5State the acoustic requirean@mtesd oduditorium. Explain how
these requirements can be achieved.
Questions testing the ability of students in applying the concep

1. The volume of a room i8 IO wall area rmofonmnes 260
m2, the floor area is 21a®d the ceiling area s THO m
average sound absorption coefficient for wall is 0.03, fo
is 0.80 and the floor CaleuwWatke average coefdincdent
the reverberation time.

2.A hall hasodume of 12508nmh the reverberation time is 1.
s. If 200 cushioned chairs are additionally placed in the
will be the new reverberation thmd7?7olHethadsorption
coefficient of each chair is 1.0

3.A cinema hall has a volume 3ofW/baDtO simould be the total
absorption in the hall if the reverberation time of 1.5
maintained?

4. Reverberation time for a cubical chamber of 10m width
Calculate its average absorption coefficient. If one of
covered withusatéco tiles the reverberation time will decrea
S. Calculate the sound absorption coefficient of acoustic

5.A hall has a volume of 1320t0OR@sma reverberation time o
1.5s. what is the average absorbing power of the surface
absorbing surface area i%?25,00 m



ENGINEERING PHYSICS
UNIT-II

CRYSTAL SYSTEMS
Objective:
1. Discussthe periodic arrangement of atoms in accordance with translation symmetry

Syllabus:

Lattice ,basis unit cell - Crystal systems - Important in Engineering Materials - Miller
indices - Crysta planes— Von Lave formulafor inter planar distance - Packing Fraction -X-
Ray diffraction - Bragg's law

Outcomes:
At the end of the unit, the students are able to
1. define space lattice, basis and crystal parameters.

classify the crystal systems.

understand the Miller indices and plot various crystal planes.
apply the definitions to monoatomic SC, BCC and FCC structures.
derive Bragg’s Law of X-ray diffraction.

a s wnN

Introduction to Crystallography
Crystalography is the experimental science of determining the arrangement of atoms in
crystaline solids.

Matter exists in three different states namely solids, liquids and gaseous. In liquid
and gaseous states the atoms, molecules or ions move from one place to another and there is
no fixed position of atoms in the substance. In solids the position of atom or molecules are
fixed and they may or may not be present at regular intervals of distances in three
dimensions.

If the atoms or molecules in asolid are periodically at regular intervals of distancesin
3 dimensions then such solids are known as crystalline solids.

If the atoms or molecules do not have such periodicity in the substances, then they are
called Amorphous solid.
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Fig: (a) crystalline solid (b) Amorphous solid



If the periodicity of atoms or molecules, are extended throughout the solid such a
solid known as single crystalline solid.

Fig: Single crystalline solid

The periodicity of atoms or molecules can be divided into small regions called grains.
And these grains are large in different sizes in the solid. Such materiads are known as
polycrystalline solids.

Grain Boundaries

R BB e
=

.
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. ;

U Erainst
(Differently Oriented Crystals)

Fig: polycrystalline solid.

Crystalline Solids Amorphous solids
1. The crystalline solids posses’ regular 1. These solids posses complete random
arrangement of ions or atoms or arrangement of ions or atoms or
molecules. molecules.

2. These solids have some physica

2. The solids have different phySCEl' properti%in all the directions.

properties (thermal, electrical
conductivity, refractive index) in different
directions.
3. These are anisotropic in nature. 3. Theseareisotropic in nature.
4, These solids posses el asticity. 4, These solids posses plasticity except

rubber.
5. These posses more density.

_ ) 5. These posses less density.
Eg: cdcite, quartz, gold, silver, Al etc...

Eg: glass, plastic etc.

Space lattice (or) Crystal lattice



Imagine points in space about which atoms or molecules are located, such points in
space are called lattice points and the totality of all such lattice points forms space lattice or
crystal lattice.

(or)

The geometric arrangement of lattice points, which describes the three dimensions
arrangements of atoms or molecules or ions in a crystal, is called space lattice or crystal
lattice.

If the points are arranged in a single or single column, then the lattice is solid to be
linear lattice. If it isarranged in atwo dimension then the lattice is called planar lattice.

Basis
The crystal structure is formed by associating with every lattice point a set of
assembly of atoms or molecules or ions identical in composition, arrangement, orientation is
called as Basis.
(O)
A group of atoms or moleculesidentical in composition is called Basis.

Lattice+ bass - Crystal structures

% laeies pealme :\. 3

Baxis

SPACE LATTICE CRYSTAL STEUVCTURE

Fig: Space lattice + basis= crystal structure
In crystalline solids like aluminum, sodium, copper the basis is single atom. In case
of NaCl, NaBr, KCI, KBr the basis is diatomic and in CaF» the basisis triatomic.

Unit Cdll
The smallest portion of space which can generate the complete crystal structure by
tranglation in three dimensionsis called a “Unit Cell”.
(Or)
In every crysta some fundamental grouping of particles is repeated. Such
fundamental grouping of particles is called a “Unit Cell”.

Primitive Cdll

It is the minimum volume cell which generates the crystal structure on tranglation in
three dimensions. The number of lattice points per primitive cell is “one”.
Multiple Unit Céll (or) Non-Primitive Cell

The unit cell which contains more than one lattice point per unit cell is known as
Multiple Unit Cell (or) Non-Primitive Unit Cell.



Fig: Unit cell in two dimensions

L attice parameters of a Unit Céell
The basic | attice parameters of aunit cell are interfacial angles and primitives.

Primitives

The intercepts on X, y, z-axisin a unit cell, are called primitives. They are denoted by
a, b, c. The primitives give the knowledge of the size of the unit cell. The interfacial
angles give the shape of the unit cell.

a B,y -—-—-- > interfacial angles
a,b,c-—---- > primitives
X, Y, Z ------- > crystallographic axis

;

Fig: Unit cell and its lattice parameters

Crystal Systems

The crystal systems are divided into seven, based on the lattice parameters i.e,
primitives and interfacial angles,
The different crystal systems are

1. Cubic system
Tetragona system
Orthorhombic system
Monoclinic system
Triclinic system
Rhombohedral system
Hexagona system

No Ok wd



1) Cubic system:- In this crystal system al the three edges of the unit cell are equal and
right angles to each other
a=b=c;a=B=y=90°
Eg :- NaCl , CaF; eic.

1 L]
¢ o ' m
B L\n b ' “"_{--- ‘-;{-n
& 1 ;
Simple Body-centered Face-centered
(bece) (Fec)

a=b=c’ a:B:T:%D
Fig: Cubic Crystal Systems

2) Tetragonal system: -- In this system al the two edges of the unit cell are equal while the
third is different. The three axes are mutually perpendicular.
a=bzc,a=p=y=90°
Eg: - TiO2, NiSO4, Snos etc.

Simple Body-centered
a=b#e, =B=y=50"

TETRAGONAL SYSTEM
3).0rthorhombic system:--In this crystal system the three edges are different but three axis
are perpendicular to each other.

azb#c; a=B=y=90°
Eg: BaSOs4 KNO3

] T .
1 - L}
[ [
: o RS
. b i
S i s L]
: - - .
Simple Base-centersd Body-centersd Face-centerad

arbrc; and w=B=y=90°
ORTHORHOMBIC SYSTEM
4).Monoclinic system: -- In this system the edges of the unit cell are different, two axis at
right angles and third axisis obliquely inclined.
azb#c; a=B=y=9002y
Eg: NaB4O710H20 (Borax), CaSO42H>O (Gypsum)
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Simple Base-centered
azh#e, o=y=90°=p

MONQCLINIC SYSTEM
5).Triclinic system: In this system the edges of unit cell are different and the 3 axis are
obliguely inclined to each other
azb#zc, azpBz yz900°
Eg: K2Cr207 CuSO45H 20

——

azbh=c
cxP2y=290°
TRICLINIC SYSTEM
6).Rhombohedral system: In this crystal system all the 3 edges of the unit cell are equal and
are equally inclined to each other at an angle other than 90°

a=b=c; a=pB=y=#90°

Eg: Bismuth, calcite.
./

a=h=c
a=f=y290°
JOMBOHEDRAL {TRIGONAL) SYSTEM
7). Hexagonal system: In this system the two axes of the unit cell are equal in length lie in
one plane at 120° with each other and the third axis is perpendicular to this plane.
a=b#c; o =p=90%y=120°
Eg: SO, Mg, Zn

N
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a=b#c
a=f=90°, y=120°
HEXAGONAL SYSTEM

Bravais L attices

Bravais showed that there are 14 ways of arranging points in space lattice such that all
the lattice points have exactly identical environment. These 14 different lattice types

collectively caled as Bravais lattices. The space lattices are classified based on the
arrangement of atoms. They are



Simple (or) Primitive (P)
Body centered (1)

Face centered (F)

Base centered(C)
SNo | Crystal system Bravais No. of | Axial Interfacial examples

lattice lattice length angles
system

1 Cubic P,I,F 3 a=b=c a=p=y=90° | NaCl,
2 Tetragonal P, 2 a=b#c a= B=y=90° TiO,
3 Orthorhombic P,I,F,C 4 azb#c a= B=y=90° KNos
4 Monoclinic P.C 2 azb#c a= y=90°2y | CaSos2H.0
5 Triclinic P 1 azb#c a #B# y290° K2Cr.0y
6 Rhombohedral P 1 a=b=c a=B=y#90° | cacite
7 Hexagonal P 1 a=b#c a=B=90°y= SO,

Simple Cubic Structure (SC)
The cubic cell that contains 8 atoms located at 8 corners is called ssimple cubic
structure. In this structure al the atoms touch each other along their edges.

Effective number of atoms:

Effective number of atoms in unit cell is 1.
The eight corners have 8 atoms, each corner atom is shared by 8 unit cell.

Therefore n= 8x%
n=1.

Coordination Number:

Every atom is surrounded by six atoms at equal distances. For illustration, consider an
atom at one of the corners, it is surrounded by 6 equidistant neighboring atoms. Hence the
coordination number of simple cubicis6.




Figure: Simple Cubic Structure

Nearest neighbor distance
In this structure, atoms touch each other along the edge of the unit cell. Hence
a=2r, where ‘a’ is lattice constant.
Packing fraction
It is defined as the ratio of volume of all atoms in the unit cell to the volume of unit cell.

Volume of all the atoms in the unit cell
Volume of the Unit Cell

Packing Fraction =

1
—
=

g

I
g o
29

Example: polonium.

Body Centered Cubic Structure (BCC)

In the body centered cubic structure, eight atoms located at the 8 corners and one
atom is located at centre of body i.e. Cubic cell. In this structure, the corner atoms do not
touch each other. But they are in contact with the body centre atom.

Effective number of atoms:

Effective number of atomsin BCC is 2. The cell has 8 atoms|ocated at 8 corners; one

atom located at centre of the body.

Therefore n :(8xé)+1
=2

Figure: Body centered Cubic Cell
Coordination Number
For illustration, consider the atom at the centre, it is surrounded by 8 equidistant
neighboring atoms. Hence the coordination number is 8.

Near est neighbor Distance (a)
From theA ABC,
(AC)? =(AB)?+(BC)?
(AC)? = &+&
(AC)2 =2&
From theA ACD,
(AD)? =(AC)*+(CD)?



(42 = 2a+&

16r> =3&
4 =vV3a
r = V3al4
a= 4r/\N3.

Packing Fraction
Volume of all the atoms in the unit cell

Packing Frackion/= Volume of the Unit Cell

4.3
_ —'3—?'[1'

- nx

a3

= 2x

\/3% 0.68 = 68%.
Eg: Na, Feetc.

Face Centered Cubic (FCC) structure

The Face centered cubic structure has eight atoms located at 8 corners and six atoms
located at the centre of the faces. In this structure the corner atoms do not touch each other
but they are in contact with the atoms |ocated on the centre of its faces.

Effective number of atoms:

Effective Number in F.C.C is 4. i.e. 8 atoms are located at 8 corners, 6 atoms on
sides shared by two sides. Hence,

n= (8x) +(6x;)=4.

Figure: Face centered Cubic Cell

Coordination Number

Coordination number is 12. Consider an atom at face centre; it is surrounded by 12
atoms at the same distance. Therefore, Coordination Number in FCC is 12.

Nearest Neighbour Distance (a)
FromtheA ABC,
(AC)* = (AB)*+(BC)®
16r> =ga+&
16r2 =2&
8rr =&
2V2r=a



-
2r= 5
Packing Fraction
Volume of all the atoms in the unit cell

Volume of the Unit Cell

Packing Fraction =

4 .3
ETEI'

T
— = 0
16v2r3 3v/2 0.74 = 74%.

Eg. Cu Al, Ag etc.

Miller Indices

It is possible for defining a system of parallel and equidistant planes which can be
imagined to pass through the atoms in a space lattice, such that they include all the atoms in
the crystal. Such a system of planesis called crystal planes. Many different systems of planes

could be identified for a given space lattice.

The position of a crystal plane can be specified in terms of three integers called Miller
indices. If these are enclosed in “()” as (h, k, I) then it represent a plane. If they are enclosed
in “[ 17 as [h, k, 1] then it represent the direction of crystal. Steps to determine Miller Indices
for agiven plane as shown in the figure. Take a lattice point as origin ‘0’ of crystallographic
axis x, y, zin aspace lattice. Let A, B, C be the crystal plane intercepts there axis of 4a, 4b,

3c.

PLANE ORIENTATION IN A LATTICE

Step (1): Determine the coordinate of intercepts made by the plan aong the crystallographic

axis
X y z
4a 4b 3c
In general
X y z
pa gb rc (where p=4, g=4, r=3).
Step (2):-- Divide the intercepts with lattice point translational distances along the axis.
4ala 4b/b  3clc
4 4 3
In genera
pala gb/b rc/c
Y q r
Step (3): Determine the reciprocals of these numbers
i.e v4 14 U3

Ingeneral  1p 1qg 1.



Step (4):-- Reduce the reciprocals to smallest integers and enclosed them in “( ) “[by
multiplying with L.C.M]

1/4%x 12 1/4x 12 1/3x 12
3 3 4
3 3 9

Miller Indices may be defined as the reciprocals of the intercepts may by the
plane on crystallographic axis when reduced to smallest numbers
I mportant features of Miller indices,

1. Miller indices give the orientation of the crystal planes.

2. If aplaneisparald to any axis, the intercept of the plane on that axisisinfinity.
Hence the corresponding Miller index is zero.

3. A plane with negative intercept is represented with a bar on the corresponding Miller
index.

4. Equally spaced paralel planes are represented with the same set of Miller indices.
(h k1

Distance of Separation between Successive planes

Let us consider a rectangular coordinate system with origin ‘0’ at one of the lattice
points. Let (h k 1) be the miller indices of the plane ABC which makes intercepts at OA,
OB, OC dong x, y, z axis respectively. Let ON be the normal from origin to the plane ABC,
such that ON = d. The normal makes angles a, 3,y along X, Y, z axis respectively.

z

Fig: Inter planar Spacing

From figure, OA = ah, OB = b/k, OC = c/l - (1)
From the definition of directional cosines,

ON dy  —

0~ 7,
ON  d,
cosf = —— B/, -~ T 2
_ON _ d
COS}/—%_F/;
=7
Cos?a+Cos’B+Cos?y =1 - (3)

Substitute egn (2) in egn (3),



Let the plane parallel to ABC be A’ B’ C’. The intercepts along x, y, z axis be OA’ OB’ OC’
respectively. The normal meets the 2™ plane A’B’C’ at N’ such that ON’ = d.. The extension
of di to d>the normel makes the same along a, 3, y with X, y, z axis respectively.

The intercepts of OA’, OB’, OC’ are such that

P 2B e B o 2
OA—h OB—k .andOC—l
_ON'_ d, )
cosa = W - za/h
_ ON’_ d,
COSB_W_—_Zb/k >
ON'’ d,
COSYy = —= = 5—
ocC 2c
/i )
We know that,
Cos? @+ Cos* B+ Cos 2y =1 - (5)

d; & + i + . =1
2 \4a? ' 4b? " 4c?)
2
h2 k2 12
J?*?*?

Let the separation between the planes ABC & ABC be‘d “.

do =

d= do— i
= 2d1— d1
= d;
d = s

h2 k2 12

Tzttt
For cubic systermn  a=b =c.
a

VhZ+k 2412
For Tetragonal system.a = b +# c.

hence, d =



1

he+i2 12

a2 C2
L aue method

S1 & S2 aretwo lead screens in which two pin holes act as dits. X-ray beam from an
X —ray tube is alowed to pass through these two dlits S1 & S2 . The beam transmitted
through S2 will be a narrow pencil of X — rays. The beam proceeds further to fall on asingle
crystal such that Zinc blended (ZnS) which is mounted suitably on a support . The single
crystal acts as a 3 — dimensiona diffraction grating to the incident beam. Thus, the beam
undergoes diffraction in the crystal and then falls on the photographic film. The diffracted
waves undergo constructive interference in certain directions, and fall on the photographic
film with reinforced intensity. In al other directions, the interference will be destructive and
the photographic film remains unaffected.

The resultant interference pattern due to diffraction through the crystal as awhole will
be recorded on the photographic film (which requires many hours of exposure to the incident
beam). When the film is developed, it reveals a pattern of fine spots, known as L aue spots.

Filament

X—RAY DIFFRACTION (LAUE's METHOD)

The distribution spots follow a particular way of arrangement that is the characteristic
of the specimen used in the form of crysta to diffract the beam. The Laue spot photograph
obtained by diffracting the beam at severa orientations of the crystal to the incident beam are
used for determining the symmetry and orientations of the internal arrangement of atoms,
moleculesin the crystal lattice. it is also used to study the imperfectionsin the crystal .

Powder Method (or) Debye Scherrer method:

X-ray powder method is usually carried out for polycrystalline materials. The given
polycrystalline material is grounded to fine powder and this powder is taken in capillary tube.
This tube is made up of non diffracting material, and fixed at the centre of cylindrical Debye
Scherrer cylindrical camera as shown in figure.

The principle under this technique is that millions of tiny crystals in powder have
completely random orientation all the possible diffraction phases are available for Bragg
reflection to takes place. All the orientations are equally reflected ray will form a cone. whole
axis likes aong the direction of incident beam and whose semi vertical angle is twice the
glancing angle for that particular planes.



Fig: Powder method - apparatus

The different cones intercept the film in a series of concentric circular from the radial
of these arcs. The angle can be calculated and hence the spacing between the atoms can be
evaluated as shown in figure. The photographic film is in cylindrical shape, whose axis is
perpendicular to the beam.

Let s be the distance of particular arc from the centre. Let R be the radius of camera.
Then

Using these values of 8, in Bragg’s equation
nA =2d SinB.

Where,

n=1,2,3,...... is the Order of diffraction
d= Interplanar spacing
8n= Angle of diffraction for n'" order.

The inter-planar spacing d can be calculated.

Bragg’s Law

Let A be the wavelength of incident X-ray beam and angle of incidence be 6 to
Bragg’s planes. Let inter planar spacing of crystal planes be‘d’. The dots in the planes

represent positions of atoms in the crystal. Every atom in the crystal is source of scattering
for the X-ray incident on it.

Fig: X-Ray Scattering by Crystal



A part of the incident x-ray beam PE, incident on atom at E in plane 1 is scattered
along the direction EQ’. Similarly a part of incident x-rays P’C, fall on atom at C in plane 2
and is scattered in the direction CQ’” and it is parallel to EQ’. Let the beam PE and P’C make
an angle 8 with the Bragg’s planes. This angle 8 is called the angle of diffraction or glancing
angle.

If the path difference between the two reflected rays is equal to integral multiple of incident
wavelength A, then constructive interference is observed.
Path Differenc ,(BC + CD) =nd — (1)

From the A'®BCE,
" BC BC
sinf=—= —
CE d
BC = dsind — (2)
From the A*EDC,
. cD €D
sinfg=—= —
EC d

CD =dsind — (3)

For constructive interference, from equations (1), (2) and (3)
CD + BC =nA
dsinf + dsinf = nA
2dsinf = ni
The above equation is called Bragg’s law of X-ray diffraction.



UNIT-III
Assignment —cum- tutorial questions
SECTION-A

1) X-ray are used for crystal diffraction studies because [
a) They have higher penetrating power
b) Crystals are transparent to x-rays
c) The inter atomic spacing is of the order of x-ray wavelength
d) They have high resolving power

2) Inter atomic spacing is of the order of [
a) 2to3 A% b) 2 to 3um c)2t03nm d) 2 to 3mm

3) For 31mple cubic the ratio

is given by [

dwo di10 d111

a) 1.3 \/3
b) 1: f L
C) 1\/ E
d) V1:V2:V3
4) For body centered cubic the ratio

is given by [

d1oo” d110 d111
1
a) 1ig5:V3
b) 1: ﬁ\;—g
oL
c) 1:2: %
d) V1:42:V3
5) For face centered cubic ratio
1) Lig \/3
2) 1: f L
0) A crystal is [
(a) A three dimensional representation of a solid
(b) A three dimensional regular arrangement of U.C
(c) A basis attached to the lattice point

(d) All the above
7) The number of lattice points in a primitive cell is [

is given by [

dioo d110 d111

() 1 (b) Y2 (c) 2 (d) 3/2
8).The atomic radius of BCC lattice is [
V3a V3a
(@) —— (b) ==
(c) a/2 d) 55



9). Ratio of number of atoms per unit cell for SC, BCC, FCC crystal is | ]

(@) 1:2:4 (b) 2:1:4
(c) 1:2:2 (d) 4:2:1
10). In a simple cubic lattice, dygo: d110: d111 1S [ ]
(a) 6:3:2 (b) 2:3:6
(V2 :V3:V6 (d) V6:4/3:v2
SECTION-B

DESCRIPTIVE QUESTIONS
Short Answer Questions:
1. What are the differences between crystalline and amorphous materials?

2. Define basis, space lattice and unit cell

3. Is unit cell of SC lattice a primitive or not? Why? Apply the concept to
body centered cell and face centered cell.

4. What are the differences between unit cell and primitive cell?

5. Define nearest neighour distance, atomic radius, coordination number
and packing fraction.

6. What are miller indices?

7. State Bragg’s law of X-ray diffraction.

Long Answer Questions:
1. Describe the seven crystal systems with diagrams.

2. Calculate the atomic radii for all the three types of cubic crystals.

3. Show that FCC is the most closely packed of all the three cubic
structures by finding the packing factor.

4. Deduce the packing factors of SC, BCC and FCC structures.

5. What are Miller indices? How are they obtained?

6

7

Explain the significance of Miller indices.
Deduce the expression for the inter-planar distance in terms of Miller
indices for cubic structure.

8. Derive Bragg’s law of X-ray diffraction by crystals.

9. Discuss Laue method of diffraction.

10. Discuss powder method with the necessary diagrams.

Questions testing the ability of students in applying the concepts

1) Calculate the ratio dioo:di10:d111 for a single cubic structure.

2) The Bragg’s angle in the 1st order for [2, 2, O] reflection from Ni (BCC)
is 38.2°. When x-rays of wavelength A=1.54 A° are employed in a
diffraction experiment. Determine the lattice parameter of Ni.

3) Monochromatic x-rays of A=1.5Ac¢ is incident on a crystal phase having
an inter planar spacing of 1.6A°. Find the highest order for which
Bragg’s reflection maximum can be seen.

4) Calculate the glancing angle at (110) plane of a cubic crystal having
axial length a=0.2nm.corresponding to the 2nd order diffraction
maximum for the x-rays of wavelength 0.065nm



5) The Bragg’s angle for reflection from the (111) plane in a BCC crystal
is 19.20. For an X-ray of wavelength 1.54 A9. Compute the cube edge
of the unit cell.

6) What is the angle at which the 3rd order reflection of x-rays of 0.79A9
wavelength can occur in a crystal of 3.04X10-8cm?

7) A beam of x-ray is incident on an ionic crystal with lattice spacing
0.313nm. Calculate the wavelength of x-rays, if the first order Bragg’s
reflection takes place at a glancing angle of 7948’

8) Calculate the interplanar spacing for (3 2 1) plane in a simple cubic
lattice whose lattice contact a=4.2x 107° m.

9) The atomic radius of copper is 1.278 AO. It has atomic weight 63.54.
Find the density of copper.



ENGINEERING PHYSICS
Unit IV:
Non-Destructive Testing using Ultrasonics

Objective:

» Assess the use of ultrasonicsin NDT in evaluating the material characterization, flaw detection
and data representation.

Syllabus:

Ultrasonic Testing-Basic principles-Transducer- Couplant and inspection standards- Inspection
Methods-Pulse Echo Technique-Flaw detector- Different Types of scans- Applications

Outcomes:

At the end of the unit, the students are able to

1. interpret the basic principles of NDT using ultrsonics.
2. relate the knowledge of NDT to carry out inspection methods in ultrasonic testing.
3. anaysethe different scans methods in data representation in the material inspection.



NON DESTRUCTIVE TESTING USING ULTRASONIC S

Ultrasonic Testing — Basic Principal — Transducer-Couplant and inspection standards —inspection
methods —Pulse Echo Testing technique — Flaw Detector — Different Types of Scans— Applications

Introduction: Ultrasonic Testing

Ultrasonic Testing (UT) uses high frequency sound waves (typically in the range between
0.5 and 15 MHz) to conduct examinations and make measurements. Besides its wide
use in engineering applications (such as flaw detection/evaluation, dimensional
measurements, material characterization, etc.), ultrasonics are also used in the medical
field (such as sonography, therapeutic ultrasound, etc.).

In general, ultrasonic testing is based on the capture and quantification of either the
reflected waves (pulse-echo) or the transmitted waves (through-transmission). Each of
the two types is used in certain applications, but generally, pulse echo systems are more
useful since they require one-sided access to the object being inspected.

Basic Principles

A typical pulse-echo UT inspection system consists of several functional units, such as

the pulser/receiver, transducer, and display devices. A pulser/receiver is an electronic
device that can produce high voltage electrical pulses.

Pulser/Receiver

Transducer

[nitial Pulse _________.l
—
Back Surface

Echo

Crack
Echo

n)
2]
o
0
=

| m— |
(&=

0 2 4 6 8 10 12 Plate

Driven by the pulser, the transducer generates high frequency ultrasonic energy. The
sound energy is introduced and propagates through the materials in the form of waves.
When there is a discontinuity (such as a crack) in the wave path, part of the energy will
be reflected back from the flaw surface.



The reflected wave signal is transformed into an electrical signal by the transducer and
is displayed on a screen. Knowing the velocity of the waves, travel time can be directly
related to the distance that the signal traveled. From the signal, information about the
reflector location, size, orientation and other features can sometimes be gained.

Advantages and Disadvantages
The primary advantages and disadvantages when compared to other NDT methods are:
Advantages

It is sensitive to both surface and subsurface discontinuities.

The depth of penetration for flaw detection or measurement is superior to other
NDT methods.

Only single-sided access is needed when the pulse-echo technique is used.

It is highly accurate in determining reflector position and estimating size and
shape.

Minimal part preparation is required.
It provides instantaneous results.
Detailed images can be produced with automated systems.

It is nonhazardous to operators or nearby personnel and does not affect the
material being tested.

It has other uses, such as thickness measurement, in addition to flaw detection.
Its equipment can be highly portable or highly automated.

Disadvantages
Surface must be accessible to transmit ultrasound.

Skill and training is more extensive than with some other methods.

It normally requires a coupling medium to promote the transfer of sound energy
into the test specimen.

Materials that are rough, irregular in shape, very small, exceptionally thin or not
homogeneous are difficult to inspect.

Cast iron and other coarse grained materials are difficult to inspect due to low
sound transmission and high signal noise.

Linear defects oriented parallel to the sound beam may go undetected.

Reference standards are required for both equipment calibration and the
characterization of flaws.



TRANSDUCERS

Piezoelectric Transducers

The conversion of electrical pulses to mechanical vibrations and the conversion of
returned mechanical vibrations back into electrical energy is the basis for ultrasonic
testing. This conversion is done by the transducer using a piece of piezoelectric material
(a polarized material having some parts of the molecule positively charged, while other
parts of the molecule are negatively charged) with electrodes attached to two of its
opposite faces. When an electric field is applied across the material, the polarized
molecules will align themselves with the electric field causing the material to change
dimensions. In addition, a permanently-polarized material such as quartz (SiO2) or
barium titanate (BaTiOs3) will produce an electric field when the material changes
dimensions as a result of an imposed mechanical force. This phenomenon is known as
the piezoelectric effect.

piezoceramic
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The active element of most acoustic transducers used today is a piezoelectric ceramic,
which can be cut in various ways to produce different wave modes. A large piezoelectric
ceramic element can be seen in the image of a sectioned low frequency transducer. The
most commonly employed ceramic for making transducers is lead zirconate titanate.

The thickness of the active element is determined by the desired frequency of the
transducer. A thin wafer element vibrates with a wavelength that is twice its thickness.
Therefore, piezoelectric crystals are cut to a thickness that is 1/2 the desired radiated
wavelength. The higher the frequency of the transducer, the thinner the active element.
Quartz is Silicon dioxide (Sioz] . It occurs naturally.The atoms are arranged as shown fig.

They form a hexagon in the plane of the paper. The optical axis in quartz is z and is
perpendicular to the xy plane. The line joining the opposite faces represents y axes. The
line joining opposite corners are called
x.A plate of quartz with its surface
perpendicular to the X-axis is called on X-
cut crystal a plate with its face
perpendicular to the Y-axis is called Y-cut
crystal. Piezoelectricity in quartz along
the optic axis is absent. Piezoelectric
effect is maximum along the X-axis
minimum along Y-axis.




Transducer Types

Ultrasonic transducers are manufactured for a variety of applications and can be custom
fabricated when necessary. Careful attention must be paid to selecting the proper
transducer for the application. It is important to choose transducers that have the
desired frequency, bandwidth, and focusing to optimize inspection capability. Most
often the transducer is chosen either to enhance the sensitivity or resolution of the
system.

Transducers are classified into two major groups according to the application.

Contact transducers are used for direct contact inspections, and are generally hand
manipulated. They have elements protected in a rugged casing to withstand sliding
contact with a variety of materials. These transducers have an ergonomic design so that
they are easy to grip and move along a surface. They often have replaceable wear plates
to lengthen their useful life. Coupling materials of water, grease, oils, or commercial
materials are used to remove the air gap between the transducer and the component
being inspected.

Immersion transducers do not contact the component. These transducers are designed
to operate in a liquid environment and all connections are watertight. Immersion
transducers usually have an impedance matching layer that helps to get more sound
energy into the water and, in turn, into the component being inspected. Immersion
transducers can be purchased with a planer, cylindrically focused or spherically focused
lens. A focused transducer can improve the sensitivity and axial resolution by
concentrating the sound energy to a smaller area. Immersion transducers are typically
used inside a water tank or as part of a squirter or bubbler system in scanning
applications.

Cylindrical Focus Spherical Focus



Other Types of Contact Transducers

Contact transducers are available in a variety of configurations to improve their
usefulness for a variety of applications. The flat contact transducer shown above is used
in normal beam inspections of relatively flat surfaces, and where near surface resolution
is not critical. If the surface is curved, a shoe that matches the curvature of the part may
need to be added to the face of the transducer. If near surface resolution is important
or if an angle beam inspection is needed, one of the special contact transducers
described below might be used.

Dual element transducers contain two independently operated elements in a single
housing. One of the elements transmits and the other receives the ultrasonic signal.
Dual element transducers are especially well suited for making measurements in
applications where reflectors are very near the transducer since this design eliminates
the ring down effect that single-element transducers experience (when single-element
transducers are operating in pulse echo mode, the element cannot start receiving
reflected signals until the element has stopped ringing from its transmit function). Dual
element transducers are very useful when making thickness measurements of thin
materials and when inspecting for near surface defects. The two elements are angled

towards each other to create a crossed-beam sound path in the test material.
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Delay line transducers provide versatility with a variety of replaceable options.
Removable delay line, surface conforming membrane, and protective wear cap

options can make a single transducer effective for a wide range of applications. As the
name implies, the primary function of a delay line transducer is to introduce a time
delay between the generation of the sound wave and the arrival of any reflected waves.
This allows the transducer to complete its "sending" function before it starts its
"receiving" function so that near surface resolution is improved. They are designed for
use in applications such as high precision thickness gauging of thin materials and
delamination checks in composite materials. They are also useful in high-temperature
measurement applications since the delay line provides some insulation to the
piezoelectric element from the heat.

MEMBRANE -~~~ _
ﬁ’ “DELAY UNE >

WEAR CAP



Angle beam transducers and wedges are typically used to introduce a refracted shear
wave into the test material. Transducers can be purchased in a variety of fixed angles

or in adjustable versions where the user determines the angles of incidence and
refraction. In the fixed angle versions, the angle of refraction that is marked on the

transducer is only accurate for a particular material, which is usually steel. The most
commonly used refraction angles for fixed angle transducers are 45°, 60° and 70°. The
angled sound path allows the sound beam to be reflected from the backwall to

improve detectability of flaws in and around welded areas. They are also used to
generate surface waves for use in detecting defects on the surface of a component.

Couplant
A couplant is a material (usually liquid) that facilitates the transmission of ultrasonic

energy from the transducer into the test specimen. Couplant is generally necessary
because the acoustic impedance mismatch between air and solids is large. Therefore,
nearly all of the energy is reflected and very little is transmitted into the test material.
The couplant displaces the air and makes it possible to get more sound energy into the
test specimen so that a usable ultrasonic signal can be obtained. In contact ultrasonic
testing a thin film of oil, glycerin or water is typically used between the transducer and
the test surface. When shear waves are to be transmitted, the fluid is generally selected
to have a significant viscosity.

Contact
Transducer

Couplant

Test Material

When scanning over the part, an immersion technique is often used. In immersion
ultrasonic testing both the transducer and the part are immersed in the couplant, which
is typically water. This method of coupling makes it easier to maintain consistent
coupling while moving and manipulating the transducer and/or the part.



Inspection standards

Materials that are rough, irregular in shape, very small, exceptionally thin or not
homogeneous are difficult to inspect., therefore they must be smooth,regular in
shape, sufficient thick and homogeneous.

Surface must be prepared by cleaning and removing loose scale, paint etc,
although paint that is properly bounded to a surface usually need not be
removed.

Couplants are needed to provide effective transfer of ultrasonic wave energy
between transducers and parts being inspected unless a non — contact technique
is used.

Inspected items must be water resistant, when using water based couplants that
do not contain rust inhibitors.

Inspection methods

There are basically two methods to test an object using ultrasonic waves whether there
are any defects are flaws. These two methods can be obtained by receiving the
ultrasound waveform by reflection(pulse-echo) and attenuation(through -
transmission).

In reflected mode, the transducer performs both the sending and receiving of the
pulsed waves as the sound is reflected back to the device. Reflected ultrasound comes
from an interface such as the back wall of the object or from an imperfection within the
object. The diagnostic machine displays these results in the form a signal with amplitude
representing the intensity of the reflection and the distance, representing the arrival
time of the reflection.

In attenuation mode, a transmitter sends ultrasound through one surface and a
separate receiver detects the amount that has reached it on another surface after
travelling through the medium. Imperfections or other conditions in the space between
the transmitter and receiver reduce the amount of sound transmitted, thus revealing
their presence. Using the couplant increases the efficiency of the process by reducing
the losses in the ultrasonic wave energy due to separation between the surfaces.

Pulse Echo testing technique

Pulse-echo ultrasonic measurements can determine the location of a discontinuity in a
part or structure by accurately measuring the time required for a short ultrasonic pulse
generated by a transducer to travel through a thickness of material, reflect from the
back or the surface of a discontinuity, and be returned to the transducer. In most
applications, this time interval is a few microseconds or less. The two-way transit time
measured is divided by two to account for the down-and-back travel path andmultiplied
by the velocity of sound in the test material. The result is expressed in the well-known
relationship:
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Where is the distance from the surface to the discontinuity in the test piece, is the
velocity of sound waves in the material, and is the measured round-trip transit time.

Precision ultrasonic thickness gages usually operate at frequencies between 500 kHz
and 100 MHz, by means of piezoelectric transducers that generate bursts of sound
waves when excited by electrical pulses. Typically, lower frequencies are used to
optimize penetration when measuring thick, highly attenuating or highly scattering
materials, while higher frequencies will be recommended to optimize resolution in
thinner, non-attenuating, non-scattering materials. It is possible to measure most
engineering materials ultrasonically, including metals, plastic, ceramics, composites,
epoxies, and glass as well as liquid levels and the thickness of certain biological
specimens. On-line or in-process measurement of extruded plastics or rolled metal
often is possible, as is measurements of single layers or coatings in multilayer materials

Pulser/Receiver

Transducer

Initial Pulse . -
Back Surface

Echo [~ 1

|

(€

<c:r.

0
=

racl

—

6 8 10 12 Plate

Data Presentation

Ultrasonic data can be collected and displayed in a number of different formats. The
three most common formats are known in the NDT world as A-scan, B-scan and C-scan
presentations. Each presentation mode provides a different way of looking at and
evaluating the region of material being inspected. Modern computerized ultrasonic
scanning systems can display data in all three presentation forms simultaneously.

A-Scan Presentation
The A-scan presentation displays the amount of received ultrasonic energy as a function

of time. The relative amount of received energy is plotted along the vertical axis and the
elapsed time (which may be related to the traveled distance within the material) is
displayed along the horizontal axis. Most instruments with an A-scan display allow the
signal to be displayed in its natural radio frequency form (RF), as a fully rectified RF
signal, or as either the positive or negative half of the RF signal. In the A-scan



presentation, relative discontinuity size can be estimated by comparing the signal
amplitude obtained from an unknown reflector to that from a known reflector.
Reflector depth can be determined by the position of the signal on the horizontal time

axis.
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Time Scan Distance

In the illustration of the A-scan presentation shown in the figure, the initial pulse
generated by the transducer is represented by the signal IP, which is near time zero. As
the transducer is scanned along the surface of the part, four other signals are likely to
appear at different times on the screen. When the transducer is in its far left position,
only the IP signal and signal A, the sound energy reflecting from surface A, will be seen
on the trace. As the transducer is scanned to the right, a signal from the backwall BW
will appear later in time, showing that the sound has traveled farther to reach this
surface. When the transducer is over flaw B, signal B will appear at a point on the time
scale that is approximately halfway between the IP signal and the BW signal. Since the
IP signal corresponds to the front surface of the material, this indicates that flaw B is
about halfway between the front and back surfaces of the sample. When the transducer
is moved over flaw C, signal C will appear earlier in time since the sound travel path is
shorter and signal B will disappear since sound will no longer be reflecting from it.

B-Scan Presentation

The B-scan presentation is a type of presentation that is possible for automated linear
scanning systems where it shows a profile (cross-sectional) view of the test specimen. In
the B-scan, the time-of-flight (travel time) of the sound waves is displayed along the
vertical axis and the linear position of the transducer is displayed along the horizontal
axis. From the B-scan, the depth of the reflector and its approximate linear dimensions
in the scan direction can be determined. The B-scan is typically produced by establishing
a trigger gate on the A-scan. Whenever the signal intensity is great enough to trigger the
gate, a point is produced on the B-scan. The gate is triggered by the sound reflected
from the backwall of the specimen and by smaller reflectors within the material. In the



B-scan image shown previously, line A is produced as the transducer is scanned over the
reduced thickness portion of the specimen. When the transducer moves to the right of
this section, the backwall line BW is produced. When the transducer is over flaws B and
C, lines that are similar to the length of the flaws and at similar depths within the
material are drawn on the B-scan. It should be noted that a limitation to this display
technique is that reflectors may be masked by larger reflectors near the surface.

C-Scan Presentation
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C-SCAN PRESENTATION

The C-scan presentation is a type of presentation that is possible for automated two-
dimensional scanning systems that provides a plan-type view of the location and size of
test specimen features. The plane of the image is parallel to the scan pattern of the
transducer. C-scan presentations are typically produced with an automated data
acquisition system, such as a computer controlled immersion scanning system.

Typically, a data collection gate is established on the A-scan and the amplitude or the
time-of-flight of the signal is recorded at regular intervals as the transducer is scanned
over the test piece. The relative signal amplitude or the time-of-flight is displayed as a
shade of gray or a color for each of the positions where data was recorded. The C-scan
presentation provides an image of the features that reflect and scatter the sound within
and on the surfaces of the test piece.

High resolution scans can produce very detailed images. The figure shows two ultrasonic
C-scan images of a US quarter. Both images were produced using a pulse-echo
technique with the transducer scanned over the head side in an immersion scanning
system. For the C-scan image on the top, the gate was setup to capture the amplitude of
the sound reflecting from the front surface of the quarter. Light areas in the image



indicate areas that reflected a greater amount of energy back to the transducer. In the
C-scan image on the bottom, the gate was moved to record the intensity of the sound
reflecting from the back surface of the coin. The details on the back surface are clearly
visible but front surface features are also still visible since the sound energy is affected
by these features as it travels through the front surface of the coin.




Assignment —cum- tutorial questions

|. Questionstesting theremembering / under standing level of students

1. Give Examples of couplants

2. Thetransducers of ultrasonic flaw detectors produce ultrasonic waves due to [
a) Magnetostricition effect b) Mechanical effect
c) Piezoelectric effect d) none of the above

3. Couplant isused in ultrasonic flaw detectorsto [

a) Increasetheintensity of ultrasound
b) Reduce the acoustic impedance mismatch between air and testpiece
c) Increase the acoustic impedance mismatch between air and testpiece
d) None of the above

4. Thefrequency of ultrasonic wavesis [

a) below 20kHz b) above 20kHz c) above 20Hz d) none of the above

5. A constant testing of product without causing any damageiscalled [

a) Minute testing b) Destructivetesting ¢) Non-destructive testing d) Random testing

6. Thesigna dueto areflected waveiscalled [
a) Transmitted wave b) Longitudinal wave c) Echo d) Peaco

7. Thetype of ultrasonic waves that exist in the solid are
8. Ultrasonic wavesis not employed in [

a) Non-destructive testing b) Determination of elastic constant

c) Determination of velocity of sound d) Determination of electrical conductivity
9. If the particles vibrate perpendicular to the propagation of the wave thenitiscalled.|

a) Longitudina waves b) Rayleigh waves c) Lamb waves d) Shear waves
10. In the production of ultrasonics cut quartz crystals are used.

DESCRIPTIVE QUESTIONS
Short Answer Questions:
What are Piezoelectric transducers?
Write the properties, applications of ultasonics
What are ultrasonics? Mention the methods to produce ultrasonics?
Why couplants are used in ultrasonic testing ?
Give examplesof Piezoelectric transducers?
How are ultrasonic waves classified?
. Mention various methods of non destructive testing.
Long Answer Questions:
1 Explain the basic principles of ultrasonic testing.
2. What are Piezoelectric transducers? Explain Pulse-echo technique in non destructive
ultrasonic testing.
What is non destructive testing ?Explain how flaw in solid can be detected by non
destructive method using ultrasonics.
Explain the advantages and disadvantages of ultrasonic testingin NDT
Explainindetail A,B.C scansof data presentation in ultrasonic inspection.
What are couplants? Explain the requirement of a Couplant in ultrasonic testing.
Describe different types of probes in ultrasonic testing.
Analyze in detail the contact method, immersion methods of ultrasonic testing.
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ENGINEERING PHYSICS

UNIT -V

Objective:
» Understand the properties of light
Syllabus:
Wave Optics
Interference: Introduction — Interferencein thin films by reflection — Newton’s rings.

Diffraction : Introduction — Fraunhofer diffraction - Fraunhofer diffraction at single dit—
Diffraction grating — Resolving power of a grating

Polarization: Introduction — Types of Polarization — Double refraction — Quarter wave plate and Half
Wave plate.

L earning Outcomes:
At theend of this chapter studentsare ableto

calculate path differencein thin films by reflection

work out the radius of curvature of given plano convex lens
derive expression for franhoffer single dit diffraction
obtain expression for resolving power of grating.

Sketch double refraction

O O O O o o

differentiate between half wave and quarter wave plate



ENGINEERING PHYSICS

Learning Material
Unit 5PHYSICAL OPTICS

Interference
Principle of superposition: When two or more waves overlap, the net

disturbance at any point is the sum of the individual disturbances due to each
wave.

Interferencein thin films

The colours of thin films, soap bubbles and oil slicks can be explained as due to the phenomenon of
interference. In al these examples the formation of interference pattern is by the division of amplitude.
For example. If a plane wave fals on athin film then the wave reflected from the upper surface interferes
with the wave reflected from the lower surface. Such studies have many practical applications such as
production of non reflecting coatings.

Interferencein plane parallel filmsdueto reflected light

Let us consider aplane parallel film. Let light beincident at A part of the light is reflected towards R: and
the other part isrefracted into the film towards B. this second part is reflected at C and emerges as R, and
isparallel to thefirst part.

At normal incidence, the path difference between ray 1 and ray 2 istwice the optical thickness of
the film.

R1
R2

meE——————{m O

A =2ut
At oblique incidence the path difference is given by A= pn(AB+BC) - AD

=22 _AD  [cosr=> AB =——=——=B(]

COST cosr cosr




2ut

= 2uttanrsinr. [ AD = ACsini = 2AE. sini = 2t¢anr. pusinr]

i.e, 8 =2ut{— — tanrsi Y L W hich isknown as
€, 8= u {msr anrsinr} ut{ o } ut.cosr whi

cosine law.

where  is the refractive index of the medium between the surfaces since for air u=1,the path
difference between rayl and 2 isgiven by A = 2t.cosI.

it should be remembered that aray reflected at a surface backed by a denser medium suffers an abrupt
phase change of m which is equivalent to a path difference /1/2

thus the effective path difference between the two reflected raysis( 2ut.cosr+ A /2)

we know that maxima occurs when effective path difference A = nd

i.e, 2ut.cost= A/2 = nA
if this condition is fuifilled, the filim will appear bright in the reflected light.

NEWTON’S RINGS

Newton’s rings are formed due to the interference between the light waves reflected from the upper and
lower surfaces of air film of variable thickness formed between the convex lens and the glass plate.

The experimental arrangement of Newton’s rings is

Light from the source is rendered parallel by the
convex lens L, placed between the source and the
M L J glassplate G.
G

The glass plate G whichisinclined at an angle of
45° to the horizontal plane reflected the rays
>, s downward ontothelens L, the raysfall normally

G ] onthelensL;
1 These rays are reflected back in the opposite
11 g direction by the two surfaces of the air film
R P existing between the lens L; and glass plate P.
|

These reflected rays interfere. When the

microscope M is focused on the air film
interference fringes will be observed. Dark and bright circular fringes can be seen on thefield of
view of the microscope.

A black paper is usualy placed underneath the plate P in order to absorb the light passing down
through the glass plate thereby avoiding any reflection of light from the metallic bed of the instrument.

The formation of Newton’s rings can be explained as

PQ isamonochromatic light ray which falls on the lens L1. PQ undergoes reflection and refraction at R.
Thereflected ray RT undergoes no phase reversal. The refracted ray RS undergoes reflection at S and



takes the path SU with the phase reversal of ‘P’. The rays RT and SU interfere since they are derived
from the same ray PQ leading to Newton’s rings. Since the interference pattern. is due to reflected light
the path difference A is given by

Q
P | R A=2put.cosr + A /2

For air film p=1 and for normal incidencer = Q°
therefore the path differenceis given by

11 n=2t+A[2

Casel: Atthe point of contact of the lens
| and pletet=0

~A= /1 / 2 thisisthe condition for destructive

interferencei.e., minimum intensity hence the
central spot of the ring is dark.

The condition for the formation of a bright ring is given by

A - A A
2t +5 =nAor2t= ni — /2 = (2?'1 — 1) /2 where n=0,1,2,....
The condition of minimum intensity for a dark ring is

2t +A/2 =2n + 1) ’1/2 Or 2t =NA wheren=01,23,....

Now let us calculate the diameters of these fringes.
D

N

Let LoL?* be the lens placed on the glass plate AB. The curved surface LoL ! is part of the spherical surface
with the centre at C. Let R be the radius of curvature and r be the radius of Newton’s ring corresponding
to constant film thicknesst.

From the property of the circlei.e., NPXx NQ = NO x ND
i.e,rxr = t(2R-t) =2Rt -?=2Rt  ie.,r?=2Rtort=r*2R

G2 L PV
Thus for a bright fringe ZZLR = g—nzl—)ﬂ

a2 :
get Dn=v2ARV2n — 1 simitaly fur adark fringe % =niorr: =nAR

o _ (2n-1)AR

orr replacing r by D/2 where D isthe diameter we



D% =4nAR Dn=2VniR

Thus, the diameters of the rings are proportional to the square roots of the natural number. By measuring
the diameter of the Newton’s rings, it is possible to calculate the wavelength of light as follows. We have
for the diameter of the nth dark fringe

D% = 4nAR
[ly diameter for the (n+P)th dark fringe DfHP = 4(n+p)AR
~ D%y - Di =4pAR

A_Drzﬁp - Di?t
- 4pR

A can be calculated by using this formula

DIFFRACTION

When light falls on obstacles or small apertures whose sizeis comparable with the
wavelength of light, there is a departure from straight lines propagation the light
bends round the corners of the obstacles or apertures and entersin the geometrical
shadow . Thisbending of light is called diffraction

Kindsof diffraction.
Diffraction phenomenon can be divided into following two general class

1 Fraunhofer’s diffraction :- In this class of diffraction source and the screen or telescope
(through which the image is viewed ) are placed at infinity or effectively at infinity. In this case the wave
front which isincident on the aperture or obstacle is plane..

Il Fresnel’s diffraction:- In this class of diffraction, source and screen are placed at finite distances
from the aperture of obstacle having sharp edges. In this case no lenses are used for making the rays
parallel or convergent. The incident wave fronts are either spherical or cylindrical.

FRAUNHOFER DIFFRACTION AT SINGLE SLIT

AB is a narrow dlit of width e. Let a plane wave front WW?* of monochromatic light of wave
length A propagating normally to the slit be incident on it. Let the diffracted light be focussed by
means of a.convex lens on a screen placed in the focal plane of the lens. According to Huygens-
Fresnel, every point of the wave front in the plane of the dlit is a source of secondary spherical
wavelets, which spread out to the right in all directions. The secondary wavelets travelling
normally to the dlit, i.e., along the direction OPo, are brought to focus at P, by the lens. Thus P,
is a bright central image. The secondary wavelets travelling at an angle 8 with the normal are
focussed at a point Py on the screen. The point P1 is of the minimum intensity or maximum
intensity depending upon the path difference between the secondary waves originating from the
corresponding points of the wave front.
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Fig: 2(b): Experimental arrangement and geometrical construction to understand
the distribution of intensity on a screen in the single slit pattern

GENERAL MATHEMATICAL THEORY

In order to find out intensity at Pi, draw a perpendicular AC on BR. The path difference between
secondary wavelets from A and B in direction 8

=BC =ABsind =esing,

And corresponding phase difference =2-)1—Tr .e sinf.

Let us consider that the width of the dlit is divided into n equal parts and the amplitude of the wave from
each part is a(because width of each part is same). The phase difference between any two consecutive
waves from these parts would be

~(Total Phase) = —(=". e sind) = d (say)

Using the method of vector addition of amplitudes as discussed above, the resultant amplitude R is given
by

. nd in (llesing i :
R=gSn%p _  sinCe” /3) = a0 here g = Mesind/
sind‘,‘rz sm(]'fesmf?h ) sin%/n A
sina sina sina
—— i —— "=
sin%/n a a

(whenn - o,a — 0 but product na=A remains finite)

Now theintensity isgivenby | =R?= A%(5)2 =lo(*=0)?

a

Intensity distribution

sina

Principal maximum. The expression for resultant amplitude R = A -

sinao

Ifa=0Ilim = 1 (i.e., maximum value)
a—0 «a



= o=0 nesinﬂ/;l =0=>0=0
= now maximum value of R is A and intensity is proportional to A2. The condition # =0 means that

this maximum is formed by those secondary wavelets which travel normally to the dit. The
maximum is known as as principle maximum.

Minimum intensity positions

The intensity will be minimum when sina = 0. The values of a which satisfy this equation are
A =tn+2n,£3n,+4m,..... etc =tmT

Or I_l“"s”“g/‘1 =+mn or esinf =tmm where m = 1,2,3,....etc

In this way we obtain the points of minimum intensity on either side of the principle maximum. The value
of m=0is not admissible, because for this value 8 =0 and this corresponds to principle maximum.

Secondary maxima. In addition to principal maximum at a = O,there are weak secondary maxima
between equally spaced minima. The positions can be obtained with the rule of finding maxima and
minima of a given function in calculus. Differentiating the expression of | with respect to a and equating
to zero we have

dl d 5 (sina\2 5 25ina (acosa—sina
&= A2 (Z0) | = gor pziEne lzonand)
da da a a a

Either sina = 0 gives the values of a(except 0) for which the intensity is zero on the screen. Hence the
position of maxima are given by the roots of the equation acosa — sina = 0 or o = tana

The values of a satisfying the above equation are obtained graphically by plotting the curves

Y =aand y = tana are shown below

4—%’ : ;3 o “": +
> ” | |

The point of intersections are o =0,J_r3i—z—Tr ; J_r% etc.,
Or more exactly to a =0, £1.430m, +2.462m, +3.471m, etc
sina. -

a = 0 gives principle maximum. Substituting approximate values in a in | =R?= Az(T)-

we get the intensities in various maxima l,=AZ(Princi ple maximum)



P 2 2
I1=A2[EF£I—%—)] = 2—2 (1% subsidiary maximum)
2

2

in(5T/ 2z
—p2[fmCR)]" % (2" subsidiary maximum) and so on. From the expressions of Iol1,l2, it is evident

2= 5T
(C"/2)
that most of the incident light is concentrated in the principle maximum.
A
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Intensity distribution graph
DIFFRACTION GRATING

Though David Rittenhouse invented diffraction grating in 1785, the important contributions came only
later from Fraunhoffer. A diffraction grating is an optical device consists of aglass or polished metal
surface over which  thousands of fine, equidistant, closely spaced parallel lines are been ruled. Gratings
are mainly of two types, the transmission grating and reflection grating. The ruling on areflecting surface
such as aluminium can make the reflection grating.

GRATING ELEMENT

Distance between two consecutive dits (lines) of agrating is called grating e ement. If 'a’isthe width
of transparent portion and 'b’ is the width of opaque portion, then grating element’d’ is givenby; d=a+b
if there are N number of lines per unit length, the grating element is given by d=1/N =1/(a+b) usually, the
number N is 15000 lines per inch for agood quality grating.

Large scale productions of gratings are made by taking the cast of an actual grating on atransparent film
like cellulose acetate. Cellul ose acetate solution of proper strength is poured on the ruled surface and is
alowed to dry. A strong thin film is formed which is detached from the parent grating and preserved by
mounting it between two glass sheets.

PRINCIPLE

Its working principleis based on the phenomenon of diffraction. The space between lines act as dlits
and these dits diffract the light waves there by producing alarge number of beams which interferein
such away to produce spectra.

The grating spectrum:-

The positions of the principle maximaaregivenby dsné =mA ;m=0,1,2......(2)



Thisrelation which isaso called the grating equation can be used to study the dependence of the angle of
diffraction 8 on the wavelength A . The zeroth order principle maximum occursat 8 = 0 irrespective of
the wavelength. Thus, if we are using a polychromatic source (e.g white light) then the central maximum
will be of the same colour as the sourceitself. However, the m#0, the angles of diffraction are different
for different wave lengths and therefore various spectral components appear at different positions. Thus
by measuring the angles of diffraction for various colours one can (knowing the value of m) determines
the values of the wavelengths. It may be mentioned that the intensity is maximum for the zeroth order
spectrum (where no dispersion occurs) and it falls off as the value of m increases.

A m
AL~ dcos@

If we differentiate equation (1) we would obtain ----(2) from thisresult we can deduce the

following conclusions

(1) Assuming 6 to be very small (i.e., cos @ =1) we can see that the angle A 8 isidirectly proportional
to the order of spectrum (m) for a given (A1) so that for agiven m, i—g is a constant. Such a

spectrum is known as a normal spectrum and in this the difference in angle for two spectral lines
isdirectly proportional to the difference in wavelengths. However for large 8, it can be easily
shown that the dispersion is greater at the red end of the spectrum.

(2) Equation (2) tells us that A @ isiinversely proportiona to d and therefore smaller the grating
element the larger will be the angular dispersion.

Rayleigh’s criterion for resolving power:

To express the resolving power of an optical instrument as a numerical value, lord Rayleigh proposed an
arbitrary criterion. According to him, two nearby images are said to be resolved if the position of the
central maximum of one coincideswith thefirst secondary minimum of the other and vice ver sa.

Resolving power of grating

One of the important properties of a diffraction grating is its ability to separate spectral lines which have
nearly the same wavelength. The resolving power of a diffraction grating is defined as the capacity to
form separate diffraction maxima of two wavelengths which are very close to each other. This is

measured by i where AA isi the smallest difference in two wavelengths which are just resolvable by

grating and A is the wavelength of either of them or mean wavelength. the Rayleigh criterion can be used
to define the limit of resolution. According to this criterion, if the principle maximum corresponding to
the wavelength A + AA falls on the first minimum of the wavelength A, then the two wavelengths A and
A+ AA are said to be just resolved. If this common diffraction angle is represented by 6 and if we are
looking at the mth order spectrum, then the two wavelengths A and A + AA will be just resolved if the
following two equations are simultaneously satisfied.

= dsin 8 =m(4d + Ad)

And dsin8 = mi +% thus R = ﬁ = mN. Which implies that the resolving power depends on the total

number of lines in the grating-obvicusly on only those lines which are exposed to the incident beam.
Further, the resolving power is proportional to the order of the spectrum.



Polarization
The phenomena of interference and diffraction which we discussed tell you that light is aform of
wave motion.

To be precise it isaform of wave motion involving electric and magnetic fields. In genera there
are two forms of wave motion (a) longitudinal and (b) transverse. In the case of longitudinal
waves the vibrations are aways parallel to the direction of propagation. In the plane at right
angles to the direction of propagation there is no motion.

In the case of transverse wave motion the vibrations are always perpendicular to the direction of
propagation thus in case of transverse wave motion two directions have to be specified. One the direction
of propagation and the other that of direction of vibration. Maxwell’s electromagnetic theory predicts the
light waves to be transverse.

NATURE OF LIGHT

Consider a tourmaline crystal ‘A’ cut parallel to its crystallographic axis and held in the path of ordinary
light such that light falls normally on it. If the crystal ‘A’ is rotated about SO, there is no change in
intensity of the transmitted beam. Now, another similar crystal B is placed in the path such that the axis of
B ispardld totheaxis of A. Then dl the light transmitted by A will be completely transmitted by B.

Now if crystal B is rotated about the beam axis, the intensity of light coming out of B decreases and
becomes zero when the axes of A and B are perpendicular to each other. If b is rotated further, the
intensity again increases and becomes maximum when both axes are parallel again. From the experiment,
it is evident that light coming out of the crystal has acquired some property which prevents it being
transmitted by the second crystal when its axis is perpendicular to the first one. That is, the light coming
out of crystal has its oscillations confined to only one direction, the direction perpendicular to the
direction of propagation of light. Hence, the light polarized by A will pass completely through B only if
its axis is parallel to vibrations of light falling on B. It will be completely stopped if the axis of B is
perpendicular to the vibrations of light faling on it. This proves that light waves are transverse waves.

B




POLARIZATION

Light is electromagnetic in nature. It consists of oscillating electric and magnetic fields. They are
perpendicular to each other and also to the direction of propagation of the wave. In electromagnetic waves
emitted by any common light source (electric bulb, sun etc) the eectric vector at any given point is
always perpendicular to the direction of propagation. But there are infinite number of directions which are
perpendicular to the direction of propagation. So the eectric vector changes its direction randomly which

represents unpolarized or ordinary light.

Figure 1: Unpolarized light
Types of Polarized light

Polarization isthe process of restricting the vibrations of the electric field vector: if the electric field
vector at a point always remains parallel to afixed direction, that light is called linearly or plane polarized
light. If the electric vector traces a circle, it is called circularly polarized light. In elliptically polarized
light, the electric vector traces an ellipse.

Linearly polarized light

An electromagnetic wave (light wave) is said to be linearly polarized or Plane polarized if the plane
containing the electric field vector is constant. That is the electric field vector at any point will be
oscillating in afixed direction perpendicul ar to the direction of propagation.

—0-0-0-0-0—
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Fig: Linearly polarized light
Circularly polarized light

In circular polarization, the electric field vector no longer oscillates in a plane as in linear polarization.
However, the electric field vector is constant in magnitude and proceeds in the form of helix around the
axis of propagation. Within one wavelength, the E vector completes one revolution. When looking
towards the light source, if the tip of the vector rotates clockwise the light is said to be right circularly
polarized and if it rotates anticlockwise it is left circularly polarized.

IO

(a)Helical motion in the direction of bropagation (b) Looking towards the light source

Elliptically Polarized light

Elliptical polarization is the most general type of polarization, which stands between linear and circular
polarizations. Linear and circular are two extremes of elliptical polarization. In this polarization, the tip of
the vector proceeds in the form of aflattened helix. The vector rotates and its magnitude changes
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Circular, elliptical(flattened to different levels) and linear polarization

TYPESOF POLARIZED LIGHT —ANALYTICAL TREATMENT

The polarized light is, in general, eliptical and the linearly and circularly polarized ones are its special
cases. For a wave travelling in the z-direction, the electric field components in the x and y-directions are:
Ex = Exsinet ----(1) Ey = Exsin(wt + ¢)-----(2) where E; and E> are the amplitudes of Ex and Ey,
respectively. The angle § is the time phase angle by which E, leads Ex. Expanding the sine term in
equation (2), we get

Ey = Ex(Sin wtcos d+coswtsin §)------ (3)

= - 5 2
From equation (1), we have sin wt = Eﬁ and coswt = [1— (EE) -------- (4
1 1

Substituting the values of sin @t and cosat in equation (3) we obtain

Ey _Ey E:N° . By By _ Ex\? .
7 5 i ,1 = (b_l) sing ---(5) 5 5.0 =1~ (b_l) sing ----- (6)

Squaring and rearranging, we get

EZ 2FE.E E2 Ef
¥ Xy X - o X 5 0
E_22 TEE, cos§ +E—fcoszé =sin?$ —E—fsmzé

EZ | EZ 2E:E .
=42 - 205§ = sin®§ ------ (7)
EZ " EZ  EE,

Thisisthe general equation of an ellipse. We shall now consider some: special cases.

() When § = 0; sind=0. cosd=1 from equation (7) we obtain
EZ E2 2E,E
— +%_£ =0
E? " E? EE,
E. E;\* E, E
(_i__z) —0or (_i__z)z 0

Ey E Ey E
By =G Ey --—(8)
This is the equation of a straight line and the wave is said to be linearly polarized.
(i) Whend = E and Ex# E; ; cos §=0. sin §=1. From equation (7), we obtain

r2 2
S,% + f’;’ = 1-----(9) which represents the equation of a symmetrical ellipse, and the wave is said to
1 2

be elliptically polarized.
(i)  Whens = g and E;= E>= E. From equation(9), we have



E2 + E,2= E2------(10)

This is the eguation of a circle. Here, the wave is said to be Ieft circularly polarized. When = —_ZE , the

waveisright circularly polarized.

Methods of polarization

The methods by which polarized waves are produced are classified under the following headings

(i)

(i1)
(iii)
(iv)

Polarization by Reflection

Polarization by double refraction
Polarization by selective absorption and
Polarization by scattering

Doublerefraction

When a beam of light is passed through a transparent crystal like calcite(CaCOs) or quartz(SiO») it
is split into two beams. Substances showing this property are called doubly refracting or
birefringent. If experiments are carried out for various angles of incidence, one of the beam is
found to obey the Snell’s law and is called the O-ray (ordinary ray). The other beam does not
obey Snell’s law and is not even found to be in the plane of incidence. This is caled the
extraordinary ray or E-ray. It isfound that

(i1)

(iii)
(iv)

(v)

(vi)

E-Ray

O- Ray

Figure: An illustration of double refraction along principle

O-ray travels in the crystal with the same speed in all directions. In other words the
crystal is characterized by a single value of refractive index for the O-ray.

E-ray travels in the crysta with a speed that varies with direction. In other words
refractive index for the E-ray varies with the direction and is in fact described by an
elipsoid.

Birefringence: The difference between the refractive index for O and E-raysis called
birefringence.

In the case of calcite and quartz there is one direction in which there is no double
refraction. This direction is called the optic axis. This direction is called the optic
axis. In a class of crystals caled biaxial crystas there are two directions in which
thereis no double refraction.

O-ray and E-ray are polarized at right angles to each and the actual polarization
depends on the direction of propagation. The vibration direction of O-ray is
perpendicular to the plane defined by the direction of propagation and optic axis. The
vibration direction of E-ray isin the plane defined by direction of propagation and the
optic axis.

One important thing to note is that even though O-ray and E-ray are derived from the
same beam, they will not exhibit interference fringes when they are made to interfere.
This crucial experimental observations enabled Thomas Y oung to guess



That light waves were transverse in character.

Since O and E rays are polarized perpendicular to each other, if some means can be found to
separate them, then this could be a way of producing polarized light from the unpolarized one.
Thisisin fact achieved by using aNicol prism.

Double Refraction in calcite crystal:

Calcite is colourless transparent crystal known as Iceland spar. It is hydrated calcium
carbonate(CaCos). It exists in several forms in nature and gives a rhombohedraon shape on
cleavage or breakage. The six faces of rhombohedron are parallelogram having angles 78° and
102° respectively. At the two opposite corners, all the angles of faces meet at obtuse angle 102°
known as blunt corners. At the remaining six corners, there are two acute angles(72°) and one
obtuse angle (1029).

Optic axis: The direction along which the velocities of ordinary and extra ordinary rays are same
is known as optic axis. The reference direction of the optic axis is given by the line passing
through one of the blunt corners and making equal angle with al the faces meeting at that corner.

NICOL PRISM

The Nicol prism is an optical device made from a calcite crystal. This is used in many optical
instruments for producing and analyzing polarized light. Nicol prism is made by cutting a calcite
crysta dong a diagona and cementing it back together again with a special cement caled
Canada balsam. Canada balsam is a transparent substance. It is optically more dense than calcite
for the E-ray and less dense for the O-ray(for sodiumlight no =1.65836, Ncanada basam=21.55,
ne=1.48641). There exists therefore a critical angle of refraction for the O-ray but not for the E-
ray. After both rays are refracted at the first crystal surface, the O-ray is totally reflected by the
first Canada balsam surface. While the E-ray passes on through to emerge parallel to the incident
light. Thus starting with ordinary unpolarized light, a Nicol prism transmits only the plane
polarized light.

Figure : Nicol prism



Two Nicols lined up one behind the other is often used in optical microscopes for studying
optical properties of crystals. Thefirst Nicol which is used to produce the plane polarized light is
called the polarizer and the second Nicol which is used to test the light is called the analyzer. In
the parallel position light from the polarizer passes on through the analyzer. Upon rotating the
analyzer through 90° no light is transmitted. In this case E-ray in the second Nicol is totally
reflected. Thus when Nicols are crossed no light is transmitted.

HALF WAVE AND QUARTER WAVE PLATES
Quarter wave plate:

It is a plate of doubly refracting crystal of calcite or quartz. Its refracting faces are cut paralld to
optic axis of the crystal to introduce a path difference of I’l or a phase difference of 7/, between
extraordinary and ordinary components of the polarized light

Input Polarisation
Plane

Linearly Pu‘mrir.cd

emergent plane
Input B P

polarized beam

with plane of
crystalline optic-axis polarization rotated
direction

Let us consider a doubly refracting crystal of thickness t, with refractive face cut parallel to the
optic axis. If a plane polarized light of wavelength A isincident normally on the plate, it breaks
into ordinary and extraordinary components of the wave and travels in the same direction with
different velocities. If the plate is of quartz a path difference of (gy — pe)t is introduced between
ordinary and extraordinary component of light.

For quarter wave plate, the path difference = ;’1- therefore (ug — pe )t =
B A

Quarter wave retardation plates can be used to convert the linearly polarized input light into the circularly

polarized or dlipticaly polarized light.
Half wave plate;

A
4

t

It is a doubly refracting crystal with face parallel to optic axis. It introduces a path difference of ;’1 ora

phase difference of m between extraordinary and ordinary components of light. If t is the
thickness of the plate and 1 is the wave length of incident beam, then for a positive quartz
crystd
.

2(#(} N nue)
Half wave retardation plates are often used to rotate the plane of alinearly polarized input beam.

t



Assignment-Cum-Tutorial Questions

SECTION-A
I) Objective Questions

1) When a thin film of oil is illuminated with white light, multiple colours appear
due to

A)Diffraction B) C) total internal reflection D)interference [ |
Polarization
2) In Newton’s rings, the spacing between consecutive rings with increase of
order of rings
A)increases B) remain C) Decreases D)None [ ]
constant

3)The capacity of an optical instrument to show separate images of very closely placed
two objects is called

A)magnifying B)Resolving C) interference power D)diffracting [ ]
power power power

4) In doubly refracting crystal, along optic axis

A) Po > e B) po = pe C) po < e D) po = pe? [ ]

5) The property that reveals the transverse nature of light is-------------
0) Along optic axis of a crystal the ordinary and extraordinary ray velocmes

7) In Fraunhoffer d1ffract10n the wave front of light used is ------------ .

8) The fringe width in Newton's rings will remain constant

[True/False]

9) Polarization proves the transverse nature of light

[True/False]

10) In interference there is no loss of energy

[True/False]

11) Which of the following statement is true? [ ]

a) A thin film having zero thickness at one end and progressively

increasing to a  particular thickness at the other end is called a wedge

shaped thin film.

b) A thin film having uniform thickness is called as a wedge shaped thin

film

c) A thin film having zigzag thickness is called as a wedge shaped thin

film

d) both b&c

12) Which of the following statement is true? [ ]

a) When an un-polarized light is propagating along the optic axis of an
anisotropic crystal it does split into two polarized light i.e., double
refraction

b) When an un-polarized light is propagating along the optic axis of an
anisotropic crystal it does not split into two polarized light i.e., no
double refraction.

c) When an un-polarized light is propagating along the optic axis of an
isotropic crystal it does not split into two polarized light.

d) None of the above



13) The plane glass plate in Newton’s rings arrangement is replaced by a plane
mirror. Which one of the following statements is true? [ ]
(a) the radii of the fringes decrease
(b) the radii of the fringes increase
(¢) the radii remain same
(d) no rings are observed.
14) Polaroid glass is used in sun glasses because [ ]
(a) it is cheaper
(b) it increases the light intensity to one and a half times on account of
polarization
(o) it reduces the light intensity to half its value on account of
polarization
(d) it produces irritation in the eye.
15) Match the following

a) Polychromatic source [ | 1) Sodium vapour lamp
b) Extended source [ ] 2) Mercury vapour lamp
¢) Monochromatic source [ | 3) Tube Light
16) Match the following
1) Uniaxial +ve crystal | | a) Calcite
2) Biaxial Crystal [ ] b) Quartz
3) Uniaxial —ve crystal | ] c) Topaz
SECTION-B

II) Descriptive Questions

1) Explain how Newton’s rings are formed in the reflected light. Derive
an
expression for diameters of dark and bright rings.

2) Derive an expression for maxima and minima intensity due to
interference
of reflected light from surface of a thin film.

3) Explain Fraunhofer Diffraction due to a single slit.

4) Explain Polarization by double refraction.

5) What is meant by resolving power of a grating? Derive an expression
for it.

6) Explain the construction and working of a Quarter wave plate and
Half wave plate.

7) Obtain an expression for the maximum order that can be obtained
with a grating.



IIl) Problems:

1.

Obtain the smallest angle of diffraction of the wavelength 70000 A in a
grating having 15000 lines per inch.

A parallel beam of light of wavelength 6000 A° is incident on a thin
glass plate of refractive index 1.5 such that the angle of refraction into
the plate is 50°. Find the least thickness of the glass plate which will
appear dark by reflection.

A plane transmission grating having 4250 lines per cm is illuminated
with sodium light normally. In second order spectrum the spectral
lines deviated by 30° are observed. Find the wavelength of the spectral
line.

. Plane polarized light passes through a quartz plate with its axis

parallel to the face. Calculate the thickness of the plate so that the
emergent light may be plane quartz m =1553 m =15421 =55x10"°cm

- Find the highest order possible that can be seen with a grating having

15000 lines per inch . The wavelength of light used is 580 nm.
A diffraction grating has 1.26 x 104 rulings uniformly spaced over

width w = 25.4 mm. It is illuminated at normal incidence by yellow
light from a sodium vapour lamp with closely spaced wavelengths
(589.00 and 589.59 nm)

Bright light of wavelength 585 nm is incident perpendicularly on a
soap film (n=1.33) of thickness 1.21 um, suspended in air. Is the light
reflected by the two surfaces of the film closer to interfering fully
destructively or fully constructively?

SECTION-C

C. Questions testing the analyzing / evaluating ability of students

1. Solar cells-devices that generate electricity when exposed to sunlight are
often coated with a transparent, thin film of silicon monoxide (SiO, n =
1.45) to minimize reflective losses from the surface. Suppose that a
silicon solar cell (n=3.5) is coated with a thin film of silicon monoxide for
this purpose. Determine the minimum film thickness that produces the
least reflection at a wavelength of 550nm, near the center of the visible
spectrum.



ENGINEERING PHYSICS
UNIT-VI

LASERS

Objective:
» To comprehend principles of laser
Syllabus:

Lasers: Introduction — coherent sources — Characteristics of lasers — Spontaneous and
Stimulated emission of radiation — Einstein”s coefficients — Population inversion — Ruby
lasers - Helium Neon laser — Co. laser.

L earning Outcomes:

At theend of thischapter studentsareableto

summarize the different characteristics of laser

derive Einstein’s coefficients

analyze construction and working of Ruby, He- Ne, CO>, with suitable diagrams
list uses of lasers
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BASIC CONCEPTS OF LASER

Absorption :

An atom/molecule residing in the lower energy state E; may absorb an incident

photon and jump to the excited state E;, as

shown in Fig. 6.1. The transition is known = Es
as induced absorption or absorption. Incident photon
—>
. .. hn=E2-E1
The number of absorption transitions N
E
occurring in the material at any instant will " before after

be proportional to the number of atoms in Fig. 6.1

the lower state E; and the number of
photons in the incident beam. Normally, the number of atoms is greater in the
lower energy state and the material absorbs incident energy. Therefore, the process

of absorption leads to attenuation of radiation as light travels through the medium.



The number of atoms N, excited during the time At is given by, Na, = B12 N1 Q At,

where N; is the number of atoms in the state E;, Q is the energy density of the

incident beam, and B is the probability of an absorption transition.

Spontaneous Emission :

The excited atom in the state E, may return to
the lower state E; on its own out of its natural
tendency to attain minimum potential energy
condition. During the transition, the excess

energy is released as a photon of energy hn =

[} E2
E2
Emitted photon
—>
hn=Eg2—-E:1
E1
E1
before after
Fig. 6.2

E.— E1 Thistype of process in which photon emission occurs without any external

influence is shown in Fig. 6.2. It is called spontaneous emission. Most of the

common sources of light emit light through this process. The emission process is

highly statistical and can not be controlled by external influences. The emitted

photons travel in all directions with no consistent phase relationships. Hence the

light is incoherent and also not monochromatic.

The number of spontaneous transitions taking place in the material during a given

time interval depends only on the number of atoms lying in the excited state E..

The number of spontaneous transitions Ng,
taking place in the material during the time At
IS given by Ng = Az N2 At, where N is the
number of atoms lying in the excited state E;
and A is the probability of a spontaneous

transition from E, to E;.

E2 . E2
hn
incident photon ——>hn
—
hN = Eo— E1 emitted
photons
Er  before after

Fig. 6.3



Stimulated Emission:

An atom in the excited state need not wait for spontaneous emission to occur.
There exists an alternative mechinism (Fig. 6.3) by which an excited atom can
make a downward transition and emit light. The interaction of a photon of energy
hn = E, - E; with an excited atom forces the excited atom to drop to the lower
energy state giving up a photon. This phenomenon of forced emission of photonsis
called stimulated emission.

The process of stimulated emission has remarkable and interesting features:

1. The emitted photon is identical to the incident photon in all respects. There

exists correlation in frequency, in phase and in direction between the two photons.
2. The processis controllable from outside.

3. The most important feature is that multiplication of photons takes place in the
process. One photon induces an atom to emit a second photon. These two photons
travelling aong the same direction de-excite two more atoms in their path
producing a total of four photons. The number of photons thus builds up in an
avalanche-like manner. The process of stimulated emission is the key to the

operation of alaser.

The number of stimulated transitions Ny occuring in the material during the time At

isgiven by

Ng = B N2 Q At, where By represents the probability of a stimulated

emission.



EINSTEIN COEFFICIENTS:

The probable rate of occurrence of the absorption transition from state 1 to state 2
depends on the properties of states 1 and 2 and is proportional to energy density u
(v) of the radiation of frequency v incident on the same. Thus P10 u (v) or Py, =
Byt (V) --(1)

The proportionality constant B, is known a Einstein’s coefficient of absorption of
radiation.

The probability of spontaneous emission from state 2 to state 1 depends only
on the properties of states 1 and 2. This is independent of energy density u(v) of
incident radiation. Einstein denoted the probability per unit time by A 2. (P2)
spontaneous = Az Az 1S known as Einstein’s coefficient of spontaneous emission
of radiation. Here it should be noted that the probability of absorption transition
depends upon energy density u(v) of incident radiation. Whereas the probability of
spontaneous emission is independent of it. Hence for equilibrium emission
transition depending upon u(v) must also exist. Actually these transitions are

stimulated emission transitions.

The probability of stimulated emission transition from state 2 to state 1 is
proportional to the energy density u(v) of the stimulating radiation i.e. (P21)
stimulated = B,; u(v) where Ba; is Einstein’s coefficient of stimulated emission of
radiation. The total probability for an atom in state 2 to drop to the lower state 1
I.e. therefore Py = Ay +Bo; u(v) ----2



RELATION BETWEEN EINSTEIN'S A AND B COEFFICIENTS:-

Consider an assembly of atoms in thermal equilibrium at temperature T with
radiation of frequency v and energy density u(v). Let N1 and N2 be the number of

atomsin energy states 1 and 2 respectively at any instant.

The number of atoms in state 1 that absorb a photon and rise to state 2 per unit
timeisgiven by NiP;2 = NiBio u (v)  ------- (3)

The number of photons in state 2 that can cause emission process (spontaneous +
stimulated) per unit timeis given by N2P2; = N2 [A21+B2u(v)] ------- (4)

For equilibrium, the absorption and emission must occur equaly hence NPy, =
N2P>q

N.B1> U (V) =N, [A21+821u (V)] or N;\Bi>u (V) = N>A+N->B>u (V) oru (V) [NlBlz
— N2B2i1] = NoA2

N, A, _ Ay 1 (5)

N 2 B21 -N 2 le B21 [Nlj[Blz] 1
N, A\ By

According to Boltzmann distribution law, the number of atoms N; and N; in

~umn) =

energy states E; and E; in thermal equilibrium at temperature T is given by
Nl — Nerl/kt and
N, = Nerzlkt

Where No = Total Number of atoms present and k = Boltzmann’s constant.
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— = =e KT — e kT

Nl eiElkT

Or

N h

e e (6)
2

Substituting the value of N1/N2 from eqg. (6) in eg. (5) we get

u) = r (7)

B2y {eh%T (BHJ — 1}
BZl

According to P lanck's radiation formula

u() = a“:f [ei} ————————————————— ®)

Comparing equations (7) and (8) we get

3
P _ &ohsn and 2 =1orB, =B,
BZl C BZl

Hence Bi; = By, the probability of stimulated emission is same as induced

absorption

Az1/By a V3 i.e the ratio of spontaneous emission and stimulated emission is
proportional to v3. This shows that the probability of spontaneous emission

increases rapidly with energy deference between two states.



Laser beam characteristics :
(1) Coherence:

A conventional light source produces incoherent light since it emits light
waves of random wavelengths with no common phase relationships. On the other
hand, the waves emitted by a laser source are in phase and are of the same
frequency. Therefore, light generated by a laser is highly coherent. The coherence
length in a laser beam is typically of the order of a few kilometers, whereas the
coherence length of light radiated by conventional monochromatic source is of the

order of afew millimeters or centimeters.
(2) Monochromaticity :

The light from norma monochromatic source spreads over a wavelength
range of the order of 100A° to 1000°A. The laser light is highly monochromatic due
to its temporal coherence property. The laser light spread expressed in terms of
half width is of the order of afew angstroms (<10A°) only.

(3) Divergence:

Light from conventional sources spreads out in the form of spherical
wavefronts and hence it is highly divergent. The divergence of the laser beam is

extremely small because of its high degree of spatial coherence.
(4) Directionality :

The conventional sources of light emit in all directions. Lasers emit light
only in one direction as the photons travelling along the optical axis of the system
are selected and augmented with the help of the optical resonator.



(5) Intensity :

The intensity of light from a conventional source decreases rapidly with
distance as it spreads in the form of spherical waves. In contrast, a laser emits light
in the form of a narrow beam and propagates in the form of plane waves. As the
energy is concentrated in avery narrow region, its intensity would be tremendously
high. The intensity of the laser beam stays nearly constant with distance as the

laser light travelsin the form of plane waves with very little divergence.
BASIC REQUIREMENTS OF LASER

1. Metastable state
2. Population inversion
3. Pumping
4. Optical resonator
(1) METASTABLE STATE:

The state in which possibility of finding electron more is caled metastable state.
The lifetime of metastable state is 10~ sec.

(2) POPULATION INVERSION:

It is the process in which the population of a particular higher energy state is made
more than that of a specified lower energy state. Normally the population of
ground state is more than the excited state at equilibrium. Let us consider the
number of atoms N per unit volume that exist in a given energy state E. this
number called population N is given by Boltzmann’s equation N = N, Bt Here
N, is the population in the ground state (E=0_. Ky, is the Boltzmann’s constant and

T isthe absolute temperature.



It is clear from the above equation that population is maximum in the ground state
and decreases exponentially as one goes to higher energy state. If N; and N, are

the populations in two states, a lower state E; and a higher state E, we have

-E,
N kBT o :
N—2 = e_El from which it follows N, = N,e®® /kBT clearly N,< Njsince E;>
1 kBT
e

E;. Since N;>N,, whenever an electromagnetic wave is incident, there is net
absorption of the radiation. For laser action to take place, it is absolutely necessary
that stimulated emission predominate over spontaneous emission. Thisis, possible

only if N2>N;. Thissituation in which N>>Nj is called population inversion.
3. PUMPING:

The act of exciting atoms from lower energy state to a higher energy state by
supplying energy from an external sourceis called pumping. The following are the

commonly used techniques.
(@) Optica pumping

(b) Electric discharges

(c) Atomic collisions

(d) Direct conversion and
(e) Chemical reaction.

OPTICAL RESONATOR: A set of perfect reflector and partial reflector

together are known as optical resonator.



Working of ruby laser

The ruby laser is a three level solid-state laser. In a ruby laser, optical pumping technique is
used to supply energy to the laser medium. Optical pumping is a technique in which light is
used as energy source to raise electrons from lower energy level to the higher energy level.
Consider a ruby laser medium consisting of three energy levels E1, E2, E3 with N number of
electrons.

We assume that the energy levels will be E1 < E2 < E3. The energy level E1 is known as
ground state or lower energy state, the energy level E2 is known as metastable state, and the
energy level E3 isknown as pump state.

Let us assume that initially most of the electrons are in the lower energy state (E1) and only a
tiny number of electrons are in the excited states (E2 and E3)
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Ruby laser isathreelevel solid state laser

When light energy is supplied to the laser medium (ruby), the electrons in the lower energy
state or ground state (E1) gains enough energy and jumps into the pump state (E3).



The lifetime of pump state Es is very small (108 sec) so the electrons in the pump state do not
stay for long period. After a short period, they fall into the metastable state E> by releasing
radiationless energy. The lifetime of metastable state E; is 10 sec which is much greater than
the lifetime of pump state Es. Therefore, the electrons reach E> much faster than they leave Eo.
This results in an increase in the number of electrons in the metastable state E> and hence
population inversion is achieved.

After some period, the electrons in the metastable state E> falls into the lower energy state Ex
by releasing energy in the form of photons. Thisis called spontaneous emission of radiation.
When the emitted photon interacts with the electron in the metastable state, it forcefully makes
that electron fall into the ground state E1. As a result, two photons are emitted. Thisis called
stimulated emission of radiation.

When these emitted photons again interacted with the metastable state electrons, then 4
photons are produced. Because of this continuous interaction with the electrons, millions of
photons are produced.

In an active medium (ruby), a process caled spontaneous emission produces light. The light
produced within the laser medium will bounce back and forth between the two mirrors. This
stimulates other electrons to fal into the ground state by releasing light energy. Thisis caled
stimulated emission. Likewise, millions of electrons are stimulated to emit light. Thus, the light
gainisachieved.

The amplified light escapes through the partially reflecting mirror to produce laser light.

Construction and Working of Helium - Neon Laser
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CONSTRUCTION :

The schematic of atypica He-Ne laser is shown in Fig. 6.9. It consists of a fused
guartz tube with a diameter of about 1.5cm and length of about 80cm. This tubeis

filled with a mixture of helium and neon gases in the ratio of 10:1. There is a



majority of helium atoms and a minority of neon atoms. At one end of the tube,
there is a perfect reflector while at the other end is a partial reflector. The active

material is excited by means of a high frequency generator.

WORKING :
Energy transfer
He-Ne laser employs a four-level Through collisions
pumping scheme. The energy level - Helium \J/ 3 Neon
3000000 _4_Y__3
diagram is shown in Fig 6.10. . Es BES
2T__ - ____>\
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E1
electrons have a smaller mass, they

acquire a higher velocity due to the

electric field. The helium atoms are more readily excitable than neon atoms
because they are lighter. The energetic electrons excite helium atoms through
collisions to the excited states F, and Fs. These two states are metastable states.
The excited helium atoms return to the ground state by transfering their energy to
neon atoms through collisions. This is the main pumping mechanism in He-Ne
system. Neon atoms are the active centres and the role of helium is to excite neon

atoms and cause population inversion.

The Es and E4 levels of neon atoms are also metastable states. Therefore, as the
collisions go on, neon atoms accumulate in these two excited states. At ordinary

temperatures, Es and E; levels of neon are less populated and a state of population



inversion is achieved between Eg and Es, E; levels and between E; and E; levels.

Consequently, three laser transitions can occur.
Es — Es transition gives alaser beam of red colour of wavelength 6328 A°.

E4 — Es transition produces infrared laser beam at 1.15mm wavel ength.

Es — Es transition produces infrared laser beam at 3.39nmm wavel ength.

The He-Ne laser operates in CW mode as the neon atoms are excited to upper
levels continuously through collisions. In the He-Ne laser, the termina levels of
lasing transitions are sparsely populated. As such, the transition of neon atoms that
must be excited to the upper levels can be much less. Hence the power required for

pumping islow and efficiency is high.

CO2LASER:

The carbon dioxide laser invented in the year 1963 by kumar patel. Carbon dioxide
lasers are the highest power continuous wave lasers that are currently available.
The CO, laser produces a beam of infrared light with the principa wavelength
bands centering around 9.4 and 10.6 micrometer.

Any laser is made up of three main parts

Active Medium

Pumping

Optica Cavity

Active Medium:

The active medium is CO, gas. As, He is used for excitation of Ne atoms in the
He-Ne laser, in CO; laser for efficient excitation of CO, molecules, N, molecules
are used. Addition of He to the gas mixture enhances the efficiency. The ratio of

pressures of CO,'Ne:Heis 1:4:5. Thetubeisabout 2.5cmindia& 5min length.



Pumping:
In CO, laser the excitation is produced by electric discharge excited N, molecules

transfer energy to the CO, molecules in resonant collisions.

Optical Cavity:

Because CO, lasers operate in the infrared region, special materials are necessary
for their construction. The mirrors are made of coated silicon, molybdenum or gold
while windows and lenses are made of either germanium (or) Zine Selenide.

Vibration energy levelsin co, Molecule.
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Laser Actionin CO; Laser:

1. When a discharge is passed through tube the nitrogen molecules are excited
and are raised to higher excited state.

2. The excited energy of nitrogen molecules is transferred to carbon dioxide
molecules through collisions and carbon-dioxide molecules are raised to
their excited vibrations energy level Es [0 01] from their ground state.

3. The energy level Es is a meta stable state energy level. Hence there is a
population inversion.

4. Stimulating photons of wavelength 10.6 mm and 9.6 mm induce CO,

molecules to undergo stimulated emission by laser transitions Es to E4 giving

laser of 10.6 mm & from Es to E3 9.6 mm.
5. CO; molecules from E4 and Es are returned to their ground through fast
decay and diffusion.

Applications Of Lasers:

(1) Laser output is abeam of highly intense parallel rays, which permitsthe light to
traverse large distances with very little divergence. Using externa optics, this
beam can be focussed to very smalll dimensions so that it can be used for industrial

applications like cutting, drilling, welding, machining etc.

(2) Because of the extremely high temperatures obtainable at the focus of a laser
beam, laser is an excellent tool for triggering chemica and photochemical

reactions.

(3) Laser output is a highly coherent beam which finds important application in
holography. Holography is a process for producing three-dimensional images.
Conventional photography records the two-dimensional image of a three-

dimensional scene. It contains information about the intensity of the light wave that



produced the image. Holography records the three-dimensional image of an object.
The image contains information of both phase and intensity of the light wave. A

hologram is made by using reference beams and interference beams.

Holography has severa applications which are becoming increasingly wide spread.
Credit cards, for example, some times use holograms for identification purposes.
Other applications of holography include head-up displays for the instrument
panels in high-preformance fighter planes, laser scanners at supermarket checkout
counters, computerized data storage and retrieval systems, methods for high-

precision biomedical measurements and others.

(4) Another important application of laser isin the field of communications. Since
optical frequencies are extremely large as compared to radio waves and
microwaves, a light beam acting as a carrier wave is capable of carrying far more
information over long distances in comparison to radio waves and mocrowaves.
Laser light offers unique advantages over conventional incoherent light. The

advantages are:
(@) The spectral width of alaser is much smaller and hence information carrying
capacity is much larger.
(b) The turbulent nature of the atmosphere produces no effect on laser light

because of its very little divergence and high directionality.

(c) Another important advantage is of its immunity from jamming and

interception.

(5) Semiconductor diode lasers are used to reproduce music in CD players, laser
printers, laser copiers, optical floppy discs, optical memory cards etc. They are also

used in measuring instruments like range finders, strain gauges etc.



(6) Laser light reflection iswidely used in applications ranging from measuring the
speed of automobiles to reading price information from bar codes at the

supermarket.

(7) Medical applications of lasers include delicate eye surgery, removal of kidney

stones, removal of tooth and gum decay and in the treatment of cancer.

(8) The large coherence length and high output intensity coupled with a low
divergence enables the laser to find applications in precision length measurements

using interferometric techniques.

(9) Laser tracking systems are used to determine the trgjectory of a moving object
like a rocket, to determine the daily positions of a heavenly object or an artificial
satellite. One of the main advantages of a laser tracking system over a microwave
radar system is that a laser tracking system has a smaller size and its cost is also
much less. In a microwave radar system, one has to incorporate corrections
because of the presence of ionosphere and also because of the presence of water
vapour in the troposphere. These corrections are much easier to incorporate in the

case of an optical beam.

(10) Lasers are also used in isotope seperation. Laser isotope seperation (LI1S)
process makes it possible to enrich uranium on a larger scale besides producing

Isotopes which are used in medicine, science and technology.
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Assignment-Cum-Tutorial Questions

SECTION-A
Objective Questions
1. MASER Means
2. The number of atoms in tine lower energy state is that of the
higher energy state. [
a) morethan b) less than c) equal to d) none
3. The life time of an atom in the excited state is [
a) 10-3 sec b) 10-8 sec c) 10 sec  d) none
4. The expression for number of atoms in any energy state at
temperature T is called [
a) N = Nyet'*’ b) N, = Ne &%’ c) N =N, *"d) None
5. The Einstein coefficient for absorption is equal to the [

a) Einstein coefficient for spontaneous emission
b) Einstein coefficient for stimulated emission
c) Both aandb d) none

Descriptive Questions

1.
2.

3.

4.
5.
6

What is meant by a laser? Explain the characteristics of lasers.

With the help of suitable diagrams explain the principle, construction

and working of He-Ne gas laser.

Derive the relation between the probabilities of spontaneous emission

and stimulated emission in terms of Einstein Coefficients.
What are the various applications of lasers?

Describe the construction and working of a ruby laser.
What is COz laser explain it?

Multiple Choice Questions:

1.
2.

3.

Define the terms (a) Metastable state (b) Population Inversion
Match the following : (

List I List II
A) Optical fibre 1) Vibrational modes
B) Lasers 2) Dielectric wave guide
C) CO: laser 3) N2> N

D) Population Inversion 4) Blood less surgery

A/B/ C|D
a)|l1/2]|3 4
b)[2/4|1|3
c)|4]1[2]3
d|1/2]4 3
Match the following
1) Graded Index Fiber | ] A) dielectric wave guides
2) Optical Fiber [ | B) pulsed mode

3) Ruby lasers [ ] C) supports multimode only



e ()
1
8phv® 8phv® 8phv® 2phv®
A) C3 B) CZ C) CZ D) C3
5. Find out the correct equation of population

A) ﬁzexp{ h"} B) %zexp{ hv} C) Nﬁzexp[_hv} D) %%XF{_W}

4. The ratio of Einstein’s co-efficients

N, KT KT 0 KT KT
6. Example for indirect band gap semiconductor is ()
A) Arsenic B) Phosporous C) Silicon D)aandb

7. Calculate the Wavelength of radiation emitted by an LED made up of a
semiconducting material with band gap energy 2.8eV. ()
A) 44 m B) 4430 x 108 cm C) 4830 x 108 cm D) 499 x 10-8 cm

Problems:
1. Calculate the wavelength of emission from GaAs material whose energy
band gap Eg; = 1.44 eV. (Planck’s constant = 6.625 x 10-34 J-3).
2. Energy gap of a semiconductor 3 eV. Calculate wave length of emitted
photons
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