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Chapter-7, Modern Physics

Chapter-7-syllabus
1. Photo Electric Emission, Explanation and demonstration of photo-electric current, de-

duction of photo-electric equation with its physical significance, application of pho-
toemission (photo-electric cell)

2. Nuclear Energy, Atomic mass unit (a.m.u.),mass-energy equivalence, mass defect.

3. X-rays, properties and application in industry and medical field (production apparatus
not necessary).

4. Radio-activity, natural and artificial radio- activity, emission of alpha, beta and gamma
radiation, their properties and it uses.

5. LASER, spontaneous and stimulated emission, population inversion, Properties and
applications of LASER, different types of LASER.
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0.1 Photo electric emission, .............
• Photon theory of light The light has wave character as well as particle character.

1. Wave characteristics of light: Interference: When light is passed through a dou-
ble slit, it shows interference. This observation can only be understood in terms
of the wave theory.

2. Photo electric effect: The particle nature of light can be understood with the
concept of photo electric effect.

• Properties of light

1. The particles of light are called photons.

2. A photon always travels with the speed of 3×108 ms−1 in vacuum. This is true
for any frame of reference used to observe the photon.

3. The mass of photon is not defined in the Newtonian Mechanics. We will consider
the mass of the photon in zero.

4. Each photon has definite energy and a definite linear momentum.

5. Let E and p be the energy and linear momentum of a photon of light, and v and
λ be the frequency and wavelength of the same light when it behaves as a wave.
Then,

E = hv =
hc
λ

(1)

And,

p =
h
λ
=

E
c

(2)

where h is the Plank constant and has a value of 6.626×10−34 Js= 4.136×10−15

eVs.

6. A photon may collide with a material particle. The total energy and the total
momentum remains conserved in such a collisions. The incident photon may get
absorbed and/or a new photon may be emitted. Thus number of photon may not
be conserved.

7. If the intensity of light of a given wavelength is increased, there is an increase in
a number of photons crossing a given area in a given time.

• Photoelectric effect: When light of sufficiently small wavelength is incident on a
metal surface, electrons are ejected from the metal. This phenomenon is called pho-
toelectric effect. The electrons ejected from the metal are called photoelectrons.

–Work function: The minimum amount of energy required by an electron to just es-
cape from the metal surface is called the work function of the metal. The work func-
tion depends on the nature of the metal and the conditions of the surface. It is generally
denoted by W0 and measured in electron volt.

–Electron volt: One electron volt is the kinetic energy gained by an electron when it
is accelerated through a potential difference of 1 volt.
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Energy gained by electron= work done by the electric field= qV. Therefore, we can
write,

1eV = 1.602×10−19C×1V

⇒ 1eV = 1.602×10−19J
(3)

• Explanation of photoelectric effect and deduction of photo electric equation:
When light is incident on a metal surface, the photons collide with the free electrons.
In particular collision, the photon may give all of its energy to the free electron. If
this energy is more than the work function (W0), the electron may come out from the
metal. If E be the energy supplied to the electrons from the incoming photon, then the
maximum kinetic energy associated with the emitted photon would be,

Kmax = E−W0 (4)

Let monochromatic light of wavelength λ be incident on the metal surface. In particle
picture, photons of energy hc/λ fall on the surface. Suppose a particular photon
collides with a free electron and supplies all its energy to the electron. The electrons
gets an extra energy E = hc/λ and may come out of metal. The maximum kinetic
energy if this electron is,

Kmax =
hc
λ
−W0 = hv−W0 (5)

As all the electrons have the same energy hc/λ , Eq. 5 gives the maximum kinetic
energy of the ejected electrons. Equation 5 is called Einstein’s photoelectric equation.
(Einstein was awarded Nobel prize in 1921 for this discovery).

–Threshold wavelength: If the kinetic energy of the ejected electrons is zero, then
from Eq. 5 we can write,

hc
λ0
−W0 = 0

⇒ λ0 =
hc
W0

(6)

In this case, an electron may just come out from the metal surface. If λ > λ0, the en-
ergy hc/λ supplied to the electron is smaller to the work functionW0 and no electron
will come out. Thus photoelectric effect takes place only if λ ≤ λ0. This wavelength
λ0 is called the threshold wavelength of the metal. The corresponding threshold fre-
quency,

v0 =
c

λ0
(7)

From Eqs. 30 and 7 we get,
W0 = hv0 (8)

Therefore, Eq. 5 becomes
Kmax = h(v− v0) (9)
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• Question Find the maximum wavelength of light that can cause photoelectric effect
in lithium. The work function of lithium is 2.5 eV.
Solution: The threshold wavelength is,

λ =
hc
W0

⇒ λ =
(4.14×10−15eV s)× (3×108ms−1)

2.5eV
⇒ λ = 497nm

(10)

This is the required maximum wavelength.

• Application of photoemission (photo-cell)
A photo-cell or a photo electric cell is an arrangement which converts light energy
into electric energy. It works on the principle of photoelectric emission. It measures
the intensity of light by measuring the photoelectric current.
Photo cells are three types:

1. Photo emissive cell: It makes use of photoemission from a photosensitive cath-
ode. The electrons emitted are attracted by an anode.

2. Photo-Conductive cell: it makes use of the fact that electrical conductivity of a
photosensitive semiconductor increases when exposed to light due to excitation
of additional free charge carried by the incident photons.

3. Photo-voltaic cell: it makes use of the fact that an emf is produced between two
layers of different materials as a result of irradiation.

• Application of photo-cells
Few applications of photo-cells are discussed below:

1. In cinematography: Photo-cells are used for the reproduction of sound.

2. In counting devices: A photo-cell is connected to a counter. When a person
interrupts the invisible ultraviolet light falling on the photo-cell, the photoelectric
current stops and the counter advances by one digit.

3. In fire alarm

4. In photographic cameras

0.2 Nuclear energy, Atomic mass unit, etc..

• Basic concepts about nucleus:

1. A nucleus is made up of protons and neutrons. A proton has a positive charge of
magnitude equal to that of an electron and has a mass of about 1840 times the
mass of an electron. The masses of proton and a neutron are,

mp = 1.6726231×10−27kg

mn = 1.6749286×10−27kg
(11)
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2. Nucleons: protons and neutrons which are present in the nuclei of atoms are
collectively known as nucleons.

3. Atomic number: The number of protons in the nucleus is called the atomic num-
ber of the nucleus. It is denoted by Z.

4. Mass number: The total number of protons and neutrons present in the nucleus
is called the mass number of the element. It is denoted by A.
Hence for a neutral atom-
Number of protons in an atom = Z
Number of electrons in an atom = Z
Number of nucleons in an atom = A
Number of neutrons in an atom = A-Z

5. Nuclear mass: The total mass of the protons and neutrons present in a nucleus is
called the nuclear mass.

6. Nuclide: When an atom is talked of with particular reference to its nuclear com-
position, it is called nuclide. Thus nuclide is a specific nucleus of an atom
characterised by its atomic number Z and mass number A. It is symbolically
represented by,

A
ZX (12)

Where X is the chemical symbol of the element, Z= atomic number
A= mass number

• Isotopes, Isobars, Isotones and Isomers
Isotope: The atoms of the element which have the same atomic number but different
mass number are called isotopes. For example, hydrogen (1

1H) or protium, deuterium
(2
1H) and tritium (3

1H) are isotopes of each other.
Isobars: The atoms having the same mass number but different atomic number are
called isobars. For example, (a) 40

20Ca and 40
18Ar; (b) 37

17Cl and 37
16S

Isotones: The nuclides having same number of neutrons are called isotones. For
example, (a) 37

17Cl and 39
19K; (b) 198

80 Hg and 197
79 Pu

Isomers: These are nuclei with same atomic number and same mass number but
existing in different energy states. For example, a nucleus in its ground state and the
identical nucleus in the metastable excited state are isomers.

• 2015: Q. State atomic mass unit and binding energy. 2

• Atomic mass unit One atomic mass unit (amu) is defined as the 1/12 th of the actual
mass of a neutral carbon atom in its lowest energy state. The mass of the neutral
carbon atom in its ground state is 1.992678×10−26 kg. Therefore,

1 amu =
1
12
× mass of carbon 12 atom

⇒ 1 amu =
1

12
×1.992678×10−26kg

⇒ 1 amu = 1.660565×10−27kg

(13)

We can express different masses in terms of atomic mass unit.
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1. mass of electron me = 9.1×10−31 kg= 0.00055 amu.
2. mass of proton mp = 1.6726×10−27kg= 1.0073 amu.
3. mass of neutron mn = 1.6749×10−27kg= 1.0086 amu.
4. mass of hydrogen atom mH = mp +me = 1.0078 amu

• Mass energy equivalence: In Einstein’s special theory of relativity, it was shown that,

E = mc2 (14)

Here c is the speed of light in vacuum (but not the velocity of the body) and is equal to
3×108ms−1 and m is the mass of the particle. This equation suggests that even when
the particle is at rest (means the kinetic energy is zero), it still posses an enormous
amount of energy because of its mass. The mass of a particle measured in a frame
of reference in which the particle is at rest, is called rest mass and is denoted by m0.
Thus the total energy of the particle is the sum of (i) its rest mass energy (m0c2) and
(ii) its kinetic energy T. That is,

E = m0c2 +T (15)

• Relation between amu and MeV:
(2013) Q. Express 1 a.m.u. (atomic mass unit) in M.eV. (million electron volt). (3
marks)
(2019) Q. Convert 1 amu to eV. 2
This is also known as energy equivalent of amu. We have,
m=1.66×10−27kg and c=3×108ms−1

From Einstein’s mass energy equivalence formula we get,

E = mc2 = 1.66×10−27× (3×108ms−1)2J

⇒ E =
1.66×10−27× (3×108ms−1)2

1.602×10−19 eV

⇒ E = 931MeV

(16)

Therefore, 1 amu = 931 MeV

• Nuclear size: Experimental observation shows that the volume of a nucleus is directly
proportional to its mass number. If R be the radius of the nucleus having mass number
A, then,

4
3

πR3
∝ A

or R ∝ A
1
3

⇒ R = R0A
1
3

(17)

Where R0 is a constant and its value is given by, R0 = 1.2×10−15m = 1.2 f m

• Nuclear density: Let A be the mass number and R be the radius of a nucleus. If m be
the average mass of the nucleon, then mass of the nucleus= mA
Volume of the nucleus,

V =
4
3

πR3

⇒V =
4
3

π(R0A
1
3 )3 =

4
3

πR3
0A

(18)
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Therefore, nuclear density,

ρnu =
Mass of nucleus

Volume of nucleus

⇒ ρnu =
mA

4
3πR3

0A
=

3m
4πR3

0

(19)

Clearly the nuclear density is independent of mass number A or the size of the nucleus.
Taking m=1.67×10−27kg and R0 = 1.2×10−15m, we get,

ρnu =
3×1.67×10−27

4×3.14× (1.2×10−15)3

⇒ ρnu = 2.30×1017kgm−3
(20)

This density is very large as compared to the density of ordinary matter (ρ = 1.0×
103kgm−3).

• Nuclear force (not in syllabus): Nuclear force is a strong attractive force that binds
the proton and neutrons together inside a tiny nucleus.
Properties of nuclear forces:

1. Strongest interaction: nuclear os the strongest interaction known in the nature
that holds the nucleons together despite the strong electrostatic repulsion be-
tween the protons.

2. Short range force: Nuclear force are short range force and operates upto a dis-
tance of 2-3 fm from a nucleon.

3. Charge independent character.

4. Saturation effect: Nuclear force has a saturation effect, i.e., a nucleon interacts
only with its neighbouring nucleon.

5. Spin dependent character: The nuclear force between two nucleons having par-
allel spins is stronger than that between two nucleons having anti-parallel spins.

6. Exchange forces: According to Yukawa theory, the nuclear force between two
nucleons arises from the constant exchange of particles called mesons between
them.

7. Non-central force: The nuclear force between two nucleons does not act along
the line joining their centres.

• Mass defect:
Question: 2018: Write short notes on Binding energy and mass defect. (3 marks)
It is found that the mass of a stable nucleus is always less than the sum of the masses
of its constituents protons and neutrons in their free states.
The difference between the rest mass of a nucleus and the sum of the rest masses of
its constituents nucleons is called its mass defect.
Let us consider the nucleus A

ZA. It has Z protons and (A-Z) neutrons. Therefore, its
mass defect will be,

∆m = Zmp +(A−Z)mn−m (21)
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Where, mp, mn and m are the rest masses of a proton, neutron and the nucleus A
ZA

respectively.
The packing fraction (f) of a nucleus is its mass defect per nucleon. Thus,

f =
Mass defect

Mass number
=

∆m
A

(22)

If the packing fraction is positive, then the nucleus is unstable. If f is negative, then
it indicates that some mass has been converted into energy which binds the nucleons
together and so the nucleus is stable. Therefore packing fraction is directly related to
the availability of nuclear energy and the stability of the nucleus.

• Binding energy: The binding energy of a nucleus may be defined as the energy re-
quired to break up a nucleus into its constituents protons and neutrons and to separate
them to such a large distance that they do not interact with each other.
It is seen that the mass of a stable nucleus is always less than the sum of the masses of
the constituent protons and neutrons in their free state. This mass difference is called
the mass defect which accounts for ∆Eb energy released when a certain amount of
neutrons and protons are brought together to form a nucleus of a certain charge and
mass. Thus,

∆Eb = ∆m× c2

⇒ Eb = (Zmp +(A−Z)mn−m)c2 (23)

0.3 X-rays, properties and application in industry and
medical field

(2013, 2015) Q. What is radioactivity? mention some uses of X-rays in medical
and technical field. (1+2=3)

• X-rays: When highly energetic electrons are made to strike a metal target, electro-
magnetic radiation comes out. A large part of this radiation has wavelength of the
order of 0.1 nm (∼ 1A◦).

• Properties and uses of x-rays:

1. X-rays travels in straight lines in vacuum at a speed equal to the light.

2. X-rays are diffracted by crystals in accordance with Bragg’s law.

3. X-rays are not deflected by electric or magnetic field as it contains no charged
particles.

4. X-rays affect a photographic plate more strongly than visible light.

5. When incident on certain materials such as barium platinocyanide, X-rays cause
fluorescence (light is emitted from the material).

6. When passes through gas, X-rays ionize the molecules of the gas.

7. X-rays can penetrate into several metals. They can pass through small thickness
of aluminium, woods plastics, human flesh etc. They can be stopped by materials
of high density and high atomic number.
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–Application

1. The penetrating power of X-ray has made it popular and familiar to the generic
public. It is used extensively to detect diseases inside the body. It passes quite
freely through the flesh but is stopped by the bones. So, it can photograph the
bones inside the body on a photographic film. Such a photograph is called a
radiograph. This is used to detect and study bone fractures due to an incident.
Chest radiographs are used to study diseases in lungs. Dentist also use X-ray to
study teeth-decay. X-ray is also used in cancer therapy.

2. X-ray is used in industry and material science research. It can detect structural
defects, fault of joints, welding etc. X-ray machines are used to inspect suit-
cases, wooden boxes etc. without opening them and can be typically found at
the custom, security counters at airports etc.

0.4 Radioactivity, natural and artificial radioactivity,....

• Radioactivity: Radioactivity is the phenomenon of spontaneous disintegration of
the nucleus of an atom with the emission of one or more penetrating radiation like
α−particles and β−particles or γ−rays. The phenomenon of radioactivity was dis-
covered accidentally by the French physicist Henry Becquerel in 1896.

• Natural radioactivity: The phenomenon of spontaneous uncontrollable disintegration
of an unstable nucleus accompanied by the emission of active radiations is called
natural radioactivity.

• Artificial radioactivity: Artificial radioactivity or induced radioactivity occurs when a
previously stable material has been made radioactive by exposure to specific radiation.

• Emission of alpha (α) particle: Alpha particles are identified as helium nuclei (4
2He).

The emission of alpha particle process is shown below:

A
ZX −→A−4

Z−2 Y +4
2 He (24)

• (2013, 2015, 2019) Q. State some properties of alpha, beta and gamma particles.
3 (2013) and 4 (2015) marks

• Properties of α-particle

1. These are positively charged particles. These particles are identified as helium
nuclei.

2. They are deflected by the electric and magnetic fields. The direction of deflection
indicates that α-particles are positively charged particles.

3. Their velocity is 1/10 th of the velocity of light.

4. They can affect a photographic plate.

5. The ionise heavily the gases through which they pass. An alpha particle produces
about 105 pairs of ions per cm of its path.
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6. They are easily absorbed by matter. They are stopped by an aluminium foil of
thickness 0.1 cm or by an ordinary sheet of paper.

7. They are scattered while passing through thin metal sheets.
8. They can cause artificial disintegration of an atom.
9. They cause heating effect when stopped and cause fatal burns on human body.

10. The range of α-particle in air ranges from 2.70 cm to 8.62 cm.

• Emission of beta (β ) particle: They consists fast moving electrons of nuclear origin.
It is denoted by 0

−1e. The process of β -particle emission is shown below:
A
ZX −→A

Z+1 Y + 0
−1 e+ ν̄e (25)

• Properties of β -particles

1. They are deflected by electric and magnetic fields.
2. They are emitted with a range of range of velocities. The maximum velocity of

β -particle may be as high as 99% of the speed of light.
3. The affect a photographic plate more strongly than that of α-particle.
4. They can ionise gas but their ionising power is 1/100 times that of α-particle.
5. The penetrating power of β -particles is 100 times greater than that of α-particles.

They can be absorbed by aluminium foil of 5 mm thickness.
6. The range of β -particles in air is much more than that of α-particles.
7. Due to their small masses, β -particles are easily scattered by atomic nuclei when

passed through matter.
8. The emission of β -particle is always accompanied by the emission of elementary

particle called neutrino.

• Gamma-rays: Gamma (γ) particles are electromagnetic waves which have wave-
length even less than that of X-rays. On emission of γ-rays the atomic and mass
number of the nucleus does not change. Usually, gamma rays are emitted along with
the other radiation or may emit when the parent nucleus at excited state transforms to
another nucleus at the ground state having the same atomic and mass number. The
emission of the gamma rays can be described as follow:

A
ZX −→A

Z−1 Y ∗+0
−1 e+ ν̄e + γ

A
Z−1Y ∗ −→A

Z−1 Y + γ
(26)

• Properties of γ-rays

1. They are not deflected by the electric and magnetic fields.
2. They are neutral particles.
3. They travel with the speed of light.
4. The affect a photographic plate even more strongly than β -particles.
5. They ionise gas very slightly. Their ionising power is 1/10,000 times that of the

α-rays.
6. Their penetrating power is about 10,000 times that of α-particles.
7. Like X-rays they are diffracted by crystals.
8. They show the phenomenon of pair production.
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0.5 LASER, spontaneous and stimulated emission,...

2019: Q: Explain the principle of LASER. What is the population inversion? 2+1

• LASER The word ’LASER’ is an acronym for Light Amplification by Stimulated
Emission of Radiation. It is a source which emits an intense, almost perfectly monochro-
matic, directional and highly coherent beam of light.

• Spontaneous emission An atom can not stay in the excited state for a longer time. In
a time of about 10−8s, the atom reverts to the lower energy state by releasing a photon
of energy hv, where hv = E2−E1. The emission of photon occurs on its own and
without any external impetus given to the excited atom. Emission of a photon by an
atom without any external impetus is called spontaneous emission. We may write the
process as,

A∗ −→ A+hv (27)

• Stimulated emission: An atom in the excited state need not wait for spontaneous
emission of photon. Well before the atom can make a spontaneous transition, it may
interact with a photon with energy hv = E2−E1, and make a downward transition.
The photon is said to stimulate or induce the excited atom to emit a photon of energy
hv = E2−E1. The passing photon does not disappear and in addition to it there is
a second photon which is emitted by the excited atom. The phenomenon of forced
emission photon by an excited atom due to the action of an external agency is called
stimulated emission or induced emission. The process can be expressed as,

A∗+hv−→ A+2hv (28)

• Population inversion: The situation in which the number of atoms in the higher
energy state exceeds that in the lower energy state (N2 > N1) is known as population
inversion.
When the material is in thermal equilibrium condition, the population ratio is governed
by the Boltzmann distribution law according to the following equation,

N2

N1
= e−[E2−E1]/kT (29)

It means that population N2 at the excited level E2 will be far smaller than the popu-
lation N1 at the level E1. Therefore in thermal equilibrium, N1 >> N2. To achieve a
high percentage of stimulated emission, a majority of atoms should be at the higher
energy level. We may somehow enhance the number of atoms at the excited level,
such that the ratio N2/N1 momentarily increases without change in temperature. This
is a non-equilibrium condition and the phenomenon is known as population inversion.

There are some process though which population inversion can be achieved. Some of
them are:

1. Population inversion by Pumping

2. Population inversion by optical resonator

• Properties of LASER
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1. Laser beam is nearly monochromatic: Monochromatic refers to a single wave-
length. Laser radiation contains a narrow band of wavelengths and can be pro-
duced closer to monochromatic than light from other sources.

2. Laser radiation is highly directional. The radiation is produced in a beam that is
spatially narrow and has low divergence relative to other light sources.

3. Laser radiation is highly coherent, which means the waves of light emitted have
a constant relative phase. The waves of light in a laser beam are thought of as in
phase with one another at every point. The degree of coherence is proportional
to the range of wavelengths in the light beam, or the beam’s monochromaticity.

• Uses of LASER

1. Because of the near perfect parallel and monochromatic character, A LASER
beam can be focused by a conversing lens to a very small spot. This results in
very high intensity over that tiny spot. It can, therefore, be used for very accurate
microsurgery where a very small area is to be treated. LASERs in infrared region
are used to burn cervical tumours. These lasers are also used for cutting tissues.
Lasers are used to spot-weld detached retina with great accuracy. Because of
high intensity, lasers are used to drill sharp holes in metals and diamond. In
garment industry, lasers are used to cut many layers (50 layers at a time) of cloth
without frayed edges.

2. Lasers are widely used to send telephone signals over long distances through
optical fibres. They are also used in nuclear fusion research which is likely to be
the ultimate source of energy for us.

3. Because of its directional properties, lasers are used in surveying. Another use
of laser is to align tools and equipment in industry and scientific research.

4. An interesting application of laser is to produce holograms, which record a 3D
image of an object.

0.6 Previous Years Questions (PYQ)-solution

• 2019: Q. Define work function and threshold frequency. The work function of a metal
is 3.3 eV. Find out the threshold frequency for the metal. Given h = 6.6× 10−34Js;
1eV=1.6×10−19J. 2+2
Ans: –Work function: The minimum amount of energy required by an electron to just
escape from the metal surface is called the work function of the metal.
–Threshold Frequncey: If the kinetic energy of the ejected electrons is zero, then we
can write,

hc
λ0
−W0 = 0

⇒ λ0 =
hc
W0

(30)

In this case, an electron may just come out from the metal surface. If λ > λ0, the
energy hc/λ supplied to the electron is smaller to the work functionW0 and no electron
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will come out. Thus photoelectric effect takes place only if λ ≤ λ0. This wavelength
λ0 is called the threshold wavelength of the metal and the corresponding frequency is
known as threshold frequency. The threshold frequency is given by,

v0 =
c

λ0

⇒ v0 =
W0

h

(31)

Given that, W0 = 3.3eV and h = 6.6× 10−34Js; 1eV=1.6× 10−19J. Therefore the
threshold frequency is given by,

v0 =
W0

h

⇒ v0 =
3.3eV

6.6×10−34Js

⇒ v0 =
3.3×1.6×10−19J

6.6×10−34Js
⇒ v0 = 0.8×10−19+34s−1

⇒ v0 = 8.0×1014s−1

(32)

• 2017: Q: Photo-electrons are emitted by a sodium surface when UV light of wave-
length 3×10−8m fall on its surface. Calculate the velocity of photo-electrons assum-
ing the work function of sodium to be negligible. Here given, Mass of the the electron,
me = 9.1×10−31kg and Plank’s constant, h = 6.6×10−34Js. 4 marks
Ans: Given, λ = 3×10−8m, me = 9.1×10−31kg and h = 6.6×10−34Js
We know that, the maximum kinetic energy to the photo-electron is,

Kmax =
hc
λ
−W0

⇒ Kmax =
hc
λ

⇒ 1
2

mv2 =
hc
λ

⇒ v2 = 2× hc
λm

⇒ v2 = 2× 6.6×10−34×3×108

3×10−8×9.1×10−31

⇒ v2 = 14.5×1012

⇒ v = 3.807×106ms−1

(33)

• 2020: Q.Calculate energy of a photon of radio waves of wavelength 30 metres. Given
h = 6.6×10−34Js. 3 marks.
Ans: Given, λ = 30 m, h = 6.6×10−34Js.
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We know that,

E = hv

⇒ E =
hc
λ

⇒ E =
6.6×10−34×3×108

30
J

⇒ E = 6.6×10−27J

(34)
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