' DAWN OF MODERN
PHYSICS
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Major Concepts (24 PERIODS) (Cuiisatian *M’?‘j’ i
¢ Special theory of relativity ~ This chapter is built on

o Quantum theory of radiation Planck’s quantum theory

e Photoelectric effect Chemistry XI

e Complon’'s effect - Resolving power,

¢ Pair production and pair annihilation Magnifying power of

¢  Wave nature of particles microscope Physics IX

e Electron microscope

e Uncertainty principle

Students Learning Outcomes

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

&

distinguish between inertial and non-inertial frames of reference.

describe the significance of Einstein’s assumption of the constancy of the Spccd of
light.

identify that if ¢ is constant then space and time become relative.

explain qualitatively and quamnmlwcly the consequence of special relativity in relauon
to:

the relativity of simultaneity

- the equivalence between mass and energy
length contraction
time dilation

o muss increase

explain the implications of mass increase, time dilation and length contraction for space
travel, l

describe the cnnccpl of black body radiation,

describe how encrgy is distributed over the wavclength range for several values of
source temperature,

describe the Planck’s hypothesis that radiation emitted and absorbed by the walls nfa
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 summame the use of
the photoelectric effect in solar cells & photocells, )

describe the confirmation of de Broglie’s proposal by Davisson and Germer experiment
in which the diffraction of eicclmn.s by the surface Jayers of a crystal Iathce was

observed.
describe the jmpact of de Broghe 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 annihilation.

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

resojution:,
o descnbe uncertainty prineiple.

Classical physics is the physics that evolved before the 20th century. It consists

" of JﬂcMon s laws of motion, gravitationa] laws, laws of thermodynamics, kinetic

ﬂwory ‘Maxwell’s theory of clectromagnetic wave and so many others, Due 1o all
these achievements, many scientists felt that most of the great discoveries in physies
had been made. The post-Newtonian coneepts in the world of physics brought a
revolution in the field of physics which is known modem physics. Modem 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 leads to understanding the distribution of black body
radiation. Later on, Einstein also explained the photoclectric effect on the basis of
Planck’s quantization. Bohr in 1913, introduced his model 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 evelve during our Jifetimes and ha,yond 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 m@dem physics, such as special theory of relativity and its consequences,
M&"k body 1 and Planck’s law, photoelectric 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 moving along
the parabolic path as shown in Fig.18.1(b). T e )
Although the two observers disagree on the o OWT TO ‘p NN '-

Let you are standing at the roof the |
path followed by the ball, but both agree over Biiilding and yol are obscrved by two]
the motion of the ball obeys the law of gravity ‘

observer one is at the moon and other
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? |

l e Y S i

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 seen by a stgtipnnr}' 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
i.e., physical happening or measure
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.
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From the carth frame of reference. light takes t
25,000 years to travel from the center of our

I Inertial frame of reference : : g
milky way galaxy to our solar system. From

A frame of reference which is at
rest or moving with uniform velocity is
called inertial frame of reference. e.g.,
earth is taken almost as an inertial frame
of reference. In inertial frame of

the frame of reference of a high speed space
ship flying outward from the galactic center
toward earth, the trip takes less time. If a
frame of reference could be attached to the
light itself, the travel time could be reduced to

L NS RO . |

reference, the acceleration of the body is -
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.

II  Non-inertial frame of reference
A frame of reference which is accelerating, or decelerating 1s 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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Ether (a hypothetical medium), speed of light, space and

changed their potion about
ny other. The special theory of relativity is based on the

time coordinates and so ma
following two postulates,
1. All the Jaws of physies are Same in
2. The speed of light is a universal co
(3 x 10% ms™") remains the same i
The first postulate is also called the
principle of relativity and it states that all the
laws of physics are equally applicable in all
frames of reference, if the relative motion
between them js uniform. For example, let any
kind of experiment such as mechanical,
thermal, optical or clectrical is performed in a
Jaboratory at rest. Then according to Einstein’s
principle of relativity, the same result will be
obtained when the same experiments are per
uniform speed. Henee there are no p
The second
believed that the
speed of Jight relative to ether is different 1n
different direction. Bul according to Einstein,
( jn vacuum is the same in all

-

| the speed of Jigh
inertial frames of reference. For example, let

two observers measure speed of light in
vacuum, such that one observer is at res! with
respect to the SOurce of Jight and the other is
moving away from il with uniform
relativity, the resull of both observers wi

r e ok -y i L B
¥

18.4 CONSEQU ENCES OF
Einstein’s special theory of relativit
are related to the base physica
to the special theory of relativitys
different in different frame of refer
two points, the time interval of an€
of special theory of relativity.
The relativity of stinunitaneity
The concept of simultaneity IV,
postulate. i<.. the speed of light is @ v

&

postulate is contrary to the Ether
Jight travel through 2 hypothetice

velogity. AE
1l e the same:

("JAL 117 FOY U
ativily has some very import
| gquantities sueh as
. (he results of ¢
ence. Therefore.
vent and mass of

neasurement of these g

all inertial frames of reference.
nstant, That is, the value of speed of light
n all inertial frames of reference. i

'E’pm'@! relativity is “special” in the
moving reference frames — once that
‘are pot aceelerated. General relativity
js *gencral” and deals also with
‘accelerating reference frames. The
general theory of relativity SN B

‘pew theory of gravity.

formed in a laboratory moving with
referred inertial frame of reference.

heory. Most of earlier physicists
1 medium cajled Ether and the

If you were travel}ing in a space ship at
aspeed of C/2 relative L0 carth and you
fired a laser beam in the dircction of

i;tl;m ;:pacgslpjp’,s motion. What will be

| the light speed from the faser relative

o the earth?

cording 10 Einstein’s principle of

- N R .‘LL .' -.L‘ r r .‘
nt results which
length, time and mass. According
yantities are

distance betweeh

we measure the
the consequence

abody based on

result ©f Einstein’s second

s an interesting 1&C
ersal constant. 1t 18 stated as; when two
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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 B
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.182() With "‘-‘-“"l":t o the observer who travels inside the

source, this observer sees the  compartment, light from the source travels equal distance to both
train moves forward, so the walls of the compartment and therefore strikes both walls

back wall of the compartment
moves toward the beam while
the front moves away from it.
The beam going to the back of
the compartment, therefore,
has a shorter distance to travel
than the beam going forward,

as shown in Fig. 18.2(b).

Thus this outside observer g L

' | 3 * : IFig.18.2(b) the events of light striking the front and back walls of
ees the event of light falling  the compartment are not simultancous with respect to an observer

the back wall of the who is standing on the ground.

compartment before seeing
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.

We should not wonder which observer is right concerning the two events.
J{Lccordmg 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.

\25}
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When both ends of length of an y
object are measured simultaneously by an
observer at rest relative to the object, then

such length of the object is called its rest |« l, —>|
C il ]

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 y
contraction. The length contraction takes
place only along the direction of motion, e ! g v
this effect is negligible at ordinary speeds, PP AT I o i
no such effects may be observed (RN i)
perpendicular to the dircction of motion. |
Consider, the length of an object 0 _ = |
(rod) between two point which 1s (b) ’
measured by two observers, such thatone
observer is at rest relative to the object  Fig.18.3 Length contraction of the body in a ‘
while the other one is moving with very =~ moving frame af pefestnie. .
high velocity ‘v’ with respect to the object. If the length measured by the rest observer |

; . . J
is “ £, and the length measured by the moving observer is “{” then according to the
relativistic mechanics,

Z
‘ \Y
f: E{) 1—{:—2 ...... (]81)

If the moving observer is also at rest, i.e., v="0 then [ = {,, 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 1s
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

&
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at very high-speed relative to the place of event. | PO INT TO PONDER

This effect is called time dilation i.e., to dilate | Ifarod of length 1m moves with a very

means to become larger and it is explained as: | high speed, will you observe its length
Consider two events which occurred at 1 less or greater than Im? —

= the same place. The time interval betweenthese ———— — — =~ """~

two events measured by two observers, such | gEUHAE 3G ER

that one observer is at rest frame and he noted Two. identical constructed cloctigy
: : , | synchronized. One is attached with a

the proper time interval as ‘to” while, the other | wajj of a moving spaceship while the

observer in other frame of reference is moving ‘ other remains on earth. Which clock

with uniform velocity v relative to the rest | runsmorefast? |

frame and he noted the time interval between

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

P e

| pas ol - (18.2)
2
K
1
:
I @ Event

Stopwatch

. °

Stupwaitch

| | x

Clocks run slower as one approaches the speed of light

Fig.18.4 Different time interval between two events observed by two observers in two
different frames of reference. :

BETE | 1|

DO YOU KENOW
At constant distance, time and speed are
inversely proportional to each other.

If the moving observer is also at rest.
Le., v=0then t =t_. Butif there is a relative

motion between the two observers and the
denominator of equation 18.2 is less than one

I
|
|
|
|
l
|

thitg tirna 62 : Le. speedec —

fus time “t’ is always greater than the proper time

time ‘ty’ as shown in Fig.18.4. | It means greater is the speed lesser is the
. time taken.




Mass variation.
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 v < [ 09 =X
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 hlgh Spced, then aCCOl‘diﬂg Fig.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 mo 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

G

fis el . (18.3) FOR YOUR INFORMATION
/ V2 The global positioning system (GPS)
I=— takes account of the time dilation of
¢ 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 speeds 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 A
observed evidently, and their experimental

results cannot be explained without taking
Einstein’s equations into account. E=mc’|-
Mass-Enecrey 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 to each other.
mass "'m’° ol a moving body can be

converted into energy *E* and vice versa.

&Y
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Such conversion can be studied under the following

mass-energy relation:
E = mc?

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

Mass-Energv Equivalence
lkg <> 8.988 x 10'6]
lu < 931.5MeVy
leVo <> 1.074 x 10

rest mass energy Ejand its value is given by

2
E, = mgec

According to the mass-dilation effect,
change in mass causes of change in
energy, since E > Ey, so -
E-E,= mc? -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

| energy to its consumer because mass and energy |

INTERESTED INFORMATION -

Saying that a power plant delivers 90 million
megajoules of cnergy to its consumers is
cquivalent to saying that it delivers | gram of

arc 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¢c
Speed of light =c =3 x 108
Shortened length= { =?

ms’!

According to the relation of length contraction

(=g,

VE

|l

CZ

(0.13¢)’

—_—

CZ

{ =50/1-0.0169



{ =49.5m
Shortening the length of the rocket

Al=2¢,-¢
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 =t, =2 x 10

Time of decay when the atom is moving =t = ?

Speed of atom = 0.8¢
According to time dilation equation

5 ]

2%x10°%  _ 2%107° |
\/ (0.8c)  V1-0.64 Ir
|-
c .
2107 23107 :

~J036 06

t=3.33 x 10%s

t=

Example 186.3

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 ie.,
m = 2mo ; . |

According to mass variation relation




. nm,
2m, = :
1__. —_—
CI
v!
2. 1-— =1
CZ
Squaring both sides
2
A
4 1—-—| =1
4v’®
4=—+1
CZ
2
4\; -3
e
v? o= E{::2
v=26x10°ms™

18.5 BLACKBODY RADHATION
When a solid body is heated, the
body glows and emits radiation. This
emission of radiation depends upon
temperature only. That is, when the
temperature increases, the body becomes
red then vyellow 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
temperature, the emitted radiation has
long wavelength, while at high
temperature, the emitted radiation has
short wavelength. -

— v = 0.866¢ = 0.866x3x 10%ms

ﬂgq }ﬂ.”)? IA .:’v{)f’_! ATION

| Volcanic lava emits light and is a very Uod [
| example of a blackbody radiation. [

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 cavity arc blackened with Fig.18.6 A hole in the wall of a hollow sphere is a
carbon soot to make them as good eoodapproximation 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 certain
temperature, it will emit radiations of all
wavelengths which is called blackbody
radiation. The nature of emission of
radiation depends upon temperaturc only.
That is, when the temperature of the —]
blackbody is increased, the radiated 0
energy emitted from the blackbody is also Wavelength (m)
increased. Graphically the experimental

data for the distribution of energy of Fig.18.7 Graph between intensity of blackbody
blackbody radiation i.¢. intensity versus e SIS SRR L
wavelength are shown in Fig.18.7. These i wavelength

results show that wavelength of radiated

energy varies with temperature and shifts T i:’: gﬂ;{cgﬁ P g;;{)ngu[b A
:ﬁjzﬁt?;ﬂ:‘g;f:alucs ns thetettiparatie g connected to a dimmer switch. When

_ the bulb operates at full power, it
Several attempts were made to explain appears 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

= Vo (B e SRR o T
N

-

Stefan-Boltzimann law

This law states that the total energy per second per unit area (i.e. total radiant

heat power) under the curve of the radiation is directly proportional to the fourth
power of its absolute temperature
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1

BT
E= ol .o (18.7)
where ‘s’ is Stefan’s constant and its
value is 5.67 x 10" wm2K™,

SE+11

GE+11

Wien’s displacement law
According to Wien’s displacement

law, the wavelength with maximum

intensity in the radiation emitted from a

blackbody is inversely proportional to the e i T

temperature of the blackbody. That is, Wavelength/nm

with increasing temperature the peak of The peak wavelengths of radiations decreasing

the distribution shifts to shorter wave “,;[Lh f,;rc;lsing temperature.

lengths;

4E+11

2E+11

Spectral energy density kJ/m’nm

]
A, = —
T 2
A, T = Constant ...(18.8)
where the value of Wien’s constant is 2.9 x 10°mK

Rayleigh-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 tq the other
wall of the cavity. Based on this argument, they derived the following relation.

8nkT
?L4
where ‘k’ is the Boltzmann’s constant and its value is 1.3807 x 102 JK™'.

f radiation based on kinetic

E:

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 ‘quanta’. The Chergy
each quanta is directly proportional to the frequency of the radiation, i.e.,
Hioc f

Ei=thfe 2 (18.10a)

where ‘h’ is known as Planck’s l::'%.
constant. Its value is 6.63 x 10-34Js. L g
But fA=c therefore eq. 18.10a AN
becomes | g "“ %:r
@ L) c i
Fe % ...... (18.10b) Z.‘;' .g?_—————— P
*
Later, Einstein extended Quantum g .

Planck’s idea that the energy is solution} > el
absorbed or emitted in discrete Wavelength
packets which are integral part of all
kind of electromagnetic radiations Fig.18.8. Comparison the experimental curves amon

know as photon. The energy of each ~ Wien's, Rayleigh-Jean’s and Planci’s laws.
photon is “hf” and its momentum can
be calculated as

Since E = hf = mc?
hf

So me =
c

But the product of mass ‘m’ and velocity (velocity of light ‘c’) is called momentum
p. Thus, B ST T

h POINT TO PONDER
D= = - A particle with non-zero mass can
C ~ never move faster than the speed of
= ~ light. Is there also upper limit on i
BERiplcutiereior: h ' momentum and kinetic energy?
p=— e (1811 &
A

18.4 : ; ; L : s
E".Hmmat is the wavelength of the radiation having maximum intensity when 1t 13

emitted from a blackbody at temperature 53¢

Solution:
Wavelength (A, ) ="
= = 330K
Temperature (T) 57°C =33
Wien'’s constant =2.9 % 10°mK
According to Wien’s formula

— &




A T =Constant

. constant
Am = T
. 29x107°mK
A = =88 X 10°m= 8.¢
'“ 330K L

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 x 10°m = 1.24x10°m
Planck constant (h) =6.63 x 10*Js
The energy of the photon is given by

E— he
A
= 6.63x10*Jsx3x10°ms "’
1.24x10 °m
E=1.6x10"]
As 1.6 x 10 =1eV
E=1eV

The emi:'rgy of given infrared light is leV.
18.6 THE PARTICLE THEORY OF ELECTROMAGNETIC
RADIATIONS
In the previous class, we have verified the wave nature of light by interference
and diffraction phenomenas. In this section, we are going to explain the particle nature
of electromagnetic radiations by means of the following three phenomenas:

I Photoelectric effect
II Compton effect
II1 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 metalisutiggi(zinc ieadmium|
ere is emission of electrons from the metal surface. This

magnesium etc), then th
the photoelectric effect and the emitted electrons are called

phenomenon is known as - e
photo-electrons. The photoelectric effect is also possible by visible light when the

target material is alkali metal such as sodium, potassium, calcium etc.

@



A schematic diagram of a
photoelectric effect is shown in Fig.18.9.
It consists of photosensitive metallic plate
P and collector ‘C” which are enclosed in
an evacuated glass tube. The plate is
connected to negative terminal of the
battery called cathode. The
electrode called collector or anode is
connected to positive terminal of the
battery through a galvanometer G. When

second -

///// “7 Ultra violet rays

rRESHSISasm
Phato electrons

=i
Photo electric emission

_@

Fig.18.9. An experimental circuit diagram for
photo clectric 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 electric 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 1s converted into the electrical energy under the process of photoelectric

effect.

Maximum kinctic energy of photoelectrons

In the experimental arrangement
of photoclectric effect, anode C always
collects the photoelectrons, because, it is
connected to the positive terminal of the
battery. When the terminals of the battery
are reversed as shown in Fig.18.10, then
‘C’ becomes negative. In this condition,
the photoelectrons are repelled by the ‘C’,
as a result the photoelectric current starts
decreasing. When the negative potential
is further increased then at certain
negative potential, the photoelectric

7
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L 209000000
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Fip.18.10. A reverse circuit diagram a photo
clectric effect in order to caleulate the kinetic
energy of photo electrons.

current becomes zero. At this stage, no electron reaches at the anode C. This specific
negative potential is called stopping potential V and it is related to the kinetic energy

of photo electrons. That is,

—mv’
2

= Vue ......

(18.12)

This is the fundamental equation of photoelectric effect.

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 A f“"“;"; (eV)
spontancous emission of photo electron. The time of | === 50
emission is 10"'%s. Copper 47
III  The photoelectric current depends upon the || Gold 5.1
intensity of light i 1
The analysis shows that the photoelectric current Thokel 2
: Potassium 23
is directly proportional to the intensity of incident light | [Siicon 48
provided that frequency if incident photon is above f;,. Silver 4.3
That is, brighter incident light will cause more emission .?.ﬂi’g“;:l“ i:z

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 KE
mto the kinetic energy of the 1
photoelectron. That s,

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

1
hf= ¢ +—mv? ‘
= ¢ 2mv

hf= hf'+eV,
eV, = hf—hf" ...... (18.13)

This is known as Einstein’s 0 f '}
equation of photo clectric effect. If we  Fip.18.11. A su':ﬁgm line graph between kinetic
p[gt a graph between frcqucncy of the -‘Jnurg:\-‘ ol photo electrons and the fréquency of the
incident photons and kinetic encrgy of '™c'dent photons
photoclectrons then we get a straight line as shown in Fig.18.11.

18.8 PHOTOCELL

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 are very sensitive to 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 reccive the
maximum incident light as shown in Fig.18.12.

‘\

evacuated glass
enveiope
cathod anode

— anode ' Symbolic representation
of a photoelectric cell

IFig.18.12. A photo cell with its symbol.
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When light from a source is incident on the cathode, photoeléctmns 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.
| There are number of applications of a photocell, some of them are listed below:

Burglar alarm system
Measurement the temperature of stars

1. - Counting systems

2 Security systems b

3 Automatic door opening/closing POINT TO PONDER

4. Automatic street lighting system Rest mass of a photon is zero. Is its !
3, Soundtrack of movies momentum also zero? !
6.

i

] 3-9 SO l.-fi‘! R C E !_J !J @E Solar Radiation Metalic

Like photocell, a solar cell is also e _foeien 7™
an electrical device which converts |
sun’s light energy directly into
electrical energy. A crystalline silicon =
solar cell consists of N-type and P-type ve elecubis.
semiconductors, sandwiched in between Subsrad Base |
two metal contacts that are responsible for Bie B i) Bclsmatie G :
conducting electricity out of such a device i s various pars. FERHIPL %% & anlor. wall
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 S
cell. Finally, a thin glass sheet is placed  gig 15, TN ot sibic calle
on the top of the cell to protect it from  pancl. -
weather 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 ﬁ"ee 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,
filectrons 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.

Depletion Layer
P-type Silicon

@
g 2 ____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 1s a
wonderful development in the field of
alternative energy sources. In the present
age, its application can be observed in
every walk of life, but some of these are
given by:

L.
where access to the main power
grid is impossible.

[I.  Itisused to power the solar energy

I11.

IV.

electricity.
Example 18.6

It is being used in the remote areas |

INTERESTING INFORMATION

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

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

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 satelhte and space station to provide

Electrons with a maximum kinetic energy of 3eV are ¢jected 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 =3eV = 3(1 .6><|0'“‘J)

s 1eV=1.6x10"]

=4.8 x 10"]
Wavelength (1) =150nm = 1.5 x10”'m

Speed of light = ¢ = 3x

10 ms™

Planck’s constant =h = 6.63x107Js

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

(c) Stopping potential (Vo) =?

According to the equation of photoelectric effect

@




1 2
hf=¢+5m"

c |1
,l_-mv

o2 =] | 19
6.63 10”Js><3><'0 M 0]

1.5x10" m

p = 13.26x1077 ~4.8x107
p =8.46 x 107197 =5.28¢eV

—

By the definition of work function

: _hc
b = hf, __’?;'

he 6.63x10 7 Jsx3x10°ms™
AT 846x10"]

A, =2.35 x 10m = 235nm

According to the basic equation of photoelectric effect:

lmv2 =eVo

tmv* _ 4.8x107°]
° e W i ®
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
i

11

-of light 3 x 10 m s”'. In other words, a photon exists as long as it is moving. It

A photon behaves as a particle whose rest mass is zero and it travels with speed
ceases to exist when it comes to rest.

Photons are electrically neutral and are not deflected in the presence of electric
and magnetic fields.
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iii. The energy of a photon is given as:
E=hf= L ~fk=g
A
This shows that the energy of photon depends upon frequency. (or wavelength)
v. Momentum of photon is given as: '
As E =hf = mc?
' hf
So m¢ = —
c
_hf
v
V. Rest mass of a photon can be calculated by using Einstein’s mass variation
equation: '
m,
m =
2
5
C
VE
mp=m,|l ——
=

Since photon is moving with speed of light ‘¢’ sov=c¢

mo=0

~ This shows that rest mass of a photon is 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,

E=m,’

Ay

i B Aeed I c
which is incident on a block of W{;/W‘Ff s
: T $-, >
graphite. This incident x-ray 4
- % o 2
photon is scattered at some angle N\ E=mc
from initial direction. Compton ! Wg—

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

Fig.18.14. A schematic di

agram 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

Q4 |
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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
clectron at rest is like a collision between two billiard balls. As x-ray photon carries

hf n e
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 “6” 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)Phomn +(E)c = (E)I’hmon +‘(E)c
hf + my,c*> = hf’+mc’
hf —hf’ =(m-my)c® ......(18.14)
Similarly, according to law conservation of momentum along x-axis

E+l’.} =h—f!cose+mvcos¢: ...... (18.15)
Conservation of momentm; along y-‘;x‘is
0+0=hTFsin9—mvsin¢ ...... (18.16)
By simplifying Eq.18.14, Eq.18.15 and Eq.18.16 we get the following result:
A | h

— — — —

1—icos@): ...... 18.17

R ( ) ( )

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.,
deles POINT TO PONDER

£ f Why does a photon that has been

£ >f scattered from an electron, initially at

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

&




n shiftin wavelength

Compton !
As : c=fA
1 - &
f ¢
1 _M
and F -

A% (1 =08 8] coson
m,C
This is known as Compton shift in wavelength and its value depends upon the

scattering angle of photon.

Example 18.7
A photon with a wavelengt

9.11 x 10'kg. If the x-rays arc scattered at an
is the wavelength of the scattering x-rays?

Solution: ,
Wavelength of incident photon =A = 0.4nm
=0.4 x 10°m

Angled =45

Mass of electron = 0.11x10°
K =7
6.63x107Js

h 0.4nm strikes with an electron having rest mass
gle of 45° after the collision, then what

3lkg

length scattered photon or X-rays =

Planck’s constant =h =
speed of light =c =3 10°ms™
pton shift in wavelength

Wave

According to Com

h
A =2 = —/(1-cos®
mﬂc( w05t

h .
A" = A+—1(1—cosb
: +mﬂc( cosf)
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6.63x107Js
9.11x10'kgx3x10*ms™

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

A =0.4x10" +0.07x10™"
A =0.4%10"° +0.0007x10°

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
radiations, because, it is a direct Positron
conversion of radiant energy into matter.
Hence this process is also known as
materialization of energy.

The schematic diagram of pair Elecron K
production is shown in Fig.18.15. The =R )
incident photon’s energy hf must be equal ziiﬁt'-;:-hs- lA l‘iig_h energetic photon interacting
or greater than rest mass energy of two —— :(;iizs isappears into an clectron and a
electrons. According to Einstein’s

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_, + K.E,
hf=2myc’* +K.E_+KE,, ...... (18.18)

A =04%10"m+

-(1 —cos45°)

nucleus

'\‘5}’,
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Thig is the basic equation for pair Productlpn. -
Annihilation of maf_t‘-::' 9 .

a p zﬁ-t?cl;‘;cessa:ldwm;:ts befgr: pair annih.i'raﬁon
Antiparticle  disappear ' ~ N

X 7
during their interaction, QPO{\U U \V UAU/\O

A4S a result two gamma .

Tay Photons are produCEd % after pair annihilation '

1S known as Annihilation

of matter, It is the inverse Fig.18.16. Combination of clectron and positron produced two
Process of pair production. camma ray protons in the process of annihilation of matter,

For instance, when an
electron and a positron are co!
gamma ray photons as shown
The energy of cach gamma-ray ph ol e e
energy of electron or positron i.¢., MeC - Like in pair production, the energy and

momentum are also conserved in annihilation of matter. B |

Besides of clectron and positron, the process of annihilation 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 nature 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
propertics. 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)

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

Momentum of photon = llf_

_ C
But c=fA

P
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-1. = £ POINT TO PONDER
And A c If an electron and a proton have the
3 same de-Broglic wavelength. Which
-, Momentum of photon ZI ...(18.20) particle has higher spced'i Lk
. Comparing Eq.18.19 and Eq.18.20
h
mv= —
A
h
== {1821}
mv

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 L associated with particle. This
equation illustrates that wave like properties cannot be observed for too heavy
pamclcs If the mass of an object is very small, like sub-atomic particles such as,
electron and is moving until high velocity then the wave like properties can be
detected experimentally.

Davisson and Germer cxpt‘.r}'inwm‘

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)

-||||/H = i
‘ £ .

F 1A Electron Beam _ , {~ Nickel

S| &
| __:1,___17-_—-+_:|_-—h_.._.\:_| Target

+—Electron —
L.T. gun

/J lef'racted Vacuum

electron Chamber
beam

Movable —
collector

‘To galvanometer

Fig.18.17. The cxperimental arrangement of Davisson and Germer experiment.




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 s -

scale. It is also observed that the intensity Angle 0

‘of scattered electrons at different angles 1S Fig.18.18. The intensity of the diffracted clectrons
different and as a result, we have a  atdifferent angles.

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 i.c., 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 I

| According to equation of diffraction from a surface of a crystal (Bragg’s law)

mA = 2dsin0
(1)(r) =2(0.91x107""m)sin(90° - 25°)
A =1.825in65

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

Particle nature

According to de-Broglie wave equation
h
Jj T r—
. mv
According to the equation of photoelectric effect

2
E ll'l‘:" =eV,

_ ’2&\7
V= o
m

- 3




ol
2¢V, 2eV.m

6.63x107*Js
J2(1.6x107° C)(54V)(9.1x 107 kg)

| A=1.66%10""m...... (18.23)
These two results given by Eq.18.22 and 18.23 have verified the De-Broglie

hypnthcsis.

k=

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 (e) =1.6 x 10-'°C
Potential difference (Vo) =9kV =9 x 10?V
Planck’s constant (h) = 6.63 x 10-3] s

According to de-Broglie wave equation

h
A=—
myv
1 .

But Emv2 =eV,

2eV,

a ZmEVG

i 6.63x107Js

V209.1x10™ kg)(1, 6x107" C)(9x10° V)
6.625x107*
3.12:107"

A=

281,
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6.625x107* ;
}v = "23 'I
5.12x10
L=13x10"m | .

18.14 ELECTRON MICROSCOPE

An clectron microscope is usefy]
device to obtain high resolution images of  Electron gun
extremely small biological and ngp.  Cathode
biological specimens. It uses a beam of Anode
accelerated electrons as a source of Elctromagneri
illumination instead of light, i.e., it relies on

Electromagner; Coil

the wave nature of electrons. In electrop ~ tondenseriens. = //_ E:" =
[
heam

microscope, the electrons 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 Visual
visible light. Duc to shorter wavelength of " ™#sion
electrons, the resolving power and
magnifying power of electron microscope is 1
about one thousand times that of the optical R
ITIiCI'OSCUpC. The beam of electrons 1S Fi_g.]g.[g_ A schematic diagram of an Electron
controlled by applied electric and magnetic RS
fields, the electrons 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 arca 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 5
visible.
There are two main types of electron microscope the scanning electron microscope
(SEM) and transmission electron microscope (TEM). |

18.15 UNCERTAINTY PRINCIPLE 1
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

Specimen {
goes her¢ 1
Specimen
chamber

door

Projcctor
lens

Sereen

IFhoto -':
chamber 1
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the same time accurately’. This is known as Heisenberg’s uncertainty prmmple 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

AX =k  oeens (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

—— ; A . :
light is transferred its momentum [p =l_) to the particle then its momentum would
1

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

fire e (18.24)
p = S :

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 18

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 uncerlamty 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)




|

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

Therefore, in terms of #’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 107'%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 =1.25x10""m
Mass of clectron=9.11 x 10~'kg

Planck’s constant =h = 6.63 x 103]-s
Velocity of electron =7
According to uncertainty principle

ApAx =h

h
s
- 6.63%x107"s
1.25%x107"m
Ap =5.30 x 10-*'kg ms™!
But AP =mvy
o BB

X

m
5.30x10™'kgms™
9.11x10 kg

V, =5.82x10°ms™

V
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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. . q
Solution: _
Lifetime of electron in excited state= 5x107"s :

The uncertainty in time t is 0.003% = At = 5x107sx0.003%

&



At =5%x107s%x3x107°

[S=at—]

b At =1.5x107"'s
rl Planck’s constant =h = 6.63x10™'Js
?'1 ' To calculate the uncertainty in the determination of energy, we use the
uncertainty principle
AE-At =h

~h

AR ==—

At

_ 6.63x107Js

1.5x107"'s
AE =4.42 x10°3]

T 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.

e 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 theory of relatmty has
some important consequences such as; length contraction, time d1lat|0n mass
variation and energy-mass relation (E = mc?).

* Blackbody and Blackbody Radiation: A perfect blackbody is one which absorbs
radiations of all wavelength 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 clectrons from the metal surface take place. These electrons are
called photo electrons and this phenomenon is known as photo electric effect.
Photocell: It is 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.

EXERCISE

Select the appropriate option of the following questions.
Inertial frame of 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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_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 (c) 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) Elghl time (d) Sixteen time
The dimension of a Planck’s constant is

(@) [MLT']  (b) [ML?T"] () [MLT?]  (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) E

A clnnge in energy of a photon occurs when it collides with an electron at rest
1s known as

(a) Photoelectric effect / (b) Compton effect

(c) Pair production (d) Annihilation

Which phenomenon does not verify the particle nature of light

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

The antiparticle of electron is

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

Davisson and Germer proved c\:pcr:mentall y 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 nosnron '

28y
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18.  1f 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 b
wavelength of the incident light should be

(a) Small (b) Large .
c) Average (d) Does not depend of wavelength

SHORTQUESTIONS =

L 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.

g How can you construct a blackbody?

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

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

10.  What is 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 clectric effect?

13.  What is the function of photocell?

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

15.  What is meant by the Compton shift in wavelength? ’

(6. 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? . | ‘

"COMPREHENSIVE QUESTIONS

I. What do you know about the relative motion? Explain the relative motion with
examples.

8 Distinguish between inertial and non-inertial frame of reference.

3. State and explain special theory of relativity with its consequences.

4 |
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| 4, What is blackbody radlatmn‘? Explain the distribution of energy from the black
| body under various laws.
|

ih. & Define photoelectric effect and derive its fundamental equation.
| 6. State and explain Einstein’s equation of photoelectric effect and different laws

y | -of photoelectric effect.
! < What do you know about the Compton effect? How does it verify the particle

nature of light by Compton theory. |
8. Describe pair production and annihilation of matter.
9. What is the de-Broglie hypothesis? How such hypothesis was verified
_ experimentally by Davisson and Germer.
J0. State and explain electron microscope with its function and its working
principle.

11,  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 its rest
i length? (1.8 x 108 m s)
w2 The period of a second pendulum is 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 0.9¢ with respect to the pendulum’s frame of reference?(4.6s)
- 1 Calculate the variation in the mass of a moving object with a speed of 0.85c.
I (1.9my)

4, What is the energy of a photon of a blue light of wavelength 450nm (in joules
and in eV). ' (4.41 x 101%], 2.76eV)
Calculate the wavelength of light in whlch the photons have an energy of
| 650eV. (1.9nm)
6.7 Determine the maximum K.E of photoelectmns 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 potential.(3.4eV, 3.4V)
. T With what speed will the fastest photoelectrons be emitted from a surface
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

n

_photon. : (405 x10"m)
* > 9. Determine the de-Broglie wavelength of an electron: accelerated from rest
| through a potential difference of 3.3kV volt. | (0.38 nm)

289,
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An electron-positron pair, each with a K.E of 220KBV1154 grgfu‘iec; by a photop
Calculate the energy and wavelength of the phOIDH-l(OJ MENS 5 % 103
The speed of an electron 1S measured to be 4 x 10°ms™ to an accuracy of
0.002%. Find the minimum uncertainty in determining the. position of thig

| b (0.92mm)

electron.
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