l_(U.Ec)
p
C
(= X107 _ 2x10°

Example 18.3

At what speed the mass of the body will become twice the rest mass value?

Solution:

Rest mass of the body =m,
Mass of the moving body =m

Let us assume that at a speed of ‘v’, the mass of the body will be doubled.

m = 2mp
According to mass variation relation

m,

m:
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m
2m, = 8 -
1
GZ
2. [1-X =1
c
Squaring both sides
'\'FE
4 1 —=—| =1
4v’
4=—+1
CZ
4v*
=3
1:2
v? = Ecl — v =0.866c = 0.866x3 % 10°ms™
v=26x10ms™

18.5 BLACKBODY RADIATION

When a solid body is heated, the | FOR YOUR INFORMATION ' ;
body glows and emits radiation. This | peearroc s
emission of radiation depends upon
temperature only. That is, when the
temperature increases, the body becomes
red then yellow then white. The
wavelengths of their corresponding |
emitted radiations are decreased which
are lying in the range from infrared to |
ultraviolet. For example, at low | [EESEEG ., i
temperature, the emitted radiation has | [EEEHSEAECENFGRSEREIRI |
long wavelength, while at high | Volcanic lava emits light and is a very good |
temperature, the emitted radiation has | ©xampleofablackbody radiation. |
short wavelength. :

The analysis show that when these radiations fall on a body, some of them may
be absorbed and some of them reflected. So, we could not study well the distribution
of radiation from a hot body. We consider an ideal body that absorbs and emits the
radiations of all wavelength falling on it. Such body is called Blackbody.
Blackbody is perfect absorber for all incident radiations and also a perfect emitter or

&




radiator of all kind of radiations. When
the black body is heated, it emits the
radiations of all wavelengths depending
upon its temperature. Thus, a black body
is a perfect absorber as well as a perfect
emitter of radiation. Practically, a perfect
black body does not exist, but it can be
constructed by making a very small hole
in one of the walls of a hollow body called
cavity as shown in Fig.18.6. The inner
walls of the Cﬂ‘ﬂ'il}" arc blackened with Fig.18.6 A hole in the wall of a hollow sphere is o
carbon soot to make them as good rood approximation of a black body.

absorber and also as a reflector. The
radiation that enters through the small
hole will be trapped inside the cavity. If
this body is heated to a cerlain
temperature, it will emit radiations of all
wavelengths which is called blackbody
radiation. The naturc of emission of
radiation depends upon temperaturc only.
That is, when the temperature of the
blackbody is increased, the radiated 1 2 3 4 "
energy emitted from the blackbody is also Wavelength (Jim)

increased. Graphically the experimental

data for the distribution of energy of  Fig.18.7 Graph between intensity of blackbody
blackbody radiation .. intnsity versus B0 sl Ty e
wavelength are shown in Fig.18.7. These ¢ wavelength

results show that wavelength of radiated
energy varies with temperature and shifts POINT TO PONDER

An incandescent light bulb s
t values as f : ;
tnwardg ht_: shorter values as the temperature o e Siimaiier svAth W hen
the cavity increases.

: the bulb operates at full power, it
Several attempts were made to explain | gppears white, but as it is dimmed it

the distribution and characteristics of these | looks more and more red. Explain?
radiations. The four most important among
them are given by:

Intensity

e

o

stelan-Bollzimann law 1
This law states that the total energy per second per unit area (i.e. total radiant ‘i
l;
L]

heat power) under the curve of the radiation is directly proportional to the fourth
power of its absolute temperature

4




E < T [ - ]
E=oT .....(187) £ ol ' |
where ‘s’ is Stefan’s constant and its 5 8
value is 5.67 x 10® wm2K™. g eenp o !
= 4
Wien’s displacement law -%.mﬂl.- :
According to Wien’s displacement g [ ~ ]
law, the wavelength with maximum g __r s 2
intensity in the radiation emitted from a L I =
blackbody is inversely proportional to the “ L b e 2%
temperature of the blackbody. That is, > " Wavelengtb/nm
with increasing temperature the peak of The peak wavelengths of radiations degreasing

the distribution shifts to shorter wave .. & . ing emperature.
lengths;

, 11
m T \
A, T = Constant ...(18.8)
where the value of Wien’s constant is 2.9 x 10°mK

Ravieigh-Jean’s law

Rayleigh and Jean explained the distribution o + ;
theory. They assumed that the radiation inside the cavity consists of standing waves.
These standing waves are due to the oscillation of radiation from one wall to the other

wall of the cavity. Based on this argument, they derived the following relation.
E = SnI:T

A
where ‘k’ is the Boltzmann’s constant and its value is 1.3807 x 107 JK\.

f radiation based on kinetic

Max Planck’s law

Wien’s displacement law and Rayleigh-Jean’s law both explain only single
aspect of the energy distribution along the experimental intensity and wavelength
curves. Because, Wien’s formula can apply for those radiations which have short
wavelengths while Rayleigh-Jean’s formula for radiations having long wavelengths
as shown in Fig.18.8. None of these laws is able to explain the entire experimentally
observed curve,

To overcome this problem, Max Planck in the year 1900 developed a formula
for distribution of energy that fitted well into the experimental curve for the entire
range of wavelengths. His formula for the distribution of energy based on his quantum
theory. According to his theory, the absorption and emission of radiation from a black

265,
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body is in the form of energy packets which he termed as ‘q_uapta '.The ehergy of
each quanta is directly proportional to the frequency ofithe raciation, 1.,

Ecw f

E=hf...... (18.10a)
where ‘h’ is known as Planck’s
constant. Its value is 6.63 x 104]s.
But fA=c therefore eq. 18.10a
becomes

=1
2 Classical
disaster

Intensity

R (18.10b)

L

Later, Einstein extended Quantum
Planck’s idea that the energy is solution LT
absorbed or emitted in discrete Wavelength
packets which are integral part of all
Kind of electromagnetic radiations Fig.18.8. Comparison the experimental curves amang
know as ph{)lﬂﬂ. The energy of each  Wien's. Rayleigh-Jean’s and Planck’s laws
photon is ‘hf” and its momentum can
be calculated as
Since E = hf= mc?

hf
So mc= —
c

But the product of mass ‘m’ and velocity (velocity of light ‘c’) is called momentum
p. Thus, ) A )

POINT TO PONDER

p=—-f- _Aparticlewithnnn-mmssml}
- never move faster than the speed o
= ¢ therefore  light. Is there also upper limit on its
Beipid e h ' momentum and kinetic energy? “
p=— e (1S 1D S =
A

18.4 : : s AP "
Exammat s the wavelength of the radiation having maximum intensity when ILis

emitted from a blackbody at temperature 57°C.

Solution: :
Wavelength (A,,) = »

Temperature (T) = 57°C =330
Wien’s constant = 2.9 % 10°mK

According to Wien’s formula




A_ T =Constant

m

e constant
m T
Am= L2 IRIIN = R0 m =188
330K g &L GLLT

Example 18.5
Compute the energy of photon of infrared light of wavelength 1240nm.

Solution:
Energy of photon (E) =7
Wavelength of infrared light (1) =1240nm = 1240 10°m= 1.24x10""m
Planck constant (h) =6.63 x 107Js
The energy of the photon is given by

E= ..IE
N
_ 6.63x107Jsx3x10'ms”
1.24x10°m
E=1.6x10"]
As 1.6 x 10°"7) =leV
E=1eV

The ené;'gy of given infrared light is leV.
18.6 THE PARTICLE THEORY OF ELECTROMAGNETIC

RADIATIONS

In the previous class,
and diffraction phenomenas.
of electromagnetic radiations
I Photoelectric effect
11 Compton effect
[I1 Pair production
18.7 PHOTOELECTRIC EFFECT

Heinrich Hertz made the first observation of the photoelectric effect in 1887.

He observed that when ultraviolet light falls on a metal surface (zinc, cadmium,
magnesium etc), then there is emission of electrons from the metal surface. This
phenomenon is known as the photoelectric effect and the emitted electrons are called
photo-electrons. The photoelectric effect is also possible by visible light when the
target material is alkali metal such as sodium, potassium, calcium etc.

we have verified the wave nature of light by interference
In this section, we are going to explain the particle nature
by means of the following three phenomenas:

5y



A schematic diagram of a

photoelectric effect is shown in Fig.18.9. ;__{{f:’f/ Ultra violet rays

It consists of photosensitive metallic plate

L ? 5 . CEeftETS35As A
P and collector ‘C’ which are enclosed in Pisio:elacivons
an evacuated glass tube. The plate is

connected to negative terminal of the )
battery called cathode. The second
electrode called collector or anode | l |Fhﬂtﬂ electric emission
connected to pnsitivu terminal of the Fig.18.9. An experimental circuit diagram for
battery through a galvanometer G, When ~ Photo electric effect.

light of certain frequency falls on the metallic plate, then there is emission of photo
electrons from the plate. These photoelectrons are attracted by the anode to constitute
an clectric current called photo electric current which is detected by the galvanometer.
The current becomes zero as soon as the light is switched off. This confirms that the

light energy is converted into the electrical energy under the process of photoelectric
effect.

Maximum kinetic energy of photoelectrons
In the experimental arrangement

of photoclectric effect, anode C always 72 |

collects the photoelectrons, because, it is 2Z Ultra viole! rays

connected to the positive terminal of the ( ;l:l L S '%7
battery. When the terminals of the battery P¥ Photo etectrons 1T

are reversed as shown in Fig.18.10, then CG)
‘C’ becomes negative. In this condition,

the photoelectrons are repelled by the ‘C’, 'i i || ':“
as a rcsplt the photoelectric Current SWMS. . 1510, A reverse circuit diagram @ photo
d[_‘:C[‘E;‘lSI[‘Ig, When the negative ])Cll{iﬂtlﬂl clectric effect in order to ::;1I|;:u|:-1't+.' the kinetic
is further increased then at certain energy of photo clectrons.

negative potential, the photoelectric

current becomes zero. At this stage, no electron reaches at the anode C. This specific

ncgative potential is called stopping potential V and it is related to the kinetic energy
of photo electrons. That is,

]
Enw2 =Vee .ov.ns (18.12)

This is the fundamental equation of photoelectric effect. 4

Experimental observations or laws of photoelectric effect

The experimental observations lead different laws based upon the
photoelectric effect. All these laws are summarized as:




I Threshold frequency and work function
The emission of electrons will not take place if the frequency of incident

radiation or photon is below a certain minimum frequency known as threshold
frequency. In other words, the minimum frequency of the incident light is required
for the emission of electrons from the metal surface. The threshold frequency is
denoted by f,,. The threshold frequency has a different value for different metals. The
minimum energy required to eject an electron from photo emissive surface is called
the work function. The work functions of different metals are given in table 18.1. If
the energy of incident light is above the work function appears as the kinetic energy
of photoelectrons.

I Spontaneous emission of photoelectron | Table 18.1
~ When the frequency of the incident light is equal || Element Work
or greater than the threshold value then there will be ‘ ——— f“““;“; (EX)
spontancous emission of photo electron. The time of | [Carbon 50
emission is 107'%s. | [[Copper 4.7
Il The photoelectric current depends upon the || Gold 5.1
intensity of light [ <2l
The analysis shows that the photoelectric current | s 2
o YSI.E Slow : P_ s : | | Potassium 2.3
is directly proportional to the intensity of incident light Rhcon 48
provided that frequency if incident photon is above f,. || Silver 43
X : i 4 . iz Sodium 2.7
That is, brighter incident light will cause more emission Tungsten 26

of electrons from the metal surface and hence a large '~
current flow in the circuit. It is noticed that the intensity of light does not increase the
kinetic energy of photoelectrons. In other word, kinetic energy of photoelectrons is
independent of the intensity of the incident light.
IV The kinetic energy of photoelectrons depends upon the frequency of light
The maximum kinetic energy of photoelectrons is directly proportional to the
frequency of the incident light. Furthermore, the stopping potential of the
photoelectrons also depends upon the frequency of the incident light.

18.7.2 Einstein’s photoelectric effect equation

Einstein explained the photoelectric effect on the basis of quantum theory of
light. According to Planck’s quantum theory, light is absorbed or emitted in form of
energy packet called quanta or photon. The energy of each photon is hf. When light
falls on a metal surface then the energy of photon is absorbed by an electron of the
metal surface. Thus according to Einstein, a part of this energy is used to liberate or
emit the electron from the metal surface called work function ¢ and the remaining
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part of the incident energy is converted

| IOCT KE
into the Kkinetic energy of the T
photoelectron. That is,

Energy of incident photon = work
function + K.E. of photoelectrons

1
hf= d+—mv?
) )

’
hf= hf'+eV,
eV, = hf —hf’ ...... (18.13)
This is known as Einstein’s 0 f ':f
equation of photo electric effect. If we :

Fig. 18.11. A straight Tine graph between kinetic
plot a graph between frequency of the  eneray of photo electrons and the fréquency of the

incident photons and kinetic encrgy of ~ "cdent photons
photoclectrons then we get a straight line as shown in Fig.18.11.

I f:;H I}EI (}'I‘(}(ﬁ !1: I_ll J

A photocell is a device that converts light energy into electrical energy. It
works on the principle of photoclectric effect. The photocell consists of two
electrodes, emitter and collector which are enclosed in an evacuated glass tube. The
metal of emitter or cathode used must be either sodium or potassium, because these
metals arc very sensitive (o visible light. However, if the surface of the cathode is
coated with cesium then it emits electrons even for infrared light. The collector or

anode is in the form of a straight rod whereas the cathode is curved to receive the
maximum incident light as shown in Fig.18.12.

=X

evacuated glass
gnveiope
cathod anode

cathode—

— anode Symbolic representation

of a photoelectric cell

»

Fig.18.12. A photo eell with its symbol.
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When light from a source is incident on the cathode, photoelectrons are emitted
from it. These electrons are attracted by the positive anode to constitute an electric
current in the external circuit. The magnitude of the current can be increased by
increasing the intensity of light above threshold frequency. If the light beam is
switched off, then the flow of current also stops.

f' There are number of applications of a photocell, some of them are listed below:
1 Counting systems
2 Security systems

3. Automatic door opening/closing

4. Automatic street lighting system

5

6

7

i

POINT TO PONDER
Rest mass of a photon is zero. Is its |
momentum also zero? 1

Soundtrack of movies
Burglar alarm system
Measurement the temperature of stars

3.9 SOI a:% R (‘E!.JIJ %E Solar Radistion & nd.\h:mi:s _
- - s, ali onducting Strips
Like photocell, a solar cell is also S e -
an electrical device which converts e AR iy Fleny )
FIT | = . ! 0 ASVDC

sun’s light energy directly into b g
electrical energy. A crystalline silicon =
solar cell consists of N-type and P-type e lect
semiconductors, sandwiched in between
two metal contacts that are responsible for R ——
Cﬂnduc[ing electricityonit SErncha devics W]h-, g1;; ;r;l;im;;; i-.;:n:i Ic diagram of a solar cell
as shown in Fig.18.13(a). An anti-
refractive coating is also placed on the top
of the metal contact and N-type in order
to absorb maximum solar energy by the e |
cell. Finally, a thin glass sheet is placed Fig.18.13(b). A series connection of solar cells
on the top of the cell to protect it from  pancl. ‘
Wweather and mechanical shock.

When sunlight falls on the PN-junction of the solar cell then this light has
sufficient energy to knock an electron out of the valance band. The electron becomes
a ffee electron and leaves a hole in the valance band, creating an electron-hole pair.
This free electron can be easily accelerated by the electric field existing naturally at
thg PN-junction towards the N-type and hole towards the P-type. In this way,
Flﬂﬂtmns accumulated in the N-type, creating negative charges and holes accumulated
In the P-type, creating positive charges. Thus an electric potential is developed

between N-type and P-type contacts.

-type Silicon
Depletion Layer

P-type Silicen

4
‘




Practically, a single solar cell can
produce a potential difference of 0.6V. To
produce higher voltage, multiple solar
cells are connected in series called solar
panels as shown in Fig.18.13(b). Solar
panels are generally available in 12V,
24V, 36V and 48V.

A solar cell technology is a
wonderful development in the field of
alternative energy sources. In the present
age, its application can be observed in
every walk of lifc, but some of these are
given by:

L. It is being used in the remote areas
where access to the main power
grid is impossible.

I1.

I11.

Iv.
electricity.

Lxample 18.6

Noor Solar Power Plant is the world's largest solar

power plant which consist of 7400 solar pancls |
and it occupy 25000 hectares land. It is located in

the Sahara Desert. The project has a 580- |
megawall capacity and is ‘expected to provide |
electricity for over 1 million people.

It is used to power the solar energy driven vehicles, such as: car, auto etc.
It is being used in boats, submarines etc. as a source of electricity.

It is used in spacecraft, artificial satellite and space station to provide

Electrons with a maximum kinetic energy of 3eV are cjected from a metal
surface by ultraviolet light of wavelength 150nm. Determine the work function of the
metal, the threshold wavelength of the metal and the negative potential required to

stop the emission of electrons.
Solution:

K.E of electrons =3¢V = 3(1.6x107])

s 1eV=1.6x10""]

=4.8 x 10°°]
Wavelength (1) = 150nm = 1.5 x10"m
Speed of light = ¢ = 3x10*ms™

Planck’s constant =h = 6.63x10™] s

(a) Work function (¢) =?
(b) Threshold wavelength (A,) =7

(c) Stopping potential (Vq) =?

According to the equation of photoelectric effect

{7,2/




|
=¢+—mv
hf=0 :
¢—E-lmv
A . I
663><10“Jsx3x10ms _48x10™"]
15x10 m

b = 13.26x10° —4.8><]U'_
) =8.46 % 10191 = 5.28eV

By the definition of work function

hec
¢ﬁ = ]'lf‘{I = ;.,:
he 6.63><10'”Jsx3><105ms"
i 2.46x10"]

A, =2.35 x 107m = 235nm

According to the basic equation of photoelectric effect:

l I'I"l‘.,fz =eV,

Cimvd 4.8x1077)

Vo= = :
e 1.6x1077°C
Vo =3 volts

18.10 PARTICLE (PHOTON) MODEL OF LIGHT

In quantum theory, we have studied that light consists of a small packet of
energy. This packet of energy was named as ‘photon’ by Einstein in 1905. According
to Einstein, a photon behaves as a particle, it travels with speed of light ‘c’ and it has
both energy as well as momentum. Thus Einstein defined light in terms of photon
which is called ‘photon (particle) theory of light’. The particle nature of light has been
observed in the Compton effect and practically it has been proved in Davisson and
Germer experiment.

Salient features of photon
3 A photon behaves as a particle whose rest mass is zero and it travels with speed
-of light 3 x 10¥ m s”'. In other words, a photon exists as long as it is moving. It
ceases to exist when it comes to rest.
1. Photons are electrically neutral and are not deflected in the presence of electric
and magnetic fields.
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The energy of a photon is given as:

E=hf=lC . fl=e
X

This shows that the energy of photon depends upon frequency. (or wavelength)
Momentum of photon is given as: |

As E =hf=mc?
' hf
So mc=—
c
hf
pE=
c

Rest mass of a photon can be calculated by using Einstein’s mass variation
equation:

v
mo=m,|/l ——
c

Since photon is moving with speed of light ‘¢’ sov=c¢
mp =0
This shows that rest mass of a photon 1s zero.

18.11 COMPTON EFFECT

The experiment by Arthur

H. Compton is another justification
of the particle theory of light. The
experimental setup consists of a
beam of x-rays of wavelength A,

which is incident on a block of
graphite. This incident x-ray
photon is scattered at some angle
from initial direction. Compton
observed that the wavelength ‘A’
of the scattering x-ray is slightly
longer than the wavelength of the
incident x-ray. It means that the
energy of the scattering x-rays is

E =m¢’

m vy p=my

Fig.18.14. A schematic diagram for Compton effect where
the elastic collision occurs between a x-ray photon and an
clectron at rest.

also lower than the energy of the incident x-ray photon. The increase in wavelength




]

or decrease in energy of x-rays when they interact with matter or are scattered is
known as Compton effect. The change in wavelength AX between them is termed as
Compton’s shift.

Based on quantum theory, Compton assumed that x-rays consist of photons-
and these photons behave like particles. Now the collision of a single photon with an
electron at rest is like a collision between two billiard balls. As x-ray photon carries

hf G
both energy (hf) and momentum (]— ). Hence during each interaction incident X-ray
c

photon must transfers some of its energy and momentum to the electron. So, these
two quantities must be conserved in an elastic collision between photon and electron
at rest, where photon transfers some of its energy and momentum to the electron,
The schematic diagram of the elastic collision between a x-ray photon and an
electron is shown in Fig.18.14. If 0’ and * ¢’ be the scattering angles of photon and

electron respectively after collision then according to law of conservation of energy.
energy of a system before collision = energy of a system after collision

(E)!‘hulan + (E)c - (E)i‘hnlan +.(E)c
hf + myc* = hf'+mc?
hf —hf’ =(m-mg)c’ ......(18.14)

Similarly, according to law conservation of momentum along x-axis

h—f+ =—1ic059+mvcas¢ ...... (18.15)
c C

Conservation of momentum along y-axis

!

U+(}=Esin9—mvsin¢ ...... (18.16)
C

By simplifying Eq.18.14, Eq.18.15 and Eq.18.16 we get the following result:

1 1
———=—(l-cos0) ......(18.17)

' £ . mg

This equation shows that the photon after collision scattered at angel ‘0’ with

respect to its incident direction. If it is not scattered, then the value of ‘8’ would be

zero and hence the value of right hand side of Eq.18.17 would be zero. But angle 6

has some finite value. Therefore, right hand side of Eq.18.17 is greater than zero. i.e.,
LT W POINT TO PONDER

£ f Why does a photon that has been

£>f scattered from an electron, initially at

) it . rest have a longer wavelength than the
This condition is known as Compton Effect. incident photon?

i,
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Compton shill in w ‘
As c=fA
| S A

f ¢

1 A

and R

f' ¢

Therefore, Eq.18.17 become
A T
E ——(1-cos 0)

velength and its value depends upon the

This is known as Compton shift in wa
scattering angle of photon.

h 0.4nm strikes with an electron having rest mass

Example 18.7
gle of 45° after the collision, then what

A photon with a wavelengt
9.11 x 10'kg. If the x-rays arc scattered at an

i< the wavelength of the scattering x-rays?

Solution: |
Wavelength of incident photon =A = 0.4nm
=0.4 x 10°m
Angle =45
Mass of electron = 9.11X 10™'kg
=\ =7

Wavelength scattered photon or X-rays
Planck’s constant

speed of light =¢ =3 X 10%ms"
pton shift in wavelength

—h=6.63x10"Ts

According to Com

h
A/ = = ——(1-cosB
mnc( cos0)
A =l+i[i—cusﬁ)
' m,C

[——



6.63x107Js
9.11x10 " kgx3x10°ms™

A =04x107+0.243x10™(1-0.707)
A =0.4x107 +0.243x107"(0.293)

A =0.4x10"+0.07x10™"
A =04x%x10"°+0.0007x107°

A =0.4007x10"m
A" =0.4007 nm

18.12 PAIR PRODUCTION

Pair production implies the creation of an elementary particle and its
antiparticle. A process in which a high energetic gamma ray photon disappears
by producing a pair i.e., an electron and a positron when it passes close to a heavy
nucleus. A positron is the antiparticle of an electron. It has same mass as that of an
electron but carries opposite charge i.e. +e. In pair production energy, momentum and
even charges are conserved.

Pair production process confirms K,
the particle theory of electromagnetic C/
radiations, because, it is a direct hf Pﬂj:’ﬂﬂ
conversion of radiant energy into matter.

Hence this process is also known as
materialization of energy.

A =04%10"m+

(1-cos45°)

muclens

The schematic diagram of pair Ef:::-}‘x
production is shown in Fig.18.15. The -e :

incident photon’s energy hf must be equal Fig.18.15. A high encrgetic photon interacting

or greater than rest mass energy of two ;2:"‘:"? :;E“ disappears into an clectron and a

electrons. According to Einstein’s h

Energy-mass equation E = mc?, the mass of a single electron is equivalent to
0.51 MeV of energy. Thus, for the occurrence of pair production, the energy of the
incident photon must be at least equal to 1.02 MeV. Now if the energy of photon is
greater than 1.02 MeV, called threshold, 1.02 MeV energy is used for pair production
and the surplus energy would appear as kinetic energies of an electron and a positron.
On the basis of this principle, we can develop a mathematical relation for a pair
production as .

Energy of incident photon = required energy for pair production + K.E_, + KE_,
hf=2m,c* +KE_+KE,, ...... (18.18)




R

. “ rﬂductiﬂn‘
Thisg is the basic equation for pair P =
Annihilation of matter O b
in which g
A process in Wi * nair annihilation
A particle and ifS pefoctl

Antiparticle  disappear

ﬂUring their interaction, £\ N A A 0, M\

aS a result two gamma U_ & W @
ray photons are produced hf after pair annihilation

IS known as Annihilation

Of matter. [t is the inverse Fig.18.16. Combination of clectron and positron produced (o

Process of pair production.
For instance, when an
¢lectron and a positron are con
gamma ray photons as shown i1
The energy of cach gamma-ray ph <R :

energy of electron or positron 1.c., MG - Likp:in: i Foametion. e snerg il

momentum are also conserved in annihilation of matter. T :

Besides of clectron and positron, the process of annthilation of other anti-
particles can also take place. For example, annihilation of proton and antiproton,
lepton and antilepton, quark and antiquark and so on.

18.13 WAVE NATURE OF PARTICLES

It has been verificd experimentally that light has dual nature or characteristics.
As the results of some experiments reveal that it behaves as a particle while some
other experiments reveal the wave naturc of light. It must be noted that both aspects
of nature of light cannot observed at the same time. Photoelectric effect, Compton
effect and pair production verify the particle nature of electromagnetic radiations.

Subsequent to the confirmation of dual nature of light, Louis de Broglie in
1924 proposed that just as light has both wave-like and particle-like properties,
electrons also have wave-like properties, i.e., any kind of matter has wave like
properties. De Broglic proposed that ‘a wave is always associated with every particle

of matter of mass m moving with velocity ‘v’. In this connection he proposed a
mathematical relation for the photon, which is expressed as;

Momentum of particle =mv ...... (18.19)

ma ray protons in the process of annihilation of mater,
LTI

1bined, they annihilate each other and give rise to two
Fig.18.16, which are moving in opposite directions.
oton is 0.51 MeV which is equal to the rest mass

Momentum of photon = ]Lf-
C

But c= X




1.1 POINT TO PONDER
And A ¢ If an electron and a proton have the
h same de-Broglie wavelength. Which
. Momentum of photon = T ...(18.20) particle has higher speed? F
. Comparing Eq.18.19 and Eq.18.20
h
my‘ = —
A
h
b=— .. (18.21)
my

This is known as de-Broglie wave equation and it shows that, if a particle of mass ‘m’
moving with velocity v then it has wavelength . associated with particle. This
equation illustrates that wave like properties cannot be observed for too heavy
particles. If the mass of an object is very small, like sub-atomic particles such as,
clectron and is moving until high velocity then the wave like properties can be
detected experimentally.

Davisson and Germer L‘Z‘(]]L"Itilllt‘ﬂt

According to De-Broglie’s hypothesis and his equation, the mass of an electron
is small enough to exhibit the wave like properties, i.e., the electrons which are
particles have also wave nature, This idea was confirmed experimentally in 1927 by
Davisson and Germer, when they observed that scattering of electrons from crystals
which act like a three-dimensional diffractions grating and shows a diffraction
pattern. Their experimental setup consists of the electrons from a source (Filament)

—-I]li7l:‘:r:'i|l[+—

L“t_.

T+~ A Electron Beam =t Nickel

F —
‘ =g Targel
.J_‘_"l-"-b—j-‘—"h— \/E
g
I

+— Electron —» 7
L.T. gun
Fd
+7  Diffracted Vacuum
Movable — electron Chamber
collector beam

To galvanometer

ntal arrangement of Davisson and Germer experiment.

Fig.18.17. The experime




which are accelerated by a potential-
difference V. A beam of these accelerated
electrons emerges from the anode ‘A’ and
is allowed to fall on a target which is a
nickel crystal as shown in Fig.18.17. The
incident electrons are scattered in
different direction which are detected by
a detector which moves along a circular
scale. It is also observed that the intensity Angle 0

of scattered electrons at different angles is  Fig.18.18. The intensity of the diffracted electrons
different and as a result, we have a  atdifferentangles.

diffraction pattern as shown in Fig.18.18.

The result proved that the reflected electrons have been diffracted by the crystal
planes. Thus, the electrons which are particles demonstrates wave nature 1.e., due to
their diffraction from the crystal. The dual nature of electrons can be further verified
mathematically, by using the experimental and theoretical data. The analysis show
that the electrons are accelerated at 54eV and the intensity of the first order (m = 1)
of the diffraction pattern is maximum at angle 50° the spacing (d) between two

adjacent planes of the Nickel crystal is 0.9 x 10°'° m. Using the data in the following
two relations.

Wave nature

Intensity 1

—

According to equation of diffraction from a surface of a crystal (Bragg’s law)
mA = 2dsin0

(1)(h) = 2(0.9[x lﬂ"mm)sin(‘?[}“ —25“)
A =1.82sin65

A =1.65x10"m ...... (18.22)

Particle nature

According to de-Broglic wave equation
h
A =—
_ mv
According to the equation of photoelectric effect

2
E n'l.".f =eV,

'\J‘ = 2 EVU
S‘ m

s &




h

X h
B SIS S
2eV, \2eV,m

m
m

6.63x107*Js

l bl ———
C \J2(1.6x1077 C)(54V)(9.1x107 kg)

L=1.66x10""m......(18.23)
These two results given by Eq.18.22 and 18.23 have verified the De-Broglie

hypothesis.

Example 18.8
Calculate the de-Broglie wavelength of an electron that has been accelerated

through a potential difference of 9kV.

Solution:
de-Broglie wavelength (1) =?
Mass of an electron (m) =9.1 x 10?'Kg
Charge on an electron (¢) =1.6 x 10°'°C
Potential difference (Vo) =9kV =9 x 10}V
Planck’s constant (h) =6.63 x 10%] s
According to de-Broglie wave equation

l - —
mv
But lmvz =eV
2 1)
_ [2eV,
m
| = h
2eV
m (4]
m
l = h
\y2meV,
g 6.63x107™Js
2(9.1x10™ kg)(1.6x10™° C)(9 x 10° V)
y = 6.625x107

5.12x107Y
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) = 6.625x%107
T502x107®
L =13%10"m

18.14 ELECTRON MICROSCOPE

An clectron microscope is usefi]
device to obtain high resolution images of  Fectron gun
extremely small biological and nop-  Cathode
biological specimens. It uses a beam of  Anode
accelerated electrons as a source of ﬁ:f:trnmnunntic
illumination instead of light, i.e., it relies on Electro
the wave nature of electrons. In electron  tondenseriens.
microscope, the clectrons are accelerated by
applying high potential difference from
30kV to several mega volts, Such high
voltage produces a high kinetic energy beam
of electron of shorter wavelength.
Typically, the wavelength of clectrons is
about 100 times smaller than that of the Visunl
visible light. Due to shorter wavelength of TrASRsiiNlon
electrons, the resolving power and
magnifying power of electron microscope is
about one thousand times that of the optical
micrggcupc_ The beam of electrons is Fi}:{.lﬂ.lﬂ.ﬁscllcnmlic diagram ol an Electron
controlled by applied clectric and magnetic R renepe
fields, the clectrons diverging from a small region are brought to convergence by these
electric and magnetic fields.

A schematic diagram of electron microscope is shown in Fig.18.19. The beam
of electrons is usually focused by magnetic conducting lens and has an energy of 50-
100 keV. It is directed onto the whole area of the sample under investigation and the
electrons emerging are focused by second magnetic conducting lens onto a florescent
screen. The screen must be florescent, otherwise, the obtained image would not be
visible.
There are two main types of electron microscope the scanning electron microscope
(SEM) and transmission electron microscope (TEM).

18.15UNCERTAINTY PRINCIPLE
The fact mentioned by Werner Heisenberg in 1927 and it is stated that, ‘it is
impossible to know both the exact position and exact momentum of an object at

heam

Specimen
pocs here

specimen
chamber
door
Projcctor
lens
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the same time accurately’. This is known as Heisenberg’s uncertainty principle and
it is further explained as under:
To.locate the position, speed and energy of a particles we must look at it, using_

. a beam of light. Since light has also wave nature, so we should determine the position

of the particle only within one wavelength of the used/applied light. Similarly, to
reduce the uncertainty in the position of the particle, we must use the light of shorter
wavelength because the light of shorter wavelength increases the accuracy of the
position by its large resolution. If 1.’ be the wavelength of light which is being used
to locate the particle moving along x-axis, then the uncertainty in the position
measurement is given by

Al e (18.23)

On the other hand, if the wavelength of the light is shorter then it would disturb
more the momentum of the particle, as a result there is more uncertainty in the
measurement of momentum of the particle. In order to reduce uncertainty in its
momentum, we should use light of longer wavelength. If the photon of the applied

L

light is transferred its momentum (p =-1—J to the particle then its momentum would
1

be changed. Thus, the uncertainty in the momentum of the particle Ap is given by

h
AD = — ...... 18.24
p x ( )

These two relations (18.23) and (18.24) show that if we use the light of shorter
wavelength then the accuracy in the measurement of position will be increased and
its uncertainty in momentum will be decreased.

Likewise, by using light of long wavelength, the accuracy in the measurement
of momentum will be increased while its uncertainty in position will be decreased. A
general relation can be obtained by multiplying these two uncertainties i.e.,

(Ax)(Ap) =h ......(18.25)

This is the mathematical form of Heisenberg’s uncertainty principle. It shows
that the product of uncertainty in the simultaneous determination of Ax. and Ap 1s

equal to the Planck’s constant ‘h’. Planck’s constant h is so small that the limitations
imposed by the uncertainty principle are significant only in the realm of the atom.
Hence Heisenberg’s uncertainty principle provides a useful tool, not just a negative
statement. :
In the same way, the uncertainty principle can also be expressed in terms of
uncertainty in the simultaneous determination of energy ( AE ) and time ( At ) as;
AEAt=h  ...... (18.26)

i
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The quantity h/2n appears often in modern physics because it tuns out to be the
basic unit of angular momentum and it is equal to 5 'which reduces Planck’s constant,

Therefore, in terms of ‘i ’eq. 18.25 and eq. 18.26 cannot hold more equality. Thus,
these two equations now can be expressed as:

AxAP >h ... (18.27)
AEAt>h ... (18.28)

-

Example 18.9

An electron is found in a sphere of size 1.25 x 10'°m which is the order of size
of the atom. Estimate the velocity of the electron in the sphere along X-rays.
Solution:

Position of the electron = diameter of the sphere
Ax =125 x10""m
Mass of clectron =9.11 x 10*'kg

Planck’s constant =h = 6.63 x 10%]-s
Velocity of electron =7
According to uncertainty principle
ApAx =h
h
ap Ax
_ 6.63x10™Js
1.25x10™""m
Ap =5.30 x 10*'kg ms™

But AP, =mvy
Ap,

V,=—

m

v 530x10* kgms™'
9.11x10"kg

X
V, =5.82x10°ms™

Example 18.10

The life-time of an electron in an excited state is measured to be 5 x 107s to
an accuracy of 0.003%. Find the minimum uncertainty in determining the energy in

this time. . ‘
Solution:
Lifetime of electron in excited state= 5x107's g

The uncertainty in time t is 0.003% = At = 5x107"sx0.003%

&8
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At =5x107s%x3x107°
At =1.5x107"s
Planck’s constant =h = 6.63x107*Js
To calculate the uncertainty in the determination of energy, we use the
uncertainty principle

[

AE-At =h
. _h
AE = X
_ 6.63x107™Js

1.5x%107""s
AE =442 x10%)

SUMMARY |

e Frame of Reference: The set of coordinate system with respect to which
~ observations or measurement are made.

e Inertial frame of reference: A frame of reference which is either at rest or
moving with uniform velocity, i.e., non-accelerated frame of reference.

* Non-inertial frame of reference: It is an accelerated frame of reference.

* Special Theory of Relativity: Special theory of relativity is based upon the
following postulates.

o All the laws of physics are same applicable in all inertial frame of

reference.
o Speed of light is a universal constant.

* Consequences of special theory of relativity: Special theury of relatmty has
some important consequences such as; length contraction, time dilation, mass
variation and energy-mass relation (E = mc?).

* Blackbody and Blackbody Radiation: A perfect blackbody is one which absorbs
radiations of all vavelength incident on it. When blackbody is heated then it emits
all the radiation known as black body radiations.

* Stefan Boltzmann’s Law: The energy per second per unit area is directly
proportional to the fourth power of absolute temperature.

* Wien’s Law: The wavelength having maximum intensity in the emitted radiation
spectrum is inversely proportional to the temperature.

*' ® Max Planck’s Law: Energy exchange takes place in the form of energy packet
- called quanta and the energy of each quanta is directly proportional to its

frequency (E = hf).
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Photo electric effect: When light of suitable frequency falls on a metal surface
then emission of electrons from the metal surface take place. These electrons are
called photo electrons and this phenomenon is known as photo electric effect.
Photocell: It 1s a device which converts the light energy into the electrical energy.
Solar Cell: It is a device which converts sun’s light energy into electrical energy.
Photon: It is a small packet of light energy and it behaves as a particle moving
with speed of light.

Compton Effect: A.H. Compton studied the scattering of x-ray photon’ from
electrons in a carbon target. He observed that x-ray photons scattered by the target
have a longer wavelength than the wavelength of incident photons. The increase
in scattered x-ray photon wavelength resulting from the transfer of energy is
known as Compton effect.

Pair _Production: A process in which a high energy gamma ray photon is
converted into a pair of ¢lectron and a positron is called pair production.
Annihilation of matter: A process in which particle moving in opposite direction
and its anti-particle disappear releasing energy in the form of two y-rays photon
is known as annihilation of matter. |

De-Broglie wave equation: According to de-Broglie's postulate when a particle
is moving with velocity ‘v’ then it has some wavelength ‘A " associated with it.

: h
e, A=—,
mv

Electron_microscope: It is a device which has much higher magnification and
resolution: power than an optical microscope. An electron microscope is a device
to obtain high resolution: and magnification of extremely small specimens. It uses
a beam of accelerated electrons as a source of illumination instead of light.
Uncertainty Principle: It is impossible to determine simultaneously position and
momentum of a particle with perfect accuracy.

Select the appropriate option of the following questions.

Inertial frame ol reference is one which satisfies

(a) Newton's Theory | (b) Einstein Theory

(¢) Hertz Theory (d) Special theory of relativity
Non-inertial frame of reference has

(a) Zero acceleration (b) Zero velocity

(c) Uniform velocity (d) Variable velocity
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10.
11.

12.

13.

14.

IS.

16.

17.

_If the source of light is moving towards the observer, then the speed of light

received by the observer will be

(a) Decreased  (b) Increased (c) Remain same  (d) Maximum

The relativistic length of an moving object will be

(a) Remain same (b) Decreased (¢) Increased (d) Doubled

If the rest mass of a particle is zero, then its speed is

(a) Equal to speed light (b) Less than speed of light

(c) Greater than speed of light (d) Not comparable with speed of light
Blackbody radiation depends upon

(a) Pressure (b) Volume (c) Temperature  (d) Density

If the temperature of black body is doubled then the emitted energy from it will
be increased

(a) Doubled (b) Four time (c) Eight time (d) Sixteen time
The dimension of a Planck’s constant is
(a) [MLT']  (b) [ML*T"] (c) [ML*T?] (d) [ML*T?]
Who did observe 1* time the photoelectric effect?
(a) Maxwell (b) Hertz (c) Einstein (d) Heisenberg
Photo electric effect depends upon the photon’s
(a) Pressure (b) Temperature  (c) Intensity (d) Frequency
A photon can transfer its energy into an electron, it was first explained by
(a) Maxwell (b) Hertz (c) Einstein (d) Bohr
The momentum of a photon is
(a) mv (b) me (c) hf (d) z

: C

A change 1n energy of a photon occurs when it collides with an electron at rest
is known as

(a) Photoelectric effect i (b) Compton effect

(c) Pair production (d) Annihilation

Which phenomenon does not verify the particle nature of light

(a) Photoelectric effect (b) Compton effect :
(c) Pair production (d) diffraction

The antiparticle of electron is

(a) Neutron (b) Proton (c) Photon (d) Positron

Davisson and Germer proved experimentally the wave nature of particle under
the phenomenon of

(a) Reflection  (b) Refraction (c) Interference  (d) Diffraction
In the electron positron pair production, the speed of electron is

(a) Zero . (b) Less than speed of positron_.
(c) Equals to speed of positron (d) Greater than speed of positron 1

Q8
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18.  If the energy of the used light is high, then the momentum of the investigated
particle has '
(a) Less uncertainty (b) High uncertainty
(c) High accuracy (d) Equal uncertainty

19. For small uncertainty in the measurement of position of a particle, the
wavelength of the incident light should be

(a) Small (b) Large

(c) Average (d) Does not depend of wavelength

SHORDQUESTIONS| . s i

=

How inertial frame of reference is different from non-inertial frame of
reference?

2 State the postulates of special theory of relativity.

3 Mention the important results of special theory of relativity.

4. Under what condition, a particle can move with a speed of light?

5 Give the formula to convert the mass of a particle into energy.

6.  Does a perfect black body exist? If yes, then give an example.

8 How can you construct a blackbody?

8. How did Max Planck solve the dilemma of distribution of encrgy by
blackbody?

9 How can you calculate the K.E of photoelectrons?

10.  Whatis the difference between work function and threshold energy?

1. Name the metals which emit the photoelectrons for visible light.

12.  What do you know about the Einstein’s equation for photo electric effect?

13.  What is the function of photocell?

14.  How does Compton effect verify the wave theory of light?

I5.  What is meant by the Compton shift in wavelength? _

16. What should be the minimum value of energy of photon to induce the pair
production?

17.  What is the difference between pair production and annihilation of matter?

18.  What do you know about the de-Broglie wavelength?

19. At what angle the intensity of diffraction electrons is maximum?

20.  Why position and momentum of an electron cannot be measured
simultaneously with perfect accuracy? )

& What do you know about the relative motion? Explain the relative motion with

examples. d
i Distinguish between inertial and non-inertial frame of reference. |
% State and explain special theory of relativity with its consequences.

28
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4, What is blackbudy rad:atmn'? Explain the distribution of energy fmm the black
body under various laws.
.1+ 5. Define photoelectric effect and derive its fundamental equation.
6. State and explain Einstein’s equation of photoelectric effect and different laws
of photoelectric effect.
G A What do you know about the Compton effect? How does it verify the particle
nature of light by Compton theory.
§.  Describe pair production and annihilation of matter.
What is the de-Broglie hypothesis? How such hypothesis was verified
experimentally by Davisson and Germer.
State and explain electron microscope with its function and its working
principle.
What do you know about Heisenberg uncertainty principle? " Express
uncertainty principle under two mathematical relations. ‘

NUMERICAL PROBLEMS

1. How fast a rocket has to go for its length to be contracted to 80% of i |ts rest
length? (1.8x10° ms™)
2 The period of a second pendulum i1s measured to be 2s in an inertial frame of
reference of the pendulum. What is its period measured by an observer moving
' with a speed of 0.9c with respect to the pendulum’s frame of reference?(4.6s)

! Ji' i
———— —
]
— W
— =
"

[ 2 Calculate the variation in the mass of a moving object with a speed of 0.85c.
T (1.9mo)
! d. What is the energy of a photon of a blue light of wavelength 450nm (in joules
| and in eV). (4.41 x 1077, 2.76eV)
8. Calculate the wavelength of light in whlch the photons have an energy of
650eV. (1.9nm)

0. Determine the maximum K.E of photuelectmns ejected from a potassium

surface by ultraviolet radiation of wavelength 200nm. If the work function of

! the potassium surface is 2.8eV, calculate the stopping jmtential.{.’MeV, 3.4V)

| o With what speed will the fastest photoelectrons be emitted from a su_rfacc
whose work function is 2eV, when the surface is illuminated with a light of
wavelength 4 x 10”'m? (6 x 10° ms™)

8. Consider a photon that scatters from an electron at rest. If the Compton’s -
wavelength shift is observed to be triple the wavelength of the incident photon
and if the photon scatters at 60° then calculate the wavelength of the incident

photon. (4.05 x 10"°m)
‘1 9, Determine the de-Broglie wavelength of an electron ‘accelerated from rest
| through a potential difference of 3.3kV volt. (0.38 nm)
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K_E of 220KeV is produced by a photgp

Calculate the energy and wavelength of the photon. (1.46 MeV, 8.5 x 103

The speed of an electron is measured to be 4 I‘D‘fms‘l to an accuracy of
0.002%. Find the minimum uncertainty in determining the position of thjg

electron.

An electron-positron pair, each witha



