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Chapter One: Light

1.1 The Nature of Light

Before the beginning of the nineteenth century, light was 

considered to be a stream of particles that either was emitted by the object 

being viewed or emanated from the eyes of the viewer. Newton, the chief 

architect of the particle theory of light, held that particles were emitted 

from a light source and that these particles stimulated the sense of sight 

upon entering the eye. Using this idea, he was able to explain reflection 

and refraction. 

lifetime, however, another theory was proposed one that argued that 

light might be some sort of wave motion. In 1678, the Dutch physicist 

and astronomer Christian Huygens showed that a wave theory of light 

could also explain reflection and refraction. 

In 1801, Thomas Young (1773 1829) provided the first clear 

demonstration of the wave nature of light. Young showed that, under 

appropriate conditions, light rays interfere with each other. Such behavior 

could not be explained at that time by a particle theory because there was 

no conceivable way in which two or more particles could come together 

and cancel one another. Additional developments during the nineteenth 

century led to the general acceptance of the wave theory of light, the most 

important resulting from the work of Maxwell, who in 1873 asserted that 

light was a form of high-frequency electromagnetic wave. As discussed  

by producing and detecting electromagnetic waves. 

Although the wave model and the classical theory of electricity and 

magnetism were able to explain most known properties of light, they 

could not explain some subsequent experiments. The most striking of 
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these is the photoelectric effect, also discovered by Hertz: when light 

strikes a metal surface, electrons are sometimes ejected from the surface. 

As one example of the difficulties that arose, experiments showed that the 

kinetic energy of an ejected electron is independent of the light intensity. 

This finding contradicted the wave theory, which held that a more intense 

beam of light should add more energy to the electron. An explanation of 

the photoelectric effect was proposed by Einstein in 1905 in a theory that 

used the concept of quantization developed by Max Planck (1858 1947) 

in 1900. The quantization model assumes that the energy of a light wave 

is present in particles called photons; hence, the energy is said to be 

proportional to the frequency of the electromagnetic wave

1)                           

where the constant of proportionality h =6.63 ×10-34 J.

constant. 

 In view of these developments, light must be regarded as having a 

dual nature Light exhibits the characteristics of a wave in some 

situations and the characteristics of a particle in other situations.

Light is light, to be sure. However, the 

 wave, and at other 

times it acts like a particle.  
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1.2 Properties of light 

Reflection, refraction, dispersion and velocity are the important 

properties of light. We briefly discuss about them here. 

1.2.1 Reflection of light 

when light travelling in a medium encounters a boundary leading 

to a second medium, part of the incident light is returned to the first 

medium from which it came. This phenomenon is called reflection. 

Reflection of light from a smooth surface is called regular or specular 

reflection see figure 1a. If the reflecting surface is rough, as shown in 

Figure 1b, the surface reflects the rays not as a parallel set but in various 

directions. Reflection from any rough surface is known as diffuse

reflection. A surface behaves as a smooth surface as long as the surface 

variations are much smaller than the wavelength of the incident light. 

the difference between diffuse and specular reflection is a matter of 

surface roughness. In the study of optics, the term reflection is used to 

mean specular reflection. 

Figure 1: Schematic representation of (a) specular reflection, where the reflected 

rays are all parallel to each other, and (b) diffuse reflection, where the reflected rays 

travel in random directions. 
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Second law: The ratio of the sine of the angle of incidence to the sine of 
the angle of refraction for any two given media is constant. 

                   

where v1 is the speed of light in the first medium and v2 is the speed 

of light in the second medium. 

The angle of refraction in Figure 3, depends on the properties of 

the two media and on the angle of incidence. 

Figure 3: A ray obliquely incident on an air glass interface. The refracted ray 

is bent toward the normal because v2 < v1. All rays and the normal lie in the same 

plane.

From Equation 3, we can infer that when light moves from a 

material in which its speed is high to a material in which its speed is 

lower, as shown in Figure 4a, the angle of refraction  is less than the 

angle of incidence , and the ray is bent toward the normal. If the ray 

moves from a material in which light moves slowly to a material in which 
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it moves more rapidly, as illustrated in Figure 4b,  is greater than , 

and the ray is bent away from the normal. 

Figure 4: (a) When the light beam moves from air into glass, the light slows down on 
entering the glass and its path is bent toward the normal. (b) When the beam moves 
from glass into air, the light speeds up on entering the air and its path is bent away 

from the normal. 

1.3 Index of Refraction

The refraction index of a medium is defined as the ratio of  

velocity of light in a vacuum to the velocity of light in the medium index. 

Refraction index defined as above is called as absolute refraction index. 

Thus, 

                               

From this definition, we see that the index of refraction is a 

dimensionless number greater than unity because v is always less than c. 

Furthermore, n is equal to unity for vacuum. 
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As light travels from one medium to another, its frequency 

does not change but its wavelength does.  

       and                                     

Because v1 v2, it follows that 1 2.

We can obtain a relationship between index of refraction and 

wavelength by dividing the first Equation 5 by the second and then using 

Equation 4: 

                      

This gives 

If medium 1 is vacuum, or for all practical purposes air, then         

n1 = 1. Hence, it follows from Equation 6 that the index of refraction of 

any medium can be expressed as the ratio 

                                            

where is the wavelength of light in vacuum and n is the 

wavelength of light in the medium whose index of refraction is n. 

We are now in a position to express Equation 3 in an alternative 

form. If we replace the v2/v1 term in Equation 3 with n1/n2 from Equation 

6, we obtain 
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The experimental discovery of this relationship is usually credited 

to Willebrord Snell(1591 1627) and is therefore known as 

refraction. 

Example: A beam of light of wavelength 550 nm traveling in air is 

incident on a slab of transparent material. The incident beam makes an 

angle of 40.0° with the normal, and the refracted beam makes an angle of 

26.0° with the normal. Find the index of refraction of the material. 

Solution:

1.4 Optical path 

The shortest distance, L between two point A and B is called the 

geometric path. The length of geometric path is independent of the 

medium that surround the path AB. When a light ray travels from the 

point A to point B, it travels with the velocity (c) if the medium is air and 

with lesser velocity v if the medium is other than air. Therefore, the light 

ray takes more time to go from A to B located in a medium. 

From equation (3) 

Where t and T are the time taken  by the light ray in air and in a 

medium respectively. 
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The above relation means that a light ray takes n times more time to cover 

the distance AB a medium . To take into account the delay , we use 

another distance called the optical length. If a ray of light travels a 

distance L in a medium of refraction index n in a certain interval of time, 

time. Therefore, 

or 

                                       

i.e., optical path length =(Refraction index)(Geometric path length) 

Thus, the optical path length is defined as the product of 

refraction index and the geometric length. 

1.5 Dispersion and Prisms

An important property of the index of refraction n is that, for a 

given material, the index varies with the wavelength of the light passing 

through the material, as Figure 5 shows. This behavior is called 

dispersion. Because n is a function of w

refraction indicates that light of different wavelengths is bent at different 

angles when incident on a refracting material. 

the index of refraction generally decreases with increasing 

wavelength. This means that violet light bends more than red light does 

when passing into a refracting material. To understand the effects that 

dispersion can have on light, consider what happens when light strikes a 
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prism, as shown in Figure 6. A ray of single-wavelength light incident on 

the prism from the left emerges refracted from its original direction of 

travel by an angle , called the angle of deviation. 

Now suppose that a beam of white light (a combination of all 

visible wavelengths) is incident on a prism, as illustrated in Figure 6. The 

rays that emerge spread out in a series of colors known as the visible 

spectrum. These colors, in order of decreasing wavelength, are red, 

orange, yellow, green, blue, and violet. Clearly, the angle of deviation 

depends on wavelength. Violet light deviates the most, red the least, and 

the remaining colors in the visible spectrum fall between these extremes. 

Newton showed that each color has a particular angle of deviation and 

that the colors can be recombined to form the original white light. 

Figure 5: Variation of index of refraction with vacuum wavelength for three 
materials. 
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Figure 7: (a) Rays travel from a medium of index of refraction n1 into a medium of 
index of refraction n2, where n2 < n1. As the angle of incidence 1 increases, the angle 
of refraction 2 increases until 2 is 90° (ray 4). For even larger angles of incidence, 
total internal reflection occurs (ray5). (b) The angle of incidence producing an angle 
of refraction equal to 90° is the critical angle c. At this angle of incidence, all of the 

energy of the incident light is reflected. 

For angles of incidence greater than c , the beam is entirely 

reflected at the boundary, as shown by ray 5 in Figure 7a. This ray is 

reflected at the boundary as it strikes the surface. This ray and all those 

like it obey the law of reflection; that is, for these rays, the angle of 

incidence equals the angle of reflection. 

When 1 = c , 2 = 90° and Equation 8 gives 
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This equation can be used only when n1 is greater than n2. That is, 

total internal reflection occurs only when light is directed from a 

medium of a given index of refraction toward a medium of lower 

index of refraction. If n1 were less than n2, Equation 10 would give sin 

c > 1; this is a meaningless result because the sine of an angle can never 

be greater than unity. 

Example:  Find the critical angle for an air water boundary. (The index 

of refraction of water is 1.33.)

Solution: 

Question: 

1. what is meant by reflection? 

2. state and explain the law of reflection? 

3. what do you mean by refraction of light? 

4. hat is absolute refraction index of a medium? 

5. what is  law? 

6. what is meant by optical path? How is it different from geometrical 

path length? 
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2.1 Vibrations and Waves

In our world of macroscopic bodies, water waves and sound waves

are produced by moving masses of considerable size. Earthquakes 

produce waves as the result of sudden shifts in land masses. Water waves 

are produced by the wind or ships as they pass by. Sound waves are the 

result of quick movements of objects in the air. Any motion that repeats 

itself in equal intervals of time is periodic motion. The swinging of a 

clock pendulum, the vibrations of the prongs of a tuning fork, and a mass 

dancing from the lower end of a coiled spring are but three examples.

These particular motions and many others like them that occur in nature 

are referred to as simple harmonic motion (SHM). 

2.2 Waves

when disturbance passes through a medium, a series of point are affected.
a local displacement fro equilibrium caused in one part of the medium is 
transmitted successively to next by interaction among particles, and such 
displacement together make up a wave. simple harmonic vibration of
particles in the medium generates a simple harmonic wave. a wave is any 
disturbance , which travels through the medium due to the repeated 
periodic motion of the particles (of the medium) about their mean 
position.

2.3 Transverse Waves

All light waves are classified as transverse waves. Transverse waves are 

those in which each small part of the wave vibrates along a line 

perpendicular to the direction of propagation and all parts are vibrating 

in the same plane. 

A wave machine for demonstrating transverse waves is shown in 

Fig. 1. When the handle His turned clockwise the small white balls at the 
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top of the vertical rods move up and down with SHM. As each ball 

moves along a vertical line, the wave form ABCDEFG moves to the 

right. When the handle is turned counterclockwise, the wave form moves 

to the left. In either case each ball performs the exact same motion along 

its line of vibration, the difference being that each ball is slightly behind 

or ahead of its neighbor. 

FIGURE 1: Machine for demonstrating transverse waves. 

2.4 Wave Front and the Ray

wave front is defined as the locus of points, all of which are in 

the same phase. The electromagnetic waves radiated by a point  

light source may be represented by spherical surface concentric 

with the source as in figure  
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At a sufficiently great distance from the source, where the radius 

of the spheres have become very large, the spherical surface can 

be considered plan and we have a train of plane wave as in 

figure. 

                   

a train of light waves may often be represented more simply by 

means of rays than by wave fronts. 

2.5 Examples of Waves

Waves cane be classified according to the source that generates 

them: 

1. Mechanical waves: mechanical waves or elastic waves are 

governed by Newton s laws and require a material medium 

for their propagation. sound waves, seismic waves, water 

waves in bodies of water such as ocean, river, and ponds are 

examples of mechanical waves. 

2. Electromagnetic waves: Visible light, radio waves, 

microwaves, x-rays and - rays belong to this category. 

Electromagnetic waves consist of oscillating electric and 

magnetic field and do not require a material medium for 

their propagation. They all travel in free space with same 

speed ( c ). 
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3. Matter waves: Atomic particles exhibit wave properties 

under certain condition. The laws of quantum mechanics 

govern such matter waves. 

4. Gravitational waves: It is suggested that the cosmic bodies 

such as galaxies, stars produce gravitational waves and 

interact with each other through these waves. The 

gravitational waves are believed to with the velocity of light. 

2.6 The Spectrum of Electromagnetic Waves

The various types of electromagnetic waves are listed in Figure 1, which 

shows the electromagnetic spectrum. Note the wide ranges of 

frequencies and wavelengths. No sharp dividing point exists between one 

type of wave and the next. Remember that all forms of the various types 

of radiation are produced by the same phenomenon  accelerating 

charges. The names given to the types of waves are simply for 

convenience in describing the region of the spectrum in which they lie. 
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Figure 1: The electromagnetic spectrum. Note the overlap between adjacent wave 
types. The expanded view to the right shows details of the visible spectrum. 

Radio waves, whose wavelengths range from more than 104 m to 

about 0.1 m, are the result of charges accelerating through conducting 

wires. They are generated by such electronic devices as LC oscillators 

and are used in radio and television communication systems. 

Microwaves have wavelengths ranging from approximately 0.3 m 

to 10-4 m and are also generated by electronic devices. Because of their 

short wavelengths, they are well suited for radar systems and for studying 
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the atomic and molecular properties of matter. Microwave ovens are an 

interesting domestic application of these waves. It has been suggested 

that solar energy could be harnessed by beaming microwaves to the Earth 

from a solar collector in space. 

Infrared waves have wavelengths ranging from approximately  

10-3 m to the longest wavelength of visible light, 7 ×10-7 m. These waves, 

produced by molecules and room-temperature objects, are readily 

absorbed by most materials. The infrared(IR) energy absorbed by a 

substance appears as internal energy because the energy agitates the 

atoms of the object, increasing their vibrational or translational motion, 

which results in a temperature increase. Infrared radiation has practical 

and scientific applications in many areas, including physical therapy, IR 

photography, and vibrational spectroscopy. 

Visible light, the most familiar form of electromagnetic waves, is 

the part of the electromagnetic spectrum that the human eye can detect. 

Light is produced by the rearrangement of electrons in atoms and

molecules. The various wavelengths of visible light, which correspond to 

different colors, range from red (  =7 × 10-7 m) to violet   (  =4 × 10-7 m). 

The sensitivity of the human eye is a function of wavelength, being a 

maximum at a wavelength of about 5.5× 10-7 m. With this in mind, why 

do you suppose tennis balls often have a yellow-green color? 

Ultraviolet waves cover wavelengths ranging from approximately  

4 × 10-7 m to 6 × 10-10 m. The Sun is an important source of ultraviolet 

(UV) light, which is the main cause of sunburn. Sunscreen lotions are 

transparent to visible light but absorb most UV light. The higher a 
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UV light absorbed. Ultraviolet rays have also been implicated in the 

formation of cataracts, a clouding of the lens inside the eye. 

Most of the UV light from the Sun is absorbed by ozone (O3) 

stratosphere. This ozone shield converts lethal high-energy UV radiation 

to infrared radiation, which in turn warms the stratosphere. Recently, a

great deal of controversy has arisen concerning the possible depletion of 

the protective ozone layer as a result of the chemicals emitted from 

aerosol spray cans and used as refrigerants. 

X-rays have wavelengths in the range from approximately 10-8 m 

to 10-12 m. The most common source of x-rays is the stopping of high-

energy electrons upon bombarding a metal target. X-rays are used as a 

diagnostic tool in medicine and as a treatment for certain forms of cancer. 

Because x-rays damage or destroy living tissues and organisms, care must

be taken to avoid unnecessary exposure or overexposure. X-rays are also

used in the study of crystal structure because x-ray wavelengths are 

comparable to the atomic separation distances in solids (about 0.1 nm). 

Gamma rays are electromagnetic waves emitted by radioactive 

nuclei (such as 60Co and 137Cs) and during certain nuclear reactions. 

High-energy gamma rays are a component of cosmic rays that enter the 

e. They have wavelengths ranging from 

approximately 10-10 m to less than 10-14 m. They are highly penetrating 

and produce serious damage when absorbed by living tissues. 

Consequently  those working near such dangerous radiation must be 

protected with heavily absorbing materials, such as thick layers of lead. 
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2.7 Characteristics of Waves

Any waves is characterized by the following parameters: 

1. Time period T: the period is the time interval required for two 

identical points (such as the crests) of adjacent waves to pass by a 

point.

2. the wavelength is the minimum distance between 

any two identical points (such as the crests) on adjacent waves, as 

shown in Figure 2a.

3. the frequency of a periodic wave is the number of 

crests (or troughs, or any other point on the wave) that pass a given 

point in a unit time interval.

4. Amplitude A: The maximum displacement in a waveform is 

known as the amplitude. 

5. Velocity : Each time the source (of disturbance) vibrates one, the 

wave moves forward at distance ( ) . If there are ( ) vibrations in 

one second, the waves moves forward at a distance of. These 

distance that the wave moves in one second is the velocity of        

( )the wave. Thus,  

6. Phase angle  : The extent of displacement of particles in the 

medium and direction of their displacement change from point to 

point along the wave. The quantity, which represents the 
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displacement , is called phase of the vibration,  . The phase may 

be expressed in terms of degrees or radians; or as the ratio of time t 

to the time period T. or as the ratio of the distance x to the 

wavelength, . The ratio t/T and x  are fractional numbers and have 

a maximum value of 1. When expressed in terms of radians         

(or degrees), the maximum value that phase can take is 2  radians 

(or 360). 

7. Intensity, I : The energy transferred on an average by a wave in 

unit time, through a unit area perpendicular to is propagation 

direction, is known as the intensity of the wave. It is established 

that the intensity of a wave is directly proportional to the square of 

the amplitude of wave . Thus, 

  

Figure 2: (a) The wavelength  of a wave is the distance between adjacent crests 

or adjacent troughs. (b) The period T of a wave is the time interval required for the 

wave to travel one wavelength. 
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2.8 Mathematical Representation of Travelling Waves

Consider a pulse traveling to the right on a long string, as shown in 

Figure 3. Figure 3a represents the shape and position of the pulse at 

time t = 0. At this time, the shape of the pulse, whatever it may be, can 

be represented by some mathematical function which we will write as 

y(x, 0) =f(x). This function describes the transverse position y of the 

element of the string located at each value of x at time t = 0. Because 

the speed of the pulse is v, the pulse has traveled to the right a distance 

vt at the time t(Fig. 3b). We assume that the shape of the pulse does 

not change with time. Thus, at time t, the shape of the pulse is the 

same as it was at time t = 0, as in Figure 3a.

Figure 3 A one-dimensional pulse traveling to the right with a speed v. (a) At t = 0, 
the shape of the pulse is given by y = f (x). (b) At some later time t, the shape remains 
unchanged and the vertical position of an element of the medium any point P is given 

by y = f (x - vt).

Consequently, an element of the string at x at this time has the 

same y position as an element located at x - vt had at time t = 0: 

y(x, t) =y(x - vt, 0) 
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In general, then, we can represent the transverse position y for all 

positions and times, measured in a stationary frame with the origin at O, 

as 

y(x, t) =y(x - vt)                                                                                     (2.1)                           

Similarly, if the pulse travels to the left, the transverse positions of 

elements of the string are described by 

y(x, t) =y(x + vt)                                                                                     (2.2) 

The function y, sometimes called the wave function, depends on 

the two variables x and t. For this reason, it is often written y(x, t), which 

is re y as a function of x and t.

It is important to understand the meaning of y. Consider an element 

of the string at point P, identified by a particular value of its x coordinate. 

As the pulse passes through P, the y coordinate of this element increases, 

reaches a maximum, and then decreases to zero. The wave function y(x, 

t) represents the y coordinate the transverse position of any 

element located at position x at any time t. Furthermore, if t is fixed 

(as, for example, in the case of taking a snapshot of the pulse), then the 

wave function y(x), sometimes called the waveform, defines a curve 

representing the actual geometric shape of the pulse at that time. 

Consider the sinusoidal wave in Figure 2a, which shows the 

position of the wave at t = 0. Because the wave is sinusoidal, we expect 

the wave function at this instant to be expressed as y(x, 0) = A sin ax, 

where A is the amplitude and a is a constant to be determined. At x = 0, 

we see that y(0, 0) = A sin a(0) = 0, consistent with Figure2a. The next 

value of x for which y is zero is x = /2. Thus, 

y( /2, 0) = A sin a( /2) = 0 
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For this to be true, we must have a( /2) = , or a = 2  / . Thus, 

the function describing the positions of the elements of the medium 

through which the sinusoidal wave is traveling can be written 

y(x, 0) = A sin (2  /  x)                                                                       (2.3) 

where the constant A represents the wave amplitude and the 

constant  is the wavelength. We see that the vertical position of an 

element of the medium is the same whenever x is increased by an integral 

multiple of . If the wave moves to the right with a speed v, then the wave 

function at some later time t is 

                                                        (2.4) 

If the wave were traveling to the left, the quantity x - vt would be 

replaced by x + vt, as we learned when we developed Equations (2.1) and 

(2.2). 

By definition, the wave travels a distance of one wavelength in one 

period T. Therefore, the wave speed, wavelength, and period are related 

by the expression 

Substituting this expression for v into Equation 4, we find that 

                                                                   (2.5) 

This form of the wave function shows the periodic nature of y. (We 

will often use y rather than y(x, t) as a shorthand notation.) At any given 

time t, y has the same value at the positions x, x + , x + 2 , and so on. 
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Furthermore, at any given position x, the value of y is the same at times t, 

t + T, t + 2T, and so on. 

We can express the wave function in a convenient form by defining 

two other quantities, the angular wave number k (usually called simply 

the wave number) and the angular frequency w: 

                                                                                                   (2.6) 

                                                                                                  (2.7) 

Using these definitions, we see that Equation( 2.5 )can be written 

in the more compact form 

                                                                       (2.8) 

Equation (2.8) represents a progressive or travelling wave.

1. The wave is said to be monochromatic because it has a 

single 

2. It is an undamped wave since its amplitude A is constant 

along the direction of propagation. It is a plane wave, since 

the amplitude is constant everywhere. 

3. It represents a continuous train of wave stretching from       

x = -  to x = 

continues forever. 

4. It is a mathematically idealized wave. Such ideal waves do 

not occur in nature. 

For many purposes the light disturbance at any point can be

represented by the single scalar quantity "y". It is assumed that the 
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variation of y are propagated in the form of a wave motion, and equation 

(2.8) represents the light wave. 

2.9 General Wave Equation

To know how the displacement y varies as a function of space, x and 

time, t we have to do partial differentiation of y with respect to x and t. 

                                                            (2.9) 

                                                       (2.10) 

Combining both these equations and eliminating equal factors, we get 

                                                                               (2.11) 

If we take second derivatives, it will hold for any sinusoidal wave, 

independent of the direction of travel, either x or +x. 

                                                                                      (2.12)

We replace y by the more general term , which stands for any 

disturbance. 

                                                                                                                     (2.13) 

This is one-dimensional wave equation. It connects the variations of  in 

space and time to the velocity of propagation of the wave. 

If we are to include wave propagating in any direction, we need to extend 

the right hand term to the y and z axes, and replace it by 
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Using the Laplacian operator  , we can write the 

equation as 

                                                                                                                   (2.14) 

This is general three-dimensional wave equation. 

2.10 Phase Velocity 

The wave function given by Equation (2.8) assumes that the 

vertical position y of an element of the medium is zero at x = 0 and t = 0. 

This need not be the case. If it is not, we generally express the wave 

function in the form 

                                                          (2.15) 

where  is the initial phase of the wave which is determined by our 

choice the beginning of counting x and t. Let us fix a value of the phase 

by assuming that 

                                                        (2.16)        

 This expression determines the relation between the time t and the 

place where the phase has a fixed value. The value   calculated from 

(2.16) gives the velocity with which the given value of the phase 

propagates. 



Chapter Two: Waves

                                                                    (2.17)   

Thus, the velocity of wave of wave propagation " " is the velocity 

of phase propagation and it is therefore called the phase velocity.  

The phase velocity " " of a wave is the velocity with which the 

wave front moves forward. It is the same as velocity of propagation of 

wave. When the waves are travelling through a non-dispersing medium, 

the common velocity of waves is the phase velocity. 

2.11 Complex Representation of a Plane Wave 

An expression similar to equation (2.8) can be written in terms of cosine 

as 

                                                                   (2.18) 

We can express equation (2.8) and (2.18) in a single equation, using 

 or                                         (2.19) 

The advantage of the above complex representation as follows. The 

complex quantity used to represent the wave may be split into its space 

and time parts to give     

It is seen to consist complex amplitude  and a harmonic 

factor  . 



Chapter Two: Waves

2.12 Wave Packets

A group of waves of finite length, such as that illustrated in Figure 

4, is produced. The mathematical representation of a wave packet of this 

type is rather more complex.  Since wave packets are of frequent 

occurrence, however, some features of their behavior should be 

mentioned here. In the first place, the wavelength is not well defined. If 

the packet is sent through any device for measuring wavelengths, e.g., 

light through a diffraction grating, it will be found to yield a continuous 

spread over a certain range . The maximum intensity will occur at the 

value of ° indicated in Figure 4, but energy will appear in other 

wavelengths, the intensity dying off more or less rapidly on either side of 

°. The larger the number N of waves in the group, the smaller the spread

, and in fact theory shows that  / ° is approximately equal to l/N. 

Hence only when N is very large may we consider the wave to have an 

accurately defined wavelength. 

                                                                                                  (2.20)                      

Figure 4: Example of a wave packet.

If the medium through which the packet travels is such that the 

velocity depends on frequency, two further phenomena will be observed. 

The individual wave crests will travel with a velocity different from that 

of the packet as a whole, and the packet will spread out as it progresses. 
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region and very small outside it. The amplitude of the wave packet varies 

with x and t. Such variation of amplitude is called modulation of the 

wave. The velocity of propagation of the modulation is known as the 

group velocity, It is given by 

                                                                                               (2.21) 

We further write  

Differentiating the above expression, we get 

                                                                                      (2.22) 

This is the relation that connects phase velocity and group velocity.

2.14 Real Light Waves

It is now very easy to see why natural light behaves in different 

way from radio waves or other electromagnetic waves though it belongs 

to the same family of waves. We have been accustomed to regard light 

waves as ideal harmonic waves of infinite extension. Now we have to
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modify this visualization in view of discreteness in the emission process 

of light. We compare here the features of real light waves with those of 

ideal waves. 

a) Real light waves are of limited extension: 

Ideal waves are of infinite extension in both space and time are of 

constant amplitude. 

Light emitted from common sources is in the form of wave train 

(or wave packet). The amplitude varies from one end of the wave 

packet to the other end. A jumble of such wave packets constitutes 

the real light wave. 

b) Real light waves are not monochromatic: 

Ideal waves are harmonic and posses a single frequency. Hence, 

they are strictly monochromatic. 

In contrast, the wave train emitted by a light source are not 

harmonic but are pulses of short duration. Such non-harmonic 

waves may be regarded as arising due to the superposition of a 

about a central frequency . The degree of monochromaticity  of 

source is given by 

Where  is the band width. When  the radiation is 

ideally monochromatic. If , the radiation is quasi-

monochromatic. 
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c) Real light waves are non-directional: 

In case of real light waves, there is no definite direction of 

propagation as light is emitted randomly and in all possible 

directions. Therefore the light is divergent and is intensity 

diminishes at large distance from the source. 

d) Real light waves are incoherent: 

Coherence means the coordinated motion of several waves. When 

two or more waves are coherent, they will maintain a fixed and 

predictable phase relationship with each other. Monochromatic 

plane waves are ideally coherent. 

As the emission acts occur without any coordination in the source, 

the resulting  wave trains will not have any correlation in their 

phase of wave trains vary at random from one wave train to 

another wave train and fluctuate irregularly at a rate of about 108

times per second. 

Consequently, the real light waves are incoherent. 

e) Real light waves are unpolarized: 

Light waves belong to the category of transverse waves. In ideal 

transverse waves, the vibrations are perpendicular to the direction 

of propagation and are confined to a plane perpendicular to it. 

Therefore. The waves are polarized. 

In case of real light waves, each wave train taken alone is 

polarized. However, owing to the haphazardness in the acts of 

emission of wave trains by atoms, the different wave trains posses 

different orientations of planes of polarization. The radiation
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consists of wave trains with planes of vibration distributed in all 

possible directions about the direction of propagation. Therefore. 

The real light is highly disordered and unpolarized. 
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3.1 

The set of equations for an electromagnetic field was proposed by 

Maxwell in the middle of the 19th century as a result of generalization of 

the data gained in experiments with electric charges, currents, and 

magnets. Further investigations showed that Maxwell's equations are 

much more profound and go far beyond the facts and notions on which 

they were based. The equations have proved to be relativistically 

invariant. They adequately describe high-frequency alternating

electromagnetic fields, including optical waves. The theory of 

electromagnetic wave radiation by moving charges, as well as the theory 

of interaction of light and matter, can use Maxwell's equations as the 

starting point.  

The Maxwell's equations are expressed in differential form and 

integral form in the following way; 

Law Differential From Integral From 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

Maxwell's equations contain only the first derivatives of fields E 

and B with respect to time and space coordinates and the first powers of 

densities  and J of electric charges and currents. Therefore, these 

equations are linear and the fields obey superposition principle. 



Chapter Three: Propagation of light waves

3.2 Physical Significance of 

Physical s equations can be readily 

interpreted from their mathematical statement in the integral form. 

1)  (3.1) shows that the total 

electric flux density D through the surface enclosing a 

volume is equal to the charge density  within the volume. 

It means that a charge distribution generates a steady 

electric field. 

2) The second equation (3.2) shows that Electromotive 

force (emf) around a closed path equal to the time 

derivative of magnetic flux density through the surface 

bounded by the path. It means that an electric field can 

also be generated by a time-varying magnetic field. 

3) third equations (3.3) tells us that the net 

magnetic flux through a closed surface is zero. It implies 

that magnetic poles do not exist separately in the way as 

electric charge do. Thus, in other words, magnetic 

monopoles do not exist. 

4) fourth equations (3.4) shows that the 

magneto motive force around a closed path is equal to the 

conduction current plus the time derivative of the electric 

flux density D through any surface bounded by the path. 

The time derivative of the electric flux density    is 

called  displacement current. Thus this equation means 

that a magnetic field is generated by a time-varying 

electric field. 
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3.3 Properties of Electromagnetic Waves 

Let us summarize the properties of electromagnetic waves as we 

have described them: 

1)

wave-like, with both E and B satisfying a wave equation.

2) Electromagnetic waves travel through empty space at the 

speed of light .

3) The components of the electric and magnetic fields of 

plane electromagnetic waves are perpendicular to each 

other and perpendicular to the direction of wave 

propagation. We can summarize the latter property by 

saying that electromagnetic waves are transverse waves.

4) The magnitudes of E and B in empty space are related by 

the expression E/B = c. 

5) Electromagnetic waves obey the principle of 

superposition.

3.4 Constitutive Relations 

The electric and magnetic properties of a medium are described by three 

quantities: 

1) relative permittivity, . 

2) relative permeability, . 

3) conductivity, .

If Maxwell's equations are to be extended to material media, they should 

be supplemented with relation which would contain these quantities 
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characterizing individual properties of medium. Such relation are called 

constitutive relation and also known as material equation. 

The permittivity of dielectric material is denoted by  

                                                                                        (3.5) 

where is a dimensionless quantity called the relative permittivity or 

dielectric constant of the material.  is the permittivity of free space 

which is given by  

In addition to the electric field intensity E, we often use the related 

quantity, the electric flux density D. 

                                                                                        (3.6) 

Magnetic permeability of a material is denoted by 

                                                                                      (3.7) 

where is a dimensionless quantity called the relative permeability of 

the material.  is the permeability of free space which is given by  

Magnetic field intensity is denoted by H and is related to magnetic 

induction B through   

                                                                                     (3.8) 

and 

it is given by  
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                                                                                     (3.9) 

Where J

medium. 

We usually assume ,

medium is linear, homogeneous, isotropic; , 

constant and uniform throughout the medium. A medium is a 

homogeneous medium when the quantities , 

throughout the medium. The medium is isotropic if  is a scalar constant, 

so that D and E have everywhere the same direction. Material equation 

have the simplest form for sufficiently weak electric field. Equation 

(3.6),(3.7) and (3.9) hold good for the case of isotropic non-ferroelectric 

and non-ferromagnetic media. 

When the relation (3.6),(3.7) and (3.9) are inserted in the 

equations (3.1) to (3.4) we get the following differential equation relation 

the electric and magnetic field strengths E and H. If they are then solved 

as simultaneous equation , they will determine the laws both E and H

must obey. 

(3.10a) (3.10b) 

(3.10c) (3.10d) 

3.5 Wave Equation for Free-Space 

In order to understand the nature of waves, we consider free space, 

which is a large empty volume of space. Free space is a perfect dielectric 

and does not contain charges (
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(J=0) flowing in it . equations for free space or a dielectric 

medium) become  

(3.11a) (3.12b) 

(3.11c) (3.13d) 

in order to describe the propagation of an electromagnetic wave in free 

space, we need to derive wave equation for E and B and then solve them 

to obtain explicit expression for E and B as function of (x,y,z). we start 

by taking curl of both sides of equation (3.12b) and obtain 

Using equation (3.13d) into the above equation, we get 

But        

But        

                                                                        (3.12a)

A similar procedure for B gives us  

                                                                       (3.12b)

Equation (3.12a) and (3.12b) are very much similar to general wave 
equation (2.13), and constitute wave equation. 
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3.5.1 Velocity of the Electromagnetic Wave 

The propagation characteristics of the electromagnetic wave are 
contained in the solution of equation (3.12). To bring out the 
characteristics, we compare it with the general wave equation (2.13). 

The comparison gives  

                                                                                             (3.13) 

Substituting the values of  and , we find that 

                                                        (3.14) 

3.5.2  Relation Between the Refractive Index and Relative                          

Permittivity of A medium 

In case of a medium other than vacuum, we have to use and 
instead of  and  in equation (3.13). We get  

BUT                

For a non- magnetic medium . Therefore, 



Chapter Three: Propagation of light waves



Chapter Four: Interference

4.1 Superposition of Waves 

Many interesting wave phenomena in nature cannot be described 

by a single traveling wave. Instead, one must analyze complex waves in

terms of a combination of traveling waves. To analyze such wave 

combinations, one can make use of the superposition principle:

If two or more traveling waves are moving through a medium, 

the resultant value of the wave function at any point is the algebraic 

sum of the values of the wave functions of the individual waves. 

The principle of superposition applies to electromagnetic wave also 

and is the most important principle in wave optics. In case of 

electromagnetic waves, the term displacement refers to the amplitude of 

electric field vector. 

Interference is an important consequence of superposition of 

coherent waves. 

Waves that obey this principle are called linear waves. Waves that 

violate the superposition principle are called nonlinear waves. 

4.2 Interference

If two or more light waves of the same frequency overlap at a 

point, the resultant effect depends on the phase of the waves as well as 

their amplitudes. The resultant wave at any point at any instant of time is 

governed by the principle of superposition. The combined effect at each 

point of the region of superposition is obtained by adding algebraically 

the amplitudes of the individual waves. Let us assume here that the 

component waves are of the same amplitude.  
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4.2.1 Theory of Interference 

Analytical Method: let us assume that the electric field component of 

the two waves arriving at point P vary with time as

                                                                                (4.9)

                                                                        (4.10)

According to principle of superposition obtain to 

                          (4.11) 

Equation (4.11) shows that the superposition of two sinusoidal the 

same frequency but with a phase difference produces a sinusoidal wave 

with the same frequency but with a different amplitude E.

Let                                                                (4.12) 

and                                                                        (4.13) 

where 

(4.12) and ( 4.13) and add them. 

                                                            (4.14) 
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Thus, it is seen that the square of the amplitude of the resultant 

wave is not a simple sum of the squares of the amplitudes of the

superposition waves, there is an additional term which is known as the 

interference term. 

4.2.2 Intensity Distribution 

The intensity of a light wave is given by the square of its amplitude. 

Using this equation into (4.14), we get 

                                                                 (4.15) 

The term  is known as the interference tern. Whenever the 

phase difference between the waves is zero, i.e. , we have 

maximum amount of light. Thus,  

                                                                    (4.16) 

When I1=I2=I°   

                                                                                         (4.16a) 

When the phase difference is  and we have 

minimum amount of light. 

                                                                     (4.17) 

Which, when I1=I2 becomes 

                                                                                            (4.17a) 

At point that lie between the maxima and minima, when I1=I2=I°, we get 
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The using the identity  we get 

                                                                               (4.18) 

This equation shows that the intensity varies along the screen in 

accordance with the law of cosine square. 

4.2.3 Superposition of Incoherent Waves 

Incoherent waves are the waves that do not maintain a constant 

phase difference. Then the phase fluctuate irregularly with time and 

independently of each other. In case of light waves the phase fluctuate 

randomly at a rate of about 108 per second. Light detectors such as human 

eye, photographic film etc cannot respond to such rapid change. The 

detected intensity is always the average intensity, averaged over a time 

interval which is very much larger than the time of fluctuation. Thus, 

The average value of the cosine over a large time interval will be 

zero and hence the interference term become zero. Therefore, the average 

intensity of the resultant wave is 

If , then   
                                                                                              (4.19) 

It implies that the superposition of incoherent waves does not 

produce interference but gives a uniform illumination. The average 

intensity at any point is simply equal to the sum of the intensities of the 

component waves. 
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4.2.4 Superposition of Many coherent Waves 

The result (4.16) may be written as 

Which gives the resultant intensity when two coherent waves

superpose. The resultant maximum intensity due to N coherent waves 

will be therefore 

                                                                                      (4.20a)    

                                                                                            (4.20b)                 

Where N represent the number of coherent waves superposition at 

a point. 

4.3

construction for using 

knowledge of an earlier wave front to determine the position of a new 

the principle states that every point of a wave front may be considered 

as the source of small secondary wavelets.
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Figure 3: 
(b) a spherical wave propagating to the right. 

4.4 -Slit Experiment-Wave front Division 

A common method for producing two coherent light sources is to 

use a monochromatic source to illuminate a barrier containing two small 

openings (usually in the shape of slits). The light emerging from the two 

slits is coherent because a single source produces the original light beam 

and the two slits serve only to separate the original beam into two parts . 

Any random change in the light emitted by the source occurs in both 

beams at the same time, and as a result interference effects can be 

observed when the light from the two slits arrives at a viewing screen. If 

the light traveled only in its original direction after passing through the 

slits, as shown in Figure 4a, the waves would not overlap and no

interference pattern would be seen.  the waves spread out from the slits as 

shown in Figure 4b. In other words, the light deviates from a straight-line 

path and enters the region that would otherwise be shadowed. 
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Figure 4 (a) If light waves did not spread out after passing through the slits, no 
interference would occur. (b) The light waves from the two slits overlap as they 

spread out, filling what we expect to be shadowed regions with light and producing 
interference fringes on a screen placed to the right of the slits. 

Interference in light waves from two sources was first demonstrated by 

Thomas Young in 1801. A schematic diagram of the apparatus that 

Young used is shown in Figure 5a. Plane light waves arrive at a barrier 

that contains two parallel slits S1 and S2. These two slits serve as a pair of 

coherent light sources because waves emerging from them originate from 

the same wave front and therefore maintain a constant phase relationship. 

The light from S1 and S2 produces on a viewing screen a visible pattern of 

bright and dark parallel bands called fringes (Figure 5b). When the light 

from S1 and that from S2 both arrive at a point on the screen such that 

constructive interference occurs at that location, a bright fringe appears. 

When the light from the two slits combines destructively at any location 

on the screen, a dark fringe results.  
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Figure 5 (a) -slit experiment. Slits S1 and S2 
behave as coherent sources of light waves that produce an interference pattern on the 
viewing screen (drawing not to scale). (b) An enlargement of the center of a fringe 

pattern formed on the viewing screen. 

Figure 6 shows some of the ways in which two waves can combine 

at the screen. In Figure 6a, the two waves, which leave the two slits in 

phase, strike the screen at the central point P. Because both waves travel 

the same distance, they arrive at P in phase. As a result, constructive 

interference occurs at this location, and a bright fringe is observed. In 

Figure 6b, the two waves also start in phase, but in this case the upper 

wave has to travel one wavelength farther than the lower wave to reach 

point Q. Because the upper wave falls behind the lower one by exactly 

one wavelength, they still arrive in phase at Q, and so a second bright 

fringe appears at this location. At point R in Figure 6c, however, between 

points P and Q, the upper wave has fallen half a wavelength behind the 

lower wave. This means that a trough of the lower wave overlaps a crest 
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by a distance d, and the source is monochromatic. To reach any arbitrary 

point P in the upper half of the screen, a wave from the lower slit must 

travel farther than a wave from the upper slit by a distance S2N. This 

distance is called the path difference (S2N= S2P- S1P). Let the point P be 

at a distance X from O ( figure 7). Then  

PE=X - d\2 and PF=X + d\2 

We can approximate that 

                                            (4.21) 

We now find out the conditions for observing bright and dark fringes on 
the screen. 

4.4.2 Bright Fringes

 Bright fringes occur whenever the wave from S1 and S2 interfere 

constructively. The first time this occurs is at O, the axial point. There, 

the waves from S1 and S2 travel the same optical path length to O and 

arrive in phase. The next bright fringe occurs when the wave from S2

travels one complete wavelength further the wave from S1. In general 
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constructive interference occurs if S1P and S2P differ by a whole number 

of wavelengths. 

The condition for finding a bright fringe at P is that  

Using equation (4.21), it means that 

                                                                                              (4.22) 

Where m is called the order of fringe. 

Where m = 0 called zero- order of fringe , m = 1 called first- order 
bright fringe and m = 2 called second- order bright fringe. 

4.4.3 Dark Fringes

The first dark fringe occurs when \2. The waves are 

now in opposite phase at P. The second dark fringe occurs when      

\2. The mth dark fringe occurs when 

The condition for finding a dark fringe is 

                                                                                 (4.23) 

Where m = 0 called first- order dark fringe, m = 1 called second- order 
dark fringe.  

4.4.4 Separation Between Neighboring Bright Fringe

The mth order fringe occurs when 

And the (m +1)th order fringe when  
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                                                                         (4.24) 

The same result will be obtained for dark fringes. Thus, the distance 

between any two consecutive bright or dark fringes known as the fringe 

width and is same everywhere on the screen. Further, the width of the 

bright fringe is equal to the dark fringe. Therefore, the alternate bright 

and dark fringes are parallel.  

From equation (4.24), we find the following: 

1)

directly proportional to the wavelength of light, i.e. . The 

fringes produced by red light are less closer compared to those 

produced by blue light. 

2) The width of the fringe is directly proportional to the distance the 

of the screen from the two slits . the farther the screen, the 

wider is the fringe separation. 

3) The width of the fringe is inversely proportional to the distance 

between two slits. The closer are the slits, the width will be the 

fringes. 

4.5 Coherence 

1. Coherence time: It is the average time during which the wave 

remain sinusoidal and phase of the wave packet can be predicted 

reliably. 

2. Coherence length: It is the length of the wave packet  over which 

it may be assumed to be sinusoidal and has  predictable phase. 
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4.6 Conditions for Interference 

We may now summarize the conditions that are to be fulfilled in order 

to observe a distinct well-defined interference pattern. 

A) Conditions for sustained interference: 

1) The waves from the two sources must be of the same 

frequency. 

If the light waves differ in frequency, the phase difference 

fluctuates irregularly with time. Consequently, the intensity at any 

point fluctuates with time and we will not observe steady 

interference. 

2) The two light waves must be coherent. 

If the light waves are coherent, then they maintain a fixed phase 

difference over a time and space. Hence, a stationary interference 

pattern will be observe. 

3) The path difference between the overlapping waves must be 

less than the coherence length of the waves. 

We have already learn that light is emitted in the form of wave 

trains and a finite coherence length characterized them. If we 

consider two interfering wave trains, having constant phase 

difference, as in figure 8, the interference effects occur due to parts 

QR of wave 1 and ST of wave 2. 

For the parts PQ and TU interference will not occur. Therefore, the 

interference pattern does not appear distinctly. When the entire 

wave train PR overlaps on the wave train SU, interference pattern 

will be distinct. On the other hand, when the path difference 
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4.7 Techniques of Obtaining Interference 

The techniques used for creating coherent sources of light can be divided 

into the following two broad classes. 

1) Wave front splitting: one of the method consists in dividing a light 

wave front, emerging from a narrow slit, by passing it through two

slits closely spaced side by side. The two parts of the same wave 

front travel through different path and reunite on a screen to 

produce fringe pattern. This is known as interference due to 

division of wave front. This method is useful only with narrow 

sources. 

2) Amplitude splitting: Alternately, the amplitude (intensity) of a 

light wave is divided into two part, namely reflected and 

transmitted components, by partial reflection at a surface. The two

part travel through different path and reunite to produce 

interference fringes. this is known as interference due to division 

of amplitude. Optical elements such as beam splitters, mirror are 

used for achieving amplitude division. Interference in thin films 

interferometer etc 

interferometers utilize this method. This method requires extended 

source. 

4.8 Fresnel double prism 

The Fresnel double prism or biprism consists of two thin prisms 

joined at their bases, as shown in Figure 9. A single cylindrical wave 

front impinges on both prisms. The top  portion of the wave front is 

refracted downward, and the lower segment is refracted upward. In the
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1)  When the fringes are 

observed in the field view of the eyepiece, the vertical cross-

wire is made to coincide with the centre of one of the bright 

fringes. the position of the eyepiece is read on the scale, say x°. 

The micrometer screw of the eyepiece is moved slowly and the 

number of the bright fringes N that pass across the cross-wire is 

counted. The position of the cross-wire is again read, say xN. 

The fringe width is then given by

     

2) Determination of ( d ): The value of d can be determined as 

prism is given by 

    

    where 

 =  2. Since d is very small, we can also write d = 

                                                                       (4.25)

4.8.2 Interference Fringes with white light  

In the biprism experiment if the slit is illuminated by white light 

the interference pattern consists of a central white fringe flanked on its 

both sides by a few coloured fringes and general illumination beyond the 

fringes. The central white fringe is the zero-order fringe. 
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The optical path 

The optical path 

The optical path difference at P is , since in the 

presence of the thin sheet, the optical path lengths S1P and S2P are equal 

and central zero fringe is obtained at P. 

But according to the relation (4.21), 

Where x is the lateral shift of the central fringe due to the introduction of 

the thin sheet. 

Hence, the thickness of the sheet is 

                                                                                            (4.26) 

4.9 Single Mirror

The last wave front-splitting interferometer that we will consider 

is Lloyd's mirror, shown in Figure 11. It consists of a flat piece of either 

dielectric or metal that serves as a mirror, from which is reflected a 

portion of the cylindrical wave front coming from slit S. Another portion 

of the wave front proceeds directly from the slit to the screen. For the 

separation d, between the two coherent sources, we take the distance 
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2) The biprism the central fringe is bright whereas in case of Lloyd's 

mirror, it is dark. 

3) The central fringe is less sharp in biprism than that in Lloyd's 

mirror. 
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5.1 Introduction: 
The light emitted by an ordinary light source is not an infinitely long, simple 

harmonic wave but is composed of a jumble of finite wave trains. We therefore call 
a real monochromatic source as a quasi-monochromatic source. The wave trains 
issuing out of a quasi-monochromatic source are as shown in figure

Fig.1

5.2 Waves train: 

Fig.2: Shows a wave train generated by an atom.

If such a wave train lasts for a time interval t, then the length of the wave train in a 
vacuum is  

  

Where c is the velocity of light in a vacuum. For example, if 
and , then .

The number of oscillations present in the wave train is 

2) 

Where  is the wavelength. If we assume , then             

.

Thus, a wave train contains about a million wave oscillations in it. 
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Adding together the wave packets generated by all atoms in the light source, one 
finds a succession of wave trains, as shown in figure. 

Fig.3

In passing from one wave train to the next, there is an abrupt change in the phase 
and also in plane of polarization. It is not possible to relate the phase at a point in 
wave train Q to a point in wave train P. 

Consequently there is no correlation between the phase different wave trains. Each 
wave train has a sustained phase for only about 10-8s, after which a new wave train is 
emitted with a totally random phase which also lasts only for about 10-8s. The phase 
of the wave train from one atom will remain constant with respect to the phase of the 
wave train from another atom for utmost 10-8s. It means that the wave trains can be 
coherent for a maximum 10-8s only. If two light waves overlap, sustained interference 
is not observed since the phase relationship between the waves changes rapidly, 
nearly at the rate of 10-8 times per second. 

5.3 Coherence length and coherence time: 

It is the time,  during which the phase of the wave train does not become 
randomized but undergoes change in a regular systematic way. Coherence time is 
denoted by . We can therefor write. 

          

A wave train consists of a group of waves, which have a continuous spread of 
wavelengths over a finite range  centered on a wavelength . According to 
Fourier analysis the frequency bandwidth  is given by  
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Where  is the average lifetime of the excited state of the atom. However,  is 
time during which a wave train is radiated by atom and corresponds to the coherence 
time,  , of the wave train. 

Using the relation (5) in to equation (6), we get  

5.4 Bandwidth: 

A wave packet is not harmonic wave. Therefore, it cannot be represented 
mathematically by simple sin functions. The mathematical representation of a wave 
packet is done in terms of Fourier integral. If light emitted from a source is analyzed 
with help of a spectrograph, it is known to be made up of discrete spectral lines. Wave 
packets emitted by atoms form these spectral lines. Therefore, a spectral lines and 
wave packet are equivalent descriptions. The wavelength of a wave packet or a 
spectral line is not precisely defined. There is a continuous spread of wavelengths 
over a finite range, . The maximum intensity of the 
wave packet occurs at  and the intensity falls off rapidly on either side of , as 
shown in figure. 

Fig.4

The spread of wavelengths is called the bandwidth. The bandwidth is the 
wavelength interval from which contains the major portion 
of the energy of the wave packet. In practice a source, which is said to produce line 
spectrum, produce a number of sharp wavelength distributions.  
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5.5 Relation between coherence length and bandwidth: 

The frequency and wavelength of a light wave are related through the equation 

Where  is the vacuum wavelength. 

Differentiating equation (8) on both sides, we get 

Using the relation (7) into equation (9), we obtain 

Rearranging the terms, we get 

The minus sign has no significance and hence is ignored. Equation (10) means that 
the coherence length (the length of the wave packet) and the bandwidth of the wave 
packet are related to each other. The longer the wave packet, the narrower will be the 
bandwidth. In the limiting case, when the wave is infinitely long, we obtain 
monochromatic radiation of frequency    (wavelength ). 

Form equation (2), the coherence length may be defined as product of the number 
of wave oscillations N contained in the wave train and of the wavelength, . Thus, 

Equation (10) and (11), we get 

Equation (12) shows that the large the number of wave oscillations in a wave 
packet, the smaller is the bandwidth. In the limiting case, when N is infinitely large, 
that is when the wave packet is infinitely long; the wave will be monochromatic 
having a precisely defined wavelength. The dependence of bandwidth on the length of 
the wave packet is schematically shown in figure. 
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Fig.5

5.6 Coherence: 

Coherence is an important property of light. It refers to the connection between the 
phase of light waves at one point and time, and the phase of the light waves at another 
point and time. Coherence effects are mainly divided into two categories: temporal 
and spatial. The temporal coherence is related directly to the finite bandwidth of the 
source, whereas the spatial coherence is related to the finite size of the source. 

Temporal coherence is also known as longitudinal coherence. Let a point source of 
quasi monochromatic light S (Fig. 5) emit light in all directions. Let us consider light 
travelling along the line SP1P2. The phase relationship between the points P1 and P2

depends on the distance P1P2 and the coherence length of the light beam. The electric 
fields at P1 and P2 will be correlated in phase when a single wave train extends over 
greater length than the distance P1P2; that is if the distance P1P2 is less than the 
coherence length lcoh. Then, the waves are correlated in their rising and falling and 
they will preserve a constant phase difference. The points P1 and P2 would not have 
any phase relationship if the longitudinal distance P1P2 is greater than lcoh, since in 
such a case many wave trains would span the distance. It means different independent 
wave trains would be at P1 and P2 at any instant and therefore the phase at the two 
points would be independent of each other. The degree to which a correlation exists is 
known as the amount of longitudinal coherence. 
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Fig.6

Form equation (11) and Fig. 5 we conclude that temporal coherence is indicative of 
mono chromaticity of the source. An ideally monochromatic source is an absolutely 
coherent source. The degree of mono chromaticity of a source is given by     

                                                          (13) 

When the ratio , the light wave is ideally monochromatic. 

The width of a spectral line is given by . (See Fig. 4). It is seen from equation 
(11) that it is related to the temporal coherence. Thus, 

Spatial coherence refers to the continuity and uniformity of a wave in a direction 
perpendicular to the direction of propagation. If the phase difference for any two 
fixed points in a plane normal to the wave propagation does not vary with time, 
then the wave is said to exhibit spatial coherence. It is also known as lateral 
coherence. Again looking at the point source S (Fig. 6), SP1 = SP3 and therefore, the 
fields at points P1 and P3 would have the same phase. Thus, an ideal point source 
exhibits spatial coherence, as the waves produced by it are likely to have the same 
phase at points in space, which are equidistant from the source. On the other hand, an 
extended source is bound to exhibit lesser lateral spatial coherence. Two points on the 
source separated by a lateral distance greater than one wavelength will behave quite 
independently. Therefore, correlation is absent between the phases of the waves 
emitted by them. The degree of contrast of the interference fringes produced by a 
source is a measure of the degree of the spatial coherence of its waves. The higher the 
contrast, the better is the spatial coherence. 
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5.7 Determination of Coherence Length: 

 The coherence length can be measured by means of Michelson interferometer. In a 
Michelson interferometer, a light beam from the source S is incident on a semi-
silvered glass plate G (see Fig. 7) and gets divided into two components: one 
component is reflected, 1 .and the other,2, is transmitted. These two beams, 1 and 2, 
are reflected back at mirrors M1 and M2 respectively and are received by the telescope 
where interference fringes are produced. It is obvious that the beams produce 
stationary interference only if they are coherent.  

Fig.7

Let  be the image of M2 formed by G. If the reflecting surfaces M1 and  (the 
image of M2) are separated by a distance d, then 2d will be the path difference 
between the interfering waves. The condition of fixed phase relationship between the 
two waves, 1 and 2, will be satisfied if 

In such a case distinct interference fringes will be seen. If, however, 

then the phases of the two waves are not correlated and interference fringes will 
not be seen. To determine the coherence length of waves emitted by a light source, the 
distance d between the mirrors M1 and   (the image of M2) is varied by moving one 
of the mirrors. As the distance varies, the contrast of the fringes decreases and 
ultimately they disappear. The path difference 2d at the particular stage where the 
fringes disappear gives us the coherence length.  
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The light from a sodium lamp has coherence length of the order of 1 mm, that of 
green mercury line is about 1 cm, neon red line 3 cm, red cadmium line 30 cm, orange 
krypton line 80 cm and that of a commercial He-Ne laser is about 15m. The coherence 
length of light from some of the lasers goes up to a few km. 

Example 1: A sodium atom radiates for 4×10-12s. What is the coherence length of 
light from a sodium lamp? 

Solution: it is given that coherence time .

Coherence length 

.

Example 2: Calculate the coherence length for CO2 laser whose line width is 
1×10-5nm at IR emission wavelength of 10.6 µm. 

Solution: Coherence length 

Example 3: in 10-12

second pulse duration. Find also the bandwidth. 

Solution: Coherence length 

Bandwidth is given by 

1. Calculate the frequency bandwidth for white light (frequency range 4×1014Hz 
to 7.5×1014Hz). Also find (i) coherence time and (ii) coherence length of white 
light. 

2. A quasi-monochromatic source emits radiations of mean wavelength 
and has bandwidth . Calculate coherence time, coherence length 
and frequency stability. 

3. An optical filter has a line width of 1.5 nm and mean wavelength 550 nm. With 
white light incident on the filter, calculate (i) coherence length and (ii) the 
number of wavelengths in the wave train. 

4. The spectral purity of a source can be appreciated via the quantity , the 
frequency stability. For example, a Hg198 low- air = 
546.078 nm) has a bandwidth of . Compute the coherence 
length and coherence time of the light, as well as the frequency stability.   

5. A Michelson interferometer is illuminated by red cadmium light with a mean 
wavelength of 643.847 nm and a line width of 0.0013 nm. The initial setting is 
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for zero O.P.D., i.e. d = O. One mirror is then slowly moved until the fringes 
disappear by how much must it be shifted? How many wavelengths does this 
correspond to?  

6. Suppose the experiment described in Problem 5 were repeated with light          
(  = 682.8 nm) from a He-Ne laser having a frequency stability of 2 parts per 
1010 .What mirror displacement would now be needed to cause the fringes to 
vanish? 

7. In 1963 Jaseija, Javan and Townes attained a short-term frequency stability of 
roughly 8 parts per 1014 with a He-Ne gas laser at  == 1153 nm. Compute the 
coherence time and coherence length. 

8. Roughly what is the line width of a hypothetical source if it has an 
uninterrupted transition time of 10- 8 s (i.e. assume t == 10- 8 s)? Compute the 
coherence length as well. The vacuum wavelength equals 650 nm. 

9. Red light (  == 650 nm) emerging from an ordinary filter is comprised of wave 
trains about 50  in length. What is the line width, , passed by the filter? 
Determine the maximum range over which the mirror in a Michelson 
interferometer can be moved before the fringes in this case become 
unobservable. 
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6.1 Introduction: 

When waves encounter obstacles (or openings), they bend round the edges of 
the obstacles, if the dimensions of the obstacles are comparable to the wavelength 
of the waves. The bending of waves around the edges of an obstacle is called 
diffraction. 

Fig. 1 illustrates the passage of waves through an opening. When the opening is 
large compared to the wavelength, the waves do not bend round the edges. When 
the opening is small, the bending round the edges is noticeable. When the opening 
is very small, the waves spread over the entire surface behind the opening. The 
opening acts an independent source of waves, which propagate in all directions. 
The diffraction effect is observable quite close to the opening when the size of the 
opening is very small. When the opening is large, diffraction effect is observed at 
greater distances from the opening. In general diffraction of waves becomes 
noticeable only when the size of the obstacle is comparable to a wavelength.  

Figure 1: A plane wave of wavelength  is incident on a barrier in which 
there is an opening of diameter d. (a) When  << d, the rays continue in a straight-line 

path and the ray approximation remain valid. (b) When d, the rays spread out 
after passing through the opening. (c) When  >> d, the opening behaves as a point 

source emitting spherical waves. 

However, diffraction phenomenon is not readily apparent in case of light 
waves. It becomes significant when the aperture size is of the order of one 
wavelength wide. Diffraction and interference are basically equivalent

6.2 Huygens-Fresnel Theory: 

According to Huygen's wave theory of light, each progressive wave produces 
secondary waves, the envelope of which forms the secondary wave front. In figure 
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2(a). S is a source of monochromatic light and MN is a small aperture. XY is the 
screen placed in the path of light. AB is the illuminated portion of the screen and 
above A and below B is the region of the geometrical shadow. Considering MN as 
the primary wave front. According to Huygen's construction, if secondary wave 
fronts are drawn, one would expect encroachment of light in the geometrical 
shadow. Thus, the shadows formed by small obstacles are not sharp. This bending 
of light round the edges of an obstacle or the encroachment of light within the 
geometrical shadow is known as diffraction. Similarly, if an opaque obstacle MN 
is placed in the path of light [Figure 2 (b)], there should be illumination in the 
geometrical shadow region AB also. But the illumination in the geometrical 
shadow of an obstacle is not commonly observed because the light sources are not 
point sources and secondly the obstacles used are of very large size compared to 
the wavelength of light. If a shadow of an obstacle is cast by an extended source, 
say a frosted electric bulb, light from every point on the surface of the bulb forms 
its own diffraction pattern (bright and dark diffraction bands) and these overlap 
such that no single pattern can be identified. The term diffraction is referred to 
such problems in which one considers the resultant effect produced by a limited 
portion of a wave front. 

Figure 2

Diffraction phenomena are part of our common experience. The luminous 
border that surrounds the profile of a mountain just before the sun rises behind it, 
the light streaks that one sees while looking at a strong source of light with half 
shut eyes and the colored spectra (arranged in the form of a cross) that one sees 
while viewing a distant source of light through a fine piece of cloth are all 
examples of diffraction effects. 

Augustine Jean Fresnel in 1815, combined in a striking manner Huygens' 
wavelets with the principle of interference and could satisfactorily explain the 
bending of light round obstacles and also the rectilinear propagation of light. 



Chapter Six: Fresnel Diffraction

6.3 Fresnel's Assumptions: 
According to Fresnel, the resultant effect at an external point due to a wave 

front will depend on the factors discussed below: 

In figure 3, S is a point source of monochromatic light and MN is a small 
aperture. XY is the screen and SO is perpendicular to XY. MCN is the incident 
spherical wave front due to the point source S. To obtain the resultant effect at a 
point P on the screen, Fresnel assumed the following: 

Figure 3 

 (1) A wave front can be divided into a large number of strips or zones 
called Fresnel's zones of small area and the resultant effect at any point will 
depend on the combined effect of all the secondary waves emanating from the 
various zones; 

(2) The effect at a point due to any particular zone will depend on the 
distance of the point from the zone; 

(3) The effect at P will also depend on the obliquity of the point with 
reference to the zone under consideration, e.g. due to the part of the wave front at 
C. the effect will be a maximum at O and decreases with increasing obliquity. It is 
a maximum in a direction radially outwards from C and it decreases in the 
opposite direction. The effect at a point due to the obliquity factor is proportional 
to (1+ cos ) where     PCO = . considering an elementary wave front at C, the 
effect is maximum at O because  = 0 and cos  = 1. Similarly, in a direction 
tangential to the primary wave front at C (along CQ) the resultant effect is one half 
of that along CO because  = 90  and cos 90  = 0. In the direction CS, the 
resultant effect is zero since  = 180  and cos180  = - 1 and I +  = 1-1 = 0. 
This property of the secondary waves eliminates one of the difficulties experienced 
with the simpler form of Huygens principle viz... That if the secondary waves 
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spread out in all directions from each point on the primary wave front. They 
should give a wave traveling forward as well as backward. Now, as the amplitude 
at the rear of the wave is zero there will evidently be no back wave. 

6.4 Rectilinear Propagation of Light: 

ABCD is a plane wave front perpendicular to the plane of the paper [Figure 4 
(a)] and P is an external point at a distance b perpendicular to ABCD. To find the 
resultant intensity at P due to the wave front ABCD, Fresnel's method consists in 
dividing the wave front into a number of half period elements or zones called 
Fresnel's zones and to find the effect of all the zones at the point P. 

If spheres are constructed with P as centre and radii equal to b+ /2. b+2 /2. b+3
/2etc.. they will cut out circular areas of radii OM1, OM2,OM3, etc.. on the wave 

front. These circular zones are called half period zones or half period elements. 
Each zone differs from its neighbour by a phase difference of  or path difference 
of  /2. Thus the secondary waves starting from the point O and M1 and reaching P 
will have a phase difference of  or a path difference  /2. A Fresnel half period 
zone with respect to an actual point P is a thin annular zone of the primary wave 
front in which the secondary waves from any two corresponding points of 
neighboring zones differ in path by  /2. 

Figure (4) 

In Fig. 4 (b) O is the pole of the wave front XY with reference to the external 
point P. OP is perpendicular to XY. In Fig. 4 (c) 1.2.3 etc are the half period zones 
constructed on the primary wave front XY. OM1 is the radius of the first zone. 
OM2 is the radius of the second zone and so on. P is the point at which the 
resultant intensity has to be calculated. 
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Figure (4) 

And 

The area of the first half period zone is  

                 (1) 

As , 2 term is neglected. 

The radius of the first half period zone is,

The radius of the second half period zone is, 

The area of the second half period zone, 

                                                  (2) 

Thus, the area of each half period zone is equal to . Also the radii of the 1st, 

2nd, 3td, etc. half period zones are etc. Therefore, the radii are 
proportional to the square roots of the natural numbers. However, it should be 
remembered that the areas of the zones are not constant but are dependent on - (i) 

 the wavelength of light and (ii) b, the distance of the point from the wave front. 
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The area of the zone increases with increase in the wavelength of light and with 
increase in the distance of the point P from the wave front. 

As discussed in Fresnel's Assumptions the effect at a point will depend on (i) 
the distance of P from the wave front, (ii) the area of the zone and (iii) the 
obliquity factor. Here, the area of each zone is the same. The secondary waves 
reaching the point P are continuously out of phase and in phase with reference to 
the central or the first half period zone. Let m1, m2, m3, etc. represent the 
amplitudes of vibration of the ether particles at P due to secondary waves from the 
1st, 2nd, 3td, etc. half period zones (see Figure 5). As we consider the zones 
outwards from O, the obliquity increases and hence the quantities m1, m2, m3, etc. 
are of continuously decreasing order. Thus, m1 is slightly greater than m2; m2 is 
slightly greater than m3 and so on. Due to the phase difference of  between any 
two consecutive zones, if the displacements of the ether particles due to odd 
numbered zones are in the positive direction, then due to the even numbered zones 
the displacement will be in the negative direction at the same instant. As the 
amplitudes are of gradually decreasing magnitude, the amplitude of vibration at P 
due to any zone can be approximately taken as the mean of the amplitudes due to 
the zones preceding and succeeding it.  

The resultant amplitude at P, at any instant is given by, 

(If n is even, the last quantity is - ). 

If the whole wave front ABCD is unobstructed, the number of half period zones 
that can be constructed with reference to the point P is infinite i.e. n . As the 
amplitudes are of gradually diminishing order,  and , tend to be zero. 

Therefore, the resultant amplitude at P due to the whole wave front   (3) 

The intensity at a point is proportional to the square of the amplitude. 

                                                                                                         (4) 

Thus, the intensity at P is only one-fourth of that due to the first half period 
zone alone. Here, only half the area of the first half period zone is effective in 
producing the illumination at the point P. A small obstacle of the size of half the 
area of the first half period zone placed at will screen the effect of the whole wave 
front and the intensity at P due to the rest of the wave front will be zero. While 
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considering the rectilinear propagation of light, the size of the obstacle used is far 
greater than the area of the first half period zone and hence the bending effect of 
light round corners (diffraction effects) cannot be noticed. In the case of sound 
waves, the wavelengths are far greater than the wavelength of light, and hence the 
area of the first half period zone for a plane wave front of sound is very large. If 
the effect of sound at a point beyond an obstacle is to be shadowed, an obstacle of 
very large size has to be used to get no sound effect. if the size of the obstacles 
placed in the path of light is comparable to the wavelength of light, then it is 
possible to observe illumination in the region of the geometrical shadow also. 
Thus, rectilinear propagation of light is only approximately true. 

Figure 5 

6.5 Zone Plate: 

A zone plate is a specially constructed screen such that light is obstructed from 
every alternate zone. It can be designed so as to cut off light due to the even 
numbered zones or that due to the odd numbered zones. The correctness of 
Fresnel's method in dividing a wave front into half period zones can be verified 
with its help. 

To construct a zone plate, concentric circles are drawn on white paper such that the 
radii are proportional to the square roots of the natural numbers [as shown in 
(Rectilinear Propagation of Light) the radii are proportional to the square roots of 
the natural numbers]. The odd numbered zones (i.e. 1st, 3td, 5th etc.) are covered 
with black ink and a reduced photograph is taken. The drawing appears as shown 
in   figure 6 (b). The negative of the photograph will be as shown in figure 6 (a). In 
the developed negative, the odd zones are transparent to incident light and the even 
zones will cut off light. 

Figure 6 
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If such a plate is held perpendicular to an incident beam of light and a 
screen is moved on the other side to get the image, it will be observed that 
maximum brightness is possible at some position of the screen say b cm from the 
zone plate (Figure 7) XO is the upper half of the incident plane wave front. P is the 
point at which the light intensity is to be considered. The distance of the point P 
from the wave front is b. are the radii of the zones. 

                                                                                     (5) 

If the source is at a large distance from the zone plate, a bright spot will be 
obtained at P. As the distance of the source is large, the incident wave front can be 
taken as a plane one with respect to the small area of the zone plate. The even 
numbered zones cut off the light and hence resultant amplitude at P = A = m1 + m2

+ m3 + etc. In this case the focal length of the zone plate fn is given by 

                                                                                                            (6) 

Thus, a zone plate has different foci for different wavelengths. The radius of the 
nth zone increases with increasing value of . It is very interesting to note that as 
the even numbered zones are opaque, the intensity at P is much greater than that 
when the whole wave front is exposed to the point P. 

In the first case the resultant amplitude is given by 

When the whole wave front is unobstructed, the amplitude is given by 

If a parallel beam of white light is incident on the zone plate, different colours 
come to focus at different points along the line OP. Thus, the function of a zone 
plate is similar to that of a convex (converging) lens and a formula connecting the 
distance of the object and image points can be obtained for a zone plate also. 

Figure 7 
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                                                                                              (9) 

Equation (9) is similar to the equation  in the case of lenses with a and 

b as the object and image distances and   the focal length. Thus, a zone plate acts 
as a converging lens. A zone plate has a number of foci which depend on the 
number of zones used as well as the wavelength of light employed. 

6.7 Difference Between a Zone Plate and a Convex Lens: 

For a given wavelength of light, a convex lens has only one focal length given by 

Where  is the focal length of the lens,  is the refractive index of the material 
of the lens and  and  are the radii of curvature. In a convex lens, the violet 
rays of light come to focus nearer the lens than the red rays of light because for a 
given material the refractive index for violet rays of light is more than for red rays 
of light. 

In the case of a zone plate, there are a number of foci between the point O and P 
(Figure 8). Each focus corresponds to the position where, with reference to P an 
odd number of half period elements can be constructed on each zone. As the 
screen is moved nearer the zone plate, the area of the half period elements 
decreases and more half period elements can be present on each zone. If Pm is the 
position on the image when (2m - 1) half period elements can be present on each 
zone.  the focal length of the zone plate is given by 

                                                                                         (10)     

Putting m = 1, 2. 3... etc., the different positions of the screen for a bright image 
can be obtained. In equation (10),  is the radius of the nth zone of the wave front. 
 is the wavelength of light and (2m - 1 ) is the number of odd half period elements 

present on each zone. For example, if the position of the screen is such that with 
reference to the point P. three half period elements can be constructed on each 
zone, then the focal length of the zone plate  is given by 
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With the decrease in the focal length of the zone plate, the brightness of the 
image decreases. Let the first zone contain only one period element. Then, the 
amplitude at P due to this zone is my If the first zone contains three half period 
elements for a particular position of the screen, then the amplitude at P due to the 
first zone 

 is less than , because . Further, in a zone plate (for the 

same number of odd half period elements contained in each zone) the focal length 
for violet light is more than for red light, which is reverse in the case of a convex 
lens. 

6.8 Comparison between a Zone Plate and a Convex Lens:
1. Both the zone plate and convex lens form a real image of the object and 

the equations connecting the conjugate distances are similar. 
2. The local lengths of both depend on the wavelength,  and hence suffer 

from chromatic aberration. The chromatic aberration in a zone plate is 
much more severe than in a convex lens. 

3. A zone plate acts simultaneously as a convex lens and as a concave lens. 
In addition to a real image, a virtual image is also formed simultaneously. 
A convex lens forms only a real image. 

4. In case of zone plate the image is formed by the diffraction phenomenon. 
In case of a convex lens the image is formed due to refraction of light. 

5. The zone plate has got multiple foci on either side of the plate. Hence, the 
intensity of the image formed will be much less. Convex lens has only 
one focus. As all the light is focused at one point, the intensity of the 
image will be more. 

6. In a zone plate, waves reaching the image point through any two alternate 
zones differ in path by  and in phase by  In case of a convex lens all 
the rays reaching the image point have zero path or phase difference. 

7. A zone plate can be used over a wide range of wavelengths from 
microwaves to x-rays. Glass lens cannot be used beyond the visible 
region. 





Chapter Six: Fresnel Diffraction

2. Fraunhoffer diffraction: In this type of diffraction, the source of light and 
the screen are effectively at infinite distances from the obstacle. Fraunhoffer 
diffraction pattern can be easily observed in practice. The conditions 
required for Fraunhoffer diffraction are achieved using two convex lenses, 
one to make the light from the source parallel and the other to focus the 
light after diffraction on to the screen (Figure 9b). The diffraction is thus 
produced by the interference between parallel rays. The incident wave front 
as such is plane and the secondary wavelets, which originate from the 
unblocked portions of the wave front, are in the same phase at every point 
in the plane of the obstacle. This problem is simple to handle 
mathematically because the rays are parallel. The incoming light is rendered 
parallel with a lens and diffracted beam is focused on the screen with 
another lens.  

Fresnel class of diffraction phenomenon is treated in this chapter. 

6.11 Diffraction at a Circular Aperture 

Let AB be a small aperture (say a pin hole) and S is a point source of 
monochromatic light. X Y is a screen perpendicular to the plane of the paper and P 
is a point on the screen. SP is perpendicular to the screen O is the center of the 
aperture and r is the radius of the aperture. Let the distance of a source from the 
aperture be a (SO = a) and the distance of the screen from me aperture be b 
(OP=b). QOQ is the incident spherical wave front and with reference to the point 
P, O is the pole of the wave front (Fig. 10). To consider the intensity at P, half 

period zones can be constructed with P as center and radii  on the 

exposed wave front AOB. Depending on the distance of P from the aperture (i.e. 
the distance b) the number of half period zones that can be constructed may be odd 
or even. If the distance a is such that only one half period zone can be constructed, 
then the intensity at P will be proportional to (where  is the amplitude due to 

the first zone at P). On the other hand, if the whole of wave front is exposed to the 
point P. On the other hand, if the whole of the wave front is exposed to the point P. 

the resultant amplitude is  or the intensity at P will be proportional to  the 

position of the screen can be altered so as to construct 2, 3 or more half period 
zones for the same area of the aperture. If only two zones are exposed, the 
resultant amplitude at P = m1  m2 (minimum) and if 3 zones are exposed, the 
amplitude = m1  m2 + m3 (maximum) and so on. Thus by continuously altering 
the value of b, the point P becomes alternately bright and dark depending on 
whether odd or even number of zones are exposed by the aperture. 
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Figure 10 

Now let us consider a point P' on the screen XY (Fig. 11). Let S to P' be 
joined. The line SP' meets the wave front at O' .O' is the pole of the wave front 
with reference to the point P'. Now let us construct half period zones with the 
point O' as the pole of the wave front. The upper half of the wave front is cut 
off by the obstacle. If the first two zones are cut off by the obstacle between the 
points O' and A X and if only the 3rd, 4th and 5th zones are exposed by the 
aperture AOB, then intensity at P' will be maximum. Thus if odd number of half 
period zones are exposed, point P' will be of maximum intensity and if even 
number of zones are exposed, point P' will be of minimum intensity. As the 
distance of P' from P increases the intensity of maxima and minima gradually 
decreases. It is because with the point P' far removed from P, the most effective 
central half period zones are cut off by the obstacle between the points O' and 
A. With the outer zones the obliquity increases with reference to the point P' 
and hence the intensity of maxima and minima also will be less. If the point P' 
happens to be of maximum intensity, then all the points lying on a circle of 
radius PP' on the screen also will be of maximum intensity. Thus with a circular 
aperture, the diffraction pattern will be concentric bright and dark rings with the 
center P bright or dark depending on the distance b. The width of the rings 
continuously decreases. 

Figure 11 
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Mathematical Treatment of Diffraction at a Circular Aperture: 

In Fig. 12 S is a point source of a monochromatic light, AB is the circular aperture 
and P is point on the screen. O is the center of the circular aperture. The line SOP 
is perpendicular to the circular aperture AB and the screen at P. The screen is 
perpendicular to the plane of the paper. 

Figure 12 

Let  be the path difference for the wave reaching P along the paths SAP and SOP. 

  (11a)  

If the position of the screen is such that n full number of half period zones can 

be constructed on the aperture, then the path difference  , 

Substituting the value of  in (11 a), we get, 

                                                                                               (11b) 

The point P will be of maximum or minimum intensity depending on whether n 
is odd or even. If the S source is at infinite distance (for an incident plane wave 
front), then a =  and 

                                                                                               (12) 

If n is odd, P will be a bright point. The idea of focus at P does not mean that it 
is always a bright point. 
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Intensity at a Point Away From the Centre:

In Fig. 13 AB is a circular aperture and P and P' are two points on the screen.
PP' = x and OP = b. OP is perpendicular to the screen.  

Figure 13 

Let r be the radius of the aperture. The path difference between the secondary 
waves from A and B and reaching P' can be given by,   

(13) 

 (14) 

 where xn gives the radius of nth dark ring. 

Similarly, if   

then 

or                                                                                                                                
(15) 

where xn gives the radius of the nth bright ring. 

The objective of a telescope consists of an achromatic convex lens and a 
circular aperture is fixed in front of the lens. Let the diameter of the aperture be D 
(= 2r). While viewing distant objects, the incident wave front is plane and the 
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diffraction pattern consists of a bright centre surrounded by dark and bright rings 
of gradually decreasing intensity. The radii of the dark rings are given by 

(16) 

The value of xn measures the distance of the first secondary minimum from the 
central bright maximum. However, according to Airy's theory, the radius of the 
first dark ring is given by 

(17) 

It is interesting to note that the size of the central image depends on , the 
wavelength of light f, the focal length of the lens and D, diameter of the lens 
aperture. 

6.12 Diffraction at an Opaque Circular Disc:

S is a point source of monochromatic light. CD is an opaque disc and MN is the 
screen. P is a point on the screen such that SAP is perpendicular to the screen. The 
screen is perpendicular to the plane of the paper. XY is the incident spherical wave 
front. EF is the geometrical shadow. With reference to the point P, the wave front 
can be divided into half period zones taking the center of the disc (A) as the pole 
(Fig. 14). If one half period zone can be constructed on the surface of the disc, 

Figure 14 

the rest of the zones are exposed to the point P and the resultant amplitude at 

 approximately, where  is the amplitude due to the second zone 

 Similarly, if two half period zones can be 
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constructed on the surface of the disc, the resultant amplitude at P due to the 

exposed zones will be  and so on. Thus, the point P will always be bright but the 

intensity at P decreases with increase in the diameter of the disc. That is. with a 
large diameter of the disc, the most effective central zones will be cut off by the 
disc and the exposed outer zones are more oblique with reference to the point P. 
Thus (at P) the center of the geometrical shadow will be bright as i f the disc were 
absent. The diffraction pattern consists of a central bright spot surrounded by 
alternate bright and dark rings, as shown in Fig. 14 (b). 

6.13 Diffraction Pattern Due to a Straight Edge:  

Let S be narrow slit illuminated by a source of monochromatic light of 
wavelength. X. The length of the slit is perpendicular to the plane of the paper. AD 
is the straight edge and the length of the edge is parallel to the length of slit (Fig. 
15). XY is the incident cylindrical wave front. P is a  

Figure 15 

point on the screen and SAP is perpendicular to the screen. The screen is 
perpendicular to the plane of the paper. Below the point P is the geometrical 
shadow and above P is the illuminated portion. Let the distance AP be b. With 
reference to the point P, the wave front can be divided into a number of half period 
strips, as shown in Fig. 16. XY is the wave front, A is the pole of the wave front 
and AM1, M1M2, M2M3 etc measure of the thickness of the 1st, 2nd, 3nd etc. half 
period strips. With the increase in the order of the strip, the area of the strip 
decreases (Fig. 16). 

Figure 16 
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In Fig. 15, AP = b, 

Let P' be a point on the screen in the illuminated portion (Fig. 17). To calculate the 
resultant effect at P' due to the wave front XY, let us join S to P'. This line meets 
the wave front at B. B is the pole of the wave front with reference to the point P' 
and the intensity at P' will depend mainly on the number of half period strips 
enclosed between the points A and B. The effect at P 'due to the wave front above 
B is same at all points on the screen whereas it is different at different points due 
to the wave front between B and A. The point P' will be of maximum intensity, if 
the number of half period strips enclosed between B and A is odd and the intensity 
at P' will be minimum i f the number of half period strips enclosed between B and 
A is even. 

Positions of  Maximum and  Minimum Intensity:

Let the distance between the slit and the straight edge be a and the distance 
between the straight edge and the screen be b (Fig. 17). Let PP' be x. 

The path difference,  

(18) 

where xn is the distance of the nth bright band from P. Similarly, P' will be 

of minimum intensity if  
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6.14 Diffraction Pattern Due to a Narrow Slit:

S is a narrow slit illuminated by monochromatic light. The length of the slit is 
perpendicular to the plane of the paper. AB is a rectangular aperture parallel to the 
slit, MN is the screen and P is a point on the screen such that SOP is perpendicular 
to the plane of the paper; XY is the incident cylindrical wave front (Fig. 20). On 
the screen, EF is the illuminated portion and above E and below F is the region of 
the geometrical shadow. 

Fig. 20 
If the slit AB is wide, then with reference to the point P, the cylindrical wave 

front can be divided into a large number of half period strips and the resultant 

amplitude at P will be where hi, is the amplitude due to the first half period 

strip. Thus, the point P will be illuminated. Even points very near to P will be 
equally illuminated. If the wave front is divided with reference to points nearer P, 
the number of half period strips above and below the new pole in the exposed 
portion of the wave front will be quite large and hence this results in uniform 
illumination. 

Now, let us consider a point P' nearer to the edge of the geometrical shadow 
(see Fig. 20). Let us join S to P'. Here O' is the pole of the wave front with 
reference to the point P'. If the wave front is divided into half period strips, the 
number of half period strips between O' and B will be quite large and the 
illumination at P 'due to the lower portion of the wave front will be the same at all 
points near the edge of the geometrical shadow. But the intensity at P due to the 
exposed portion of the wave front between A and O' will depend on the number of 
half period strips present. If the number of half period elements is odd, the point P' 
will be of maximum intensity and if it is even the point will be of minimum 
intensity. 

Let P" be a point in the region of the geometrical shadow. Let us join S to P". 
Here O" is the pole of the wave front with reference to the point P". If the wave 
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front is divided into half period elements, then the upper half of the wave front 
between X and O" is cut off by the obstacle and only a portion between A and B is 
exposed to the point P". If the number of half period elements exposed by AB is 
odd, then P" will be of maximum intensity and if it is even, it will be of minimum 
intensity. But as the most effective central half period strips between O" and A are 
cut off, the intensity falls off rapidly in the region of the geometrical shadow and 
maxima and minima cannot be distinguished. The intensity distribution due to a 
wide aperture is shown in Fig. 21 (b). 

Fig. 21 
On the other hand if the slit is narrow, the intensity at the point P will depend 

on the number of half period strips that can be constructed on the exposed wave 
front between A and B. If the number of half period strips is odd, the intensity at P 
will be maximum and if it is even, the intensity at P will be minimum (Fig. 17.20). 
Thus, the point P can be bright or dark. If we consider a point P' in the illuminated 
portion EF of the screen, the intensity at P will depend on number of half period 
strips that can be constructed between A and O' where O' is the pole of the wave 
front with reference to the point P'. I f the number of half periods strips between A 
and O' is odd, P' will be a point of maximum intensity. Thus, between E and F 
alternate bright and dark bands will be observed and the point P may be bright or 
dark. Now consider a point P" in the region of the geometrical shadow (Fig. 20). 
O" is the pole of the wave front with reference to the point P" and the intensity at 
P" will depend on the number of half period strips exposed by the slit AB. The 
upper half of the wave front above O" is obstructed by the obstacle and even the 
most effective central half period strips between O" and A are cut off by the 
obstacle. Thus, at P "which is far away from E, the maxima and minima become 
indistinguishable. There is no marked transition between the diffraction bands 
observed in the geometrical shadow and the illuminated portion. In the intensity 
distribution on the screen due to a narrow slit (say less than the wavelength of 
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light), a broad central maximum will be observed in the illuminated portion and 
the intensity variation cannot be distinguished. The intensity gradually falls off in 
the region of geometrical shadow. 

6.15 Diffraction Due to a Narrow Wire: 

In Fig. 22, S is a narrow slit illuminated by monochromatic light, AB is the 
diameter of the narrow wire and MN is the screen. The length of the wire is 
parallel to the illuminated slit and perpendicular to the plane of the paper. The 
screen is also perpendicular to the plane of the paper. XY is the incident 
cylindrical wave front. P is a point on the screen such that SOP is perpendicular to 
the screen. EF is the region of the geometrical shadow and above E and below F, 
the screen is illuminated. 

Fig. 22 
Now, let us consider a point P' on the screen in the illuminated portion. Let us 

join S to O'. a point on the wave front. O' is the pole of the wave front with 
reference to P'. The intensity P' due to the wave front above O' is the same at all 
points and the effect due to the wave front BY is negligible. The intensity at P' will 
be a maximum or a minimum depending on whether the number of half period 
strips between O 'and A is odd or even. Thus, in the illuminated portion of the 
screen, diffraction bands of gradually diminishing intensity will be observed. The 
distinction between maxima and minima will become less if P' is far away from 
the edge E of the geometrical shadow. Maxima and minima cannot be 
distinguished if the wire is very narrow, because in that case the portion BY of the 
wave front also produces illumination at P. 

Next let us consider a point P" in the region of the geometrical shadow. 
Interference bands of equal width will be observed in this region due to the fact 
that the points A and B, of the incident wave front, are similar to two coherent 
sources. The point P" will be of maximum or minimum intensity, depending on 
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whether the path difference (BP" - AP") is equal to even or odd multiplies of 

.The fringe width is given by  

where D is the distance between the wire and the screen, X is the wave length 
of light and d is the distance between the two coherent sources. In this case d=2r 
where 2r is diameter of the wire (AB=2r). 

(19) 

 (20) 

(21) 

Here, the fringe width corresponds to the distance between any two 
consecutive maxima. Thus, from equations (20) and 21), knowing the values of 
r or  or r can be determined. In Fig. 23 the bands marked V represent the 
interference bands in the region of the geometrical shadow and the bands 
marked "b" and "c "represent the diffraction bands in the illuminated portion. 
The intensity distribution due to a narrow wire is shown in Fig. 24 (a). The 
center of the geometrical shadow is bright. 

Fig. 23 
On the other hand, if the wire is very thick, the interference bands 

cannot be noticed. From equation (19), ; where  is the fringe 

width. As the diameter of the wire increases the fringe width decreases 
and if the wire is sufficiently thick, the width of the interference fringes 
decreases considerably and they cannot be distinguished. The intensity 
falls off rapidly in the geometrical shadow. The diffraction pattern in the 
illuminated portion will be similar to that of a thin wire Fig. 24(b). 
Coloured fringes will be observed with white light. 
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Fig. 24 

Example 17.1: What is the radius of the first half period zone in a zone plate 

behaving like a convex lens of focal length 60 cm for light of wavelength 6000 ? 

Example 17.2: A circular aperture of 1.2 mm diameter is illuminated by plane 
waves of monochromatic light. The diffracted light is received on a distant screen 
which is gradually moved towards the aperture. The centre of the circular patch of 
light first becomes dark when the screen is 30 cm from the aperture. Calculate the 
wavelength of light. 
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PROBLEMS FOR PRACTICE 

1. The diameter of the first ring of a zone plate is 1.1 mm. If plane waves

 fall on the plate, where should the screen be placed so that light is 
focused to a bright spot?  

2. Find the radii of the first three transparent zones of a zone plate whose first 
focal length is 1 m for  

3. The diameter of the central zone of a zone plate is 3 mm. If a point source of 
light is placed at a distance of 5 m from it. calculate the position of 

the first image. 

4. A parallel beam of monochromatic light of is incident normally on a 

plate having a circular hole of diameter 1mm. The screen is at the farthest 
position for which the axial point is almost black. The screen is moved towards 
the plate so that the axial point is again seen black. How far is the screen 
moved from the first position to the second?                                                    

5. A narrow slit illuminated by light of wave length is placed at a distance 
of 20 cm from a straight edge. Calculate the distance between the second and 
third diffraction maxima formed on a screen placed at a distance of 60 cm from 
straight edge. 
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7.1 Introduction: 

To obtain a Fraunhoffer diffraction pattern, the incident wave front must be plane 
and the diffracted light is collected on the screen with the help of a lens. Thus, the 
source of light should either be at a large distance from the slit or a collimating lens 
must be used.  

7.2 Fraunhoffer Diffraction at a Single Slit:

In Fig. 1 S is a narrow slit perpendicular to the plane of the paper and illuminated 
by monochromatic light. L1 is the collimating lens and AB is a slit of width a. XY is 
the incident spherical wave front. The light passing through the slit AB is incident on 
the lens L2 and the final refracted beam is observed on the screen MN. The screen is 
perpendicular to the plane of the paper. The line SP is perpendicular to the screen. L1

and L2 are achromatic lenses. 

A plane wave front is incident on the slit AB and each point on this wave front is a 
source of secondary disturbance. The secondary waves traveling in the direction 
parallel to OP viz. AQ and BV come to focus at P and a bright central image is 
observed. The secondary waves from points equidistant from O and situated in the 
upper and lower halves OA and OB of the wave front travel the same distance in 
reaching P and hence the path difference is zero. The secondary waves reinforce one 
another and P will be a point of maximum intensity. 

Figure 1

Now, consider the secondary waves traveling in the direction AR, inclined at an 
angle to the direction OR All the secondary waves traveling in this direction reach 
the point on the screen. The point will be of maximum or minimum intensity 
depending on the path difference between the secondary waves originating from the 
corresponding points of the wave front. Let us draw OC and BL perpendicular to AR. 

Then, in  
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Or                                                                                                  (1)

where a is the width of the slit and AL is the path difference between the secondary 
waves originating from A and B. If this path difference is equal to the wavelength of 
the light used, then will be a point of minimum intensity. The whole wave front can 
be considered to be of two halves OA and OB and if the path difference between the 
secondary waves from A and B is then the path difference between the secondary 
waves from A and O will be Similarly, for every point in the upper half OA, there 
is a corresponding point in the lower half OB, and the path difference between the 
secondary waves from these points is .Thus, destructive interference takes place 
and the point will be of minimum intensity. If the direction of the secondary waves 
is such that then also the point where they meet the screen will be of minimum 
intensity. This is so because the secondary waves from the corresponding points of the 
lower half differ in path by  and this again gives the position of minimum 

intensity. In general, 

  

(2) 

where gives the direction of the minimum. Here n is an integer. If, however, the 

path difference is odd multiples of the directions of the secondary maxima can be 

obtained. In this case,

(3) 

where n = 1,2.3,... 
Thus, the diffraction pattern due to a single slit consists of a central bright 

maximum at P followed by secondary maxima and minima on both the sides, as 
shown in Fig. 2. P corresponds to the position of the central bright maximum and the 
points on the screen for which the path difference between the points A and B is

correspond to the position of secondary minima. The secondary maxima are 
of much less intensity. The intensity falls off rapidly from the point P outwards. If the 

lens is very near the slit or the screen is far away from the lens then,

(4) 

where is the focal length of the lens  

But 

(5) 

where x is the distance of the secondary minimum from the point P. Thus, the width 
of the central maximum W = 2x 

(6) 
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(See Fig. 1). As the wave front is divided into a large number of strips, the 
resultant amplitude due to all the individual small strips can be obtained by the vector 
polygon method. Here, the amplitudes arc small and the phase difference increases by 
infinitesimally small amounts from strip to strip. Thus, vibration polygon coincides 
with the circular arc OM (see Fig. 3). OP gives the direction of the initial vector and 
NM the direction of the final vector due to the secondary waves from A. K is the 
centre of the circular arc.  

(7) 

(8) 

(9) 

Thus, the resultant amplitude of vibration at a point on the screen is given by 

and the intensity I at the point is given by 

(10) 

The intensity at any point on the screen is proportional to              . A phase difference  
of 2 corresponds to a path difference of .  Therefore, a phase difference of     is 
given 

(11) 

where a sin is the path difference between the secondary waves from A and B   
(Fig. 1) 

(12)

Thus, the value of depends on the angle of the diffraction . The value of  
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for different values of  gives the intensity at the point under consideration. Fig. 2 
represents the intensity distribution. It is a graph of          (along the Y-axis), as a 
function of  or sin  (along the Y-axis). 

(i) Central Maximum: 

For the point P on the screen (Fig. 4) and hence  

The value of  when is equal to 1. Hence, the intensity at P  

which is a maximum. 

Figure 4

(ii) Secondary Maxima: 

The directions of secondary maxima are given by the equation. 

Substituting this value of in equation (12), we get 

(13) 

Substituting n = 1, 2, 3 etc. in equation (13). The values of  are given by 

(a) For the first secondary maximum,
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Thus, the secondary maxima are of decreasing intensity and the directions of these 
maxima are obtained from the equation given above. 

The intensity at  is given by, 

(14)  

If graphs are plotted for and it will be found that the secondary 
maxima are not exactly midway between two minima. The positions of the 
secondary maxima are slightly towards the central maximum (Fig. 5)

Figure 5

(iii) Secondary Minima: 

The directions of the secondary minima are given by the equation 

Substituting the value of in equation (12), we get 

(15) 

Substituting        n  = 1, 2, 3 etc. in equation (15), we obtain 
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When these values of  arc substituted in the equation (14) for intensity, we get

In Fig. 5, the positions of the secondary minima are shown for values of  

 refer to the values of for these positions. 

7.3 Fraunhoffer Diffraction at a Circular Aperture:

In Fig.6, AB is a circular aperture diameter d. C is the centre of the aperture and P 
is a point on the screen. CP is perpendicular to the screen. The screen is perpendicular 
to the plane of the paper. A plane wave front is incident on the circular aperture. The 
secondary wave traveling in the direction CO comes to the focus at P. Therefore, P 
corresponds to the position of the central maximum. Here, all the secondary waves 
emanating from points equidistant from O travel the same distance before reaching P 
and hence they all reinforce one another. Now, let us consider the secondary waves 
traveling in a direction inclined at an angle with the direction CP. All these 

secondary waves meet at on the screen. Let the distance be x. The path 

difference between the secondary waves emanating from the points B and A
(extremities of diameter) is AD.

Figure 6

The point    will be of minimum intensity if this path difference is equal to 

integral multiples  i.e.

(16) 

The point will be of maximum intensity if the path difference is equal to odd 

multiples of  
(17) 
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If is the point of minimum intensity, then all the points at the same distance 

from P as  and lying on a circle of radius x will be of minimum intensity. Thus, the 
diffraction pattern due to a circular aperture consists of a central disc called the Airy's 
disc, surrounded by alternate dark and bright concentric rings called the Airy's rings. 
The intensity of the dark rings is zero and that of the bright rings decreases gradually 
outwards from P. Further, if the collecting lens is very near the slit or when the screen 
is at a large distance from the lens,  

(18) 

(19) 

From equation (18) and (19) 

(20) 

where x is the radius of the Airy's disc. But actually, the radius of the first dark 
ring is slightly more than that given by equation (20). According to Airy, it is 
given by  

(21) 

The discussion on the intensity distribution of the bright and dark rings is 
similar to the one given for a rectangular slit. With increase in diameter of the 
aperture, the radius of the central bright ring decreases. 

7.4 Fraunhoffer Diffraction at Double Slit: 

In Fig. 7, AB and CD are two rectangular slits parallel to one another and 
perpendicular to the plane of the paper. The width of each slit is a and the width of 
the opaque portion is b. L is a collecting lens and MN is a screen perpendicular to the 
plane of the paper. P is a point on the screen such that OP is perpendicular to the 
screen. Let a plane wave front be incident on the surface of XY. All the secondary 
waves traveling in a direction parallel to OP come to focus at P. Therefore, P 
corresponds to the position of the central bright maximum. 
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Figure 7

In this case, the diffraction pattern has to be considered in two parts (i) the 
interference phenomenon due to the secondary waves emanating from the 
corresponding points of the two slits and (ii)  the diffraction pattern due to the 
secondary waves from the two slits individually. For calculating the positions of 

interference maxima and minima, the diffracting angle is denoted as and for the 
diffraction maxima and minima it is denoted as . Both the angles and refer to the 
angle between the direction of the secondary waves and the initial direction of the 
incident light. 

( i )  Interference maxima and minima: 
Let us consider the secondary waves traveling in a direction inclined at an angle with 

the initial direction. 

In  the (Fig. 8)  

Figure 8

If this path difference is equal to odd multiples of gives the direction of minima 
due to interference of the secondary waves from the two slits.  

(22) 

Putting n =1 , 2, 3, etc., the values of corresponding to the directions 

of minima can be obtained.  
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From equation (22)  
(23) 

On the other hand, if the secondary waves travel in a direction such that the 

path difference is even multiples of then gives the direction of the maxima due 
to interference of light waves emanating from the two slits.  

(24) 

Putting n  = 1, 2, 3 etc. corresponding to the directions of the 

maxima can be obtained. From equation (23), we get 

(25) 

Thus, the angular separation between any two consecutive minima (or maxima) 
is equal to            . The angular separation is inversely proportional to (a + b), 
the distance between the two slits. 

(i i ) Diffraction maxima and Minima: 
Let us consider the secondary waves traveling in a direction inclined at an angle

with the initial direction of the incident light. 

If the path difference BM is equal to the wavelength of the light used, then
will give the direction of the diffraction minimum (Fig. 8). That is, the path difference 
between secondary waves emanating from the extremities of a slit (i.e., points A and 

B) is equal to Considering the wave front on AB to be made up of the two halves, 
the path difference between the corresponding points of the upper and lower halves is 

equal to The effect at due to the wave front incident on AB is zero. Similarly, for 

the same direction of the secondary waves, the effect at due to the wave front 
incident on the slit CD is also zero. In general, 

Putting n  =1, 2, 3, etc., the values of corresponding to the directions 

of diffraction minima can be obtained. 
Fraunhoffer Diffraction at Double Slit (Calculus Method): 

The intensity distribution due to fraunhoffer diffraction at double slit (two parallel 
slits) can be obtained by integrating the expression for dy (vide single slit) for both 
the slits. 
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(26) 

  

(27)

(28)

The intensity of the central maximum = when and In Fig. 10, the 

dotted curve represents the intensity distribution due to diffraction pattern due to 
double slit and the thick line curve represents the intensity distribution duo to the 
interference between the light from both the slits. The pattern consists of 
interference maxima within each diffraction maximum.  
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Figure 9

Intensity distribution due to the Fraunhoffer diffraction at two parallel slits is 
shown in Fig. 10. The full line represents equally spaced interference maxima and 
minima and the dotted curve represents the diffraction maxima and minima. In the 
region originally occupied by the central maximum of the single slit diffraction 
pattern, equally spaced interference maxima and minima are observed. The 
intensity of the central interference maximum is four times the intensity of the 
central maximum of the single slit diffraction pattern. The intensity of other 
interference maxima on the two sides of the central maximum gradually decreases. 
In the region of the secondary maxima due to diffraction at a single slit, equally 
spaced interference maxima of low intensity are observed. The intensity 
distribution shown in Fig. 10 corresponds to 2a = b where a is the width of each slit 
and b is the opaque spacing between the two slits (see Fig. 9). Thus, the pattern due 
to diffraction at a double slit consists of a diffraction pattern due to the individual 
slits of width a each and the interference maxima and minima of equal spacing. The 
spacing of the interference maxima and minima is dependent on the values of a and 
b.

Figure 10

Distinction Between Single Slit and  Double Slit Diffraction Patterns:

The single slit diffraction pattern consists of a central bright maximum with 
secondary maxima and minima of gradually decreasing intensity. The double slit 
diffraction pattern consists of equally spaced interference maxima and minima with in 
the central maximum. The intensity of the central maximum in diffraction pattern due 
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to a double slit is four times that of the central maximum in the diffraction pattern due 
to diffraction at a single slit. In the above arrangement, if one of the slits is covered 
with opaque screen, the pattern observed is similar to the one observed with a single 
slit. 

The spacing of diffraction maxima and minima depends on a, the width of the slit 
and the spacing of the interference maxima and minima depends on the value of a 
and b where b is opaque spacing between the two slits. The intensities of the 
interference maxima are not constant but decrease to zero on either side of the central 
maximum. These maxima reappear two or three times before the intensity becomes 
too low to be observed. 

Missing Orders in a  Double Slit Diffraction Pattern: 

In the diffraction pattern due to a double slit discussed earlier, the slit width is 
taken as a and the separation between the slits as b. If the slit width a is kept 
constant, the diffraction pattern remains the same. Keeping a constant, if the spacing 
b is altered the spacing between the interference maxima changes. Depending on the 
relative values of a and b certain orders of interference maxima will be missing in 
the resultant pattern. 

The directions of interference maxima are given by the equation, 
 (29) 

The direction of diffraction minima are given by the equation, 

 (30) 

In equations (29) and (30) n and  are integers. If the value of a and b are such that 
both the equations are satisfied simultaneously for the same value of  then the 
positions of certain interference maxima correspond to the diffraction minima at the 
same position on the screen. 



Chapter Seven: Fraunhoffer Diffraction

Thus the orders 3, 6, 9 etc. of the interference maxima will be missing in the 
diffraction pattern. On both sides of the central maximum, the number of interference 
maxima is 2 and hence there will be five interference maxima in the central 
diffraction maximum. The position of the third interference maximum also 
corresponds to the first diffraction minimum. 

The two slits join and all the orders of the interference maxima will be missing. 
The diffraction pattern observed on the screen is similar to that due to a single slit of 
width equal to 2a. 

Interference and Diffraction: 

It is clear from the double slit diffraction pattern that interference takes place 
between the secondary waves originating from the corresponding points of the two 
slits and also that the  intensity of the interference maxima and minima is controlled 
by the amount of light reaching the screen due to diffraction at the individual slits. 
The resultant intensity at any point on the screen is obtained by multiplying the 
intensity function for the interference and the intensity function for the diffraction at 
the two slits. The values of the intensity functions are taken for the same direction of 
the secondary waves. But the interference of all the secondary waves originating from 
the whole wave front is termed as diffraction. Hence the pattern o b t a i n ed  on the 
screen may be called an interference pattern or a diffraction pattern. The term
interference may be used for those cases in which the resultant amplitude at a point is 
obtained by the superposition. of two or more beams. Diffraction can be defined as 
the phenomenon in which the resultant amplitude at any point on the screen is 
obtained by integrating the effect of infinitesimally small number of elements in to 
which the whole wave front can be divided. Thus, the resultant diffraction pattern 
obtained with a double slit can be taken as a combination of the effect of both 
interference and diffraction. 
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7.5 Fraunhoffer Diffraction at N Double Slits: 

Fraunhoffer diffraction at two slits consists of diffraction maxima and minima given 

by  and the sharp interference maxima and minima, in each diffraction maximum 

governed by  term. 

To derive an expression for the intensity distribution due to diffraction at N slits, the 
expression for dy has to be integrated for N slits.  

(31) 

(32) 

 (33) 

 (34) 
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The expression  represents the diffraction pattern due to a single slit. The 

additional  represents the interference effects due to the secondary waves from 

the N slits. 
The numerator will be zero when,  

Denominator is also zero when, 

Since the quotient is indeterminate, gives the condition for minimum intensity 

for all values of k other than  

The directions of principal maxima correspond to the values of    k  =  0 , N , 2 N  etc. 

If the width of the slit is a and the width of the opaque spacing is b, d = (a + b) 
 and         
Putting n = 1,2,3 etc. the directions of principal maxima can be 

determined. 

For values of k in between 0 and N between N and 2N, etc., there are (N-l) 
secondary minima and (N-2) secondary maxima. 

The intensity distribution due to diffraction and N slits is shown in Fig. 11. 

Figure 11

Intensity of Principal Maxima: 

In a diffraction grating there are about 6000 narrow slits in one cm. For values of
and 

which is indeterminate. 

To find the value of this limit, the numerator and the denominator are 
differentiated. Thus, we get  
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Thus, the resultant amplitude is proportional to N and resultant intensity is 
proportional to  

(35) 

These maxima are intense and are called principal maxima. 

7.6 Plane Diffraction Grating: 

A diffraction grating is an extremely useful device and in one of its forms it 
consists of a very large number of narrow slits side by side. The slits are separated by 
opaque spaces. When a wave front is incident on a grating surface, light is transmitted 
through the slits and obstructed by the opaque portions. Such a grating is called a 
transmission grating. The secondary waves from the positions of the slits interfere 
with one another, similar to the interference of waves in Young's experiment. Joseph 
Fraunhoffer used the first grating which consisted of a large number of parallel fine 
wires stretched on a frame. Now, gratings are prepared by ruling equidistant parallel 
lines on a glass surface. The lines are drawn with a fine diamond point. The space in 
between any two lines is transparent to light and the lined portion is opaque to light. 
Such surfaces act as transmission gratings. If, on the other hand, the lines are drawn 
on a silvered surface (plane or concave) then light is reflected from the positions of 
the mirror in between any two lines and such surfaces act as reflection gratings. 

If the spacing between the lines is of the order of the wavelength of light, then 
an appreciable deviation of the light is produced. Gratings used for the study of the 
visible region of the spectrum contain 10,000 lines per cm. Gratings, with originally 
ruled surfaces are only few. For practical purposes, replicas of the original grating are 
prepared. On the original grating surface a thin layer of collodion solution is poured 
and the solution is allowed to harden. Then, the film of collodion is removed from the 
grating surface and then fixed between two glass plates. This serves as a plane 
transmission grating. A large number of replicas are prepared in this way from a 
single original ruled surface. 

Theory of Transmission Grating: 

In Fig. 12, XY is the grating surface and MN is the screen, both perpendiculars 
to the plane of the paper. The slits are all parallel to one another and perpendicular to 
the plane of the paper. Here 
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Figure 12

AB is a slit and BC is an opaque portion. The width of each slit is a and the 
opaque spacing between any two consecutive slits is b. Let a plane wave front be 
incident on the grating surface. Then all the secondary waves traveling in the same 
direction as that of the incident light will come to focus at the point P on the screen. 
The screen is placed at the focal plane of the collecting lens. The point P where all the 
secondary waves reinforce one another corresponds to the position of the central 
bright maximum. 

Now, consider the secondary waves traveling in a direction inclined at an angle
with the direction of the incident light (Fig. 13). The collecting lens also is suitably 

rotated such that the axis of the lens is parallel to the direction of the secondary 
waves. These secondary waves come to focus at point on the screen. The intensity at

will depend on the path difference between the secondary waves originating from 

the corresponding points A and C of two neighbouring slits. In Fig. 13, AB = a and 
BC = b. The path difference between the secondary waves starting from A and C is 
equal to AC  

Figure 13

But  
Path difference 

The point will be of maximum intensity if this path difference is equal to 

integral multiples of where is the wavelength of light. In this case, all the secondary 
waves originating from the corresponding points of the neighbouring slits reinforce 
one another and the angle gives the direction of maximum intensity. In general 

 (36) 
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where is the direction of the principal maximum. Putting n = 1. 2, 3, etc., the 

angles etc. corresponding to the directions of the principal maxima can be obtained.

If the incident light consists of more than one wavelength, the beam gets 
dispersed and the angles of diffraction for different wavelengths will be different. Let

and be two nearby wavelengths present in the incident light and and be 
the angles of diffraction corresponding to these two wavelengths. Then, for the first 
order principal maxima 

and  
Thus, in any order, the number of principal maxima corresponds to the number of 
wavelengths present. A number of parallel slit images corresponding to the different 
wavelengths will be observed on the screen. In equation (36), n = 1 gives the 
direction of the first order image, n = 2 gives the direction of the second order image 
and so on. When white light is used, the diffraction pattern on the screen consists o f  

a white central bright maximum and on both sides of this maximum a spectrum 
corresponding to the different wavelengths of light present in the incident beam will 
be observed in each order. 
Secondary maxima and minima: 

The angle of diffraction corresponding to the direction of the    principal 

maximum is given by the equation

In this equation, ( a  +  b )  is called the grating constant. For a grating with 
15,000 lines/inch, the value of 

Now, let the angle of diffraction be increased by a small amount such that the path 
difference between the secondary waves from the points A. and C increases by 
(See Fig. 13). Here N is the total number of lines on the grating surface. Then, the 
path difference between the secondary waves from the extreme points of the grating 
surface will be  Assuming the whole wave front to be divided into two 
halves, the path difference between the corresponding points of the two halves will be

and all the secondary waves cancel one another's effect. Thus, will give 
the direction of the first secondary minimum after the primary maximum. 
Similarly, if the path difference between the secondary waves from the points A and 

C is for gradually increasing values of these angles correspond to the 
directions of secondary minima after the n* primary maximum. If the value 
is then the path difference between the secondary waves from the extreme 
points of the grating surface is and considering the wave front to be 
divided into 4 portions, the concept of the secondary minimum can be understood. 
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The number of secondary minima in between any two primary maxima is (N-1) and 
the number of secondary maxima is (N-2). 
The intensity distribution on the screen is shown in Fig. 11. P corresponds to the 
position of the central maxima and 1, 2, etc., on the two sides of P represent the , 
etc. principal maxima, a, b, etc. are secondary maxima and d, e etc. are the 
secondary minima. The intensity as well as angular spacing of the secondary maxima 
and minima is so small in comparison to the principal maxima that they cannot be 
observed. It results in uniform darkness between any two principal maxima. 

Width of Principal Maxima:

The direction of the principal maximum is given by 

Let give the directions of the first secondary minima on the two sides 

of the primary maxima (see Fig. 14). Then  
 (37) 

where N is the total number of the lines on the grating surface. 

Dividing (37) by (36), we get 

 (38)

 (39)

In equation (39), refers to half the angular width of the principal maximum. The 
half width is (i) inversely proportional to N, the total number of lines and ( i i )  
inversely proportional to n cot . The value of n cot is more for higher orders 

because the increase in the value of cot  is less than the increase in the order. Thus, 
the half width of the principal maximum is less for higher orders. Also, the larger the 
number of lines on the grating surface, the smaller is the value of  Further, the 
value of is higher for longer wavelengths and hence the spectral lines are sharper 
towards the violet than the red end of the spectrum. 

Figure 14
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Oblique Incidence: 

Let a parallel beam of light be incident obliquely on the grating surface at an angle of 
incidence i (Fig. 15). Then the path difference between the secondary waves passing 

through the points A and C = FC + CE  

Figure 15                                          Figure 16

(40)

The equation (40) holds good if the beam is diffracted upwards. Fig. 16 
illustrates the diffraction of the beam downwards. In this case the path difference 

 (41) 

(42) 

(43) 

Thus, the deviation produced in the diffracted beam is a minimum when the 
angle of incidence is equal to the angle of diffraction. Let Dn be the angle of 
minimum deviation. 

Then  

But 

(44)
or
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Equation (44) refers to the principal maximum of the nth order for a wavelength . 

Absent Spectra with a Diffraction Grating: 

In the equation , if . But this is not possible. 
Hence the first order spectrum is absent. Similarly, the second, the third, etc order 
spectra will be absent if                                        In general, if                    then the           
order spectrum will be absent. 

The condition for absent spectra can be obtained from the following 
considerations. For the order principal maximum 

 (45) 

(46) 

then, the effect of the wave front from any particular slit will be zero. 
Considering each slit to be made up of two halves, the path difference between the 
secondary waves from the corresponding points will be and they cancel one 
another's effect. If the two conditions given by equations (45) and (46) are 
simultaneously satisfied, then dividing (45) by (46), we get 

(47) 

In equation (47), the values of n =1, 2, 3 etc. refer to the order of the principal 
maxima that are absent in the diffraction pattern. 

(i) If  

In this case, the first order spectrum will be absent and the resultant diffraction 
pattern is similar to that due to the single slit. 

(ii) If                  

i.e., the width of the slit is equal to the width of the opaque spacing between any 
two consecutive slits. In this case, the second order spectrum will be absent. 

Overlapping of Spectral Lines: 

If the light incident on the grating surface consists of a large range of 
wavelengths, then the spectral lines of shorter wavelength and of higher order overlap 
on the spectral lines of longer wavelength and of lower order. Let the angle of 
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diffraction be the same for (i) the spectral line of wavelength in the first order, ( i i )  

the spectral line of wavelength in the second order and (iii) the spectral line of 

wavelength in the third order. Then 

The red line of wavelength in the third order, the green line of wavelength

in the fourth order and the violet line of wavelength  in the fifth order 
are all formed at the same position of the screen because. 

For the visible region of the spectrum, there is no overlapping of the spectra) 
lines. The range of wavelengths for the visible part of the spectrum is

Thus, the diffracting angle for the red end of the spectrum in the first order is less than 
the diffracting angle for the violet end of the spectrum in the second order. If, 
however, the observations are made with a photographic plate, the spectrum recorded 
may extend up to in the ultra violet region. In this case, the spectral line 
corresponding to a wavelength of 40  in the first order and a spectral line of 

wavelength  in the second order overlap. Suitable filters are used to absorb 
those wavelengths of the incident light which will overlap with the spectral lines in 
the region under investigation. 

Determination of Wavelength of a Spectral Line Using the Transmission Grating:  
In the laboratory, the grating spectrum of a given source of light is obtained by using 
a spectrometer. Initially ail the adjustments of the spectrometer are made and it is 
adjusted for parallel rays by Schuster's method. The slit of the collimator is 
illuminated by monochromatic light (say light from sodium lamp) and the position of 
the telescope is adjusted such that the image of the slit is obtained at the position of 
the vertical cross-wire in the field of view of the telescope. Now the axes of the 
collimator and the telescope are in the same line. The position of the telescope is 
noted on the circular scale and is added to this reading. The telescope is turned to 
this position. In this position the axis of the telescope is perpendicular to the axis of 
collimator. The position of the telescope is fixed. The given transmission grating is 
mounted at the centre of the prism table such that the grating surface is perpendicular 
to the prism table. The prism table is suitably rotated such that the image of the slit 
reflected from the grating surface is obtained in the centre of field of view of the 
telescope. This means that the parallel rays of light from the collimator are incident 
at an angle on the grating surface because the axis of the collimator and the 
telescope are perpendicular to each other. The reading of the prism table is noted and 
adding to this reading, the prism table is suitably rotated to the new position so 
that the grating surface is normal to the incident light. 
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Figure 17

If the wavelength of the sodium light is to be determined, then the angles of 
diffraction and corresponding to the first and second order principal maxima are 

determined (Fig. 18.18). OA, OB etc.. give the directions of the telescope 
corresponding to the first and second order images,  etc refer to the positions of 
these images towards the left of the central maximum. The angles are 

measured and half of these angles measure  . Then 

(48) 

(49) 

Then the value of is calculated from equations (48) and (49) and the mean 
value is taken, ( a  +  b )  is the grating element and it is equal to the reciprocal of the 
number of lines per cm. If the number of lines on the grating surface is 15,000 per 
inch then 

If the source of light emits radiations of different wavelengths, then the beam 
gets dispersed by the grating and in each order a spectrum of the constituent 
wavelengths is observed. To find the wavelength of any spectral line, the diffracting 
angles are noted in the first and second orders and using the equations given above, 
the wavelength of the spectral line can be calculated. Overlapping spectral orders can 
be avoided by using suitable colour filters so that the wavelengths beyond the range of 
study are eliminated, 

With a diffraction grating, the wavelength of the spectral line can be determined 
very accurately. The method involves only the accurate measurement of the angles of 
diffraction. 

Taking

and
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As the angles are large they can be measured accurately with a properly 
calibrated spectrometer. The number of lines per inch (or cm), is given on the grating 
by the manufacturing company and hence ( a  +  b )  can be calculated. As the 
method does not involve measurements of very small distances (as in the case of 

interference experiments) an accurate value of can be obtained. 

Dispersive Power of Grating:  

Dispersive power of a grating is  defined as the ratio of the 
difference in the angle of diffraction of any two neighbouring spectral  
lines to the difference in wavelength between the two spectral lines.  
It can also be defined as ihc difference in the angle of diffraction per unit change in 
wavelength. The diffraction of the order principal maximum for a wavelength , is 

given by the equation 

Differentiating this equation with respect to we get 

 (50) 

From equation ( 50) it is clear that the dispersive power of the grating is (i)
directly proportional to the order of the spectrum, n  ( i i )  directly proportional to the 
number of lines per cm, and ( i i i )  inversely proportional to Thus, the angular 
spacing of any two spectral lines is double in the second order spectrum than that in 
the first order. Secondly, the angular dispersion of the lines is more with a grating 
having a larger number of lines per cm. Thirdly, the angular dispersion is a minimum 
when If the value of is not large, the value of can be taken as unity and the 
influence of this factor can be neglected. Then it is clear that the angular dispersion of 
any two spectral lines is directly proportional to the difference in wavelength of the 
spectral lines. A spectrum of this type is called a normal spectrum. 
If the linear spacing of two spectral lines of wavelengths is dx in the focal 
plane of the telescope objective or photographic plate, then 

where is the focal length of the objective. The linear dispersion is 

(51) 

The linear dispersion is useful in studying the photographs of a spectrum. 
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Prism and Grating Spectra:

For dispersing a given beam of light and for studying the resultant spectrum, a 
diffraction grating is mostly used instead of a prism. The grating and prism spectra 
differ in the following points. 

(i) With a grating, a number of spectra of different orders can be obtained on the 
two sides of the central maximum whereas with a prism only one spectrum is 
obtained. 

( i i )  The spectra obtained with a grating are comparatively purer than those with a 
prism. 

( i i i )  Knowing the grating element ( a  +  b )  and measuring the diffraction 
angle, the wavelength of any spectral line can be measured accurately. But in case of
a prism, the angles of deviation are not directly related to the wavelength of the 
special line. The angles of deviation are dependent on the refractive index of the 
material of the prism, which depends on the wavelength of light. 

Figure 18

(iv) With a grating, the diffraction angle for violet end of die spectrum is less 
than for red. In Fig. 18, and ' refer to the first order spectra on the two sides 

of the central maximum P. With a prism (Fig. 19), the angle of deviation for the 
violet rays of light is more than for the red rays of light. 

Figure 19

(v) The intensities of the spectral lines with a grating are much less than with a 
prism. In a grating spectrum, most of the incident light energy is associated with the 
undispersed central bright maximum and the rest of the energy is distributed in the 
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different order spectra on the two sides of the central maximum. But in a prism most 
of the incident light energy is distributed in a single spectrum and hence brighter 
spectral lines are obtained. 

(v) The dispersive power of a grating is given by 

and this is constant for a particular order. Thus, the spectral lines are evenly 
distributed. Hence, the spectrum obtained with a grating is said to be rational (Fig. 
20). The refractive index of the material of a prism changes more rapidly at the violet 
end than at the red end of the spectrum. The dispersive power of a prism is given by

and this has higher value in the violet region than in the red region. Hence, there 

will be more spreading of the spectral lines towards the violet and the spectrum 
obtained with a prism is said to be irrational (see Fig. 20). 
(vii) The resolving power of a grating is given by nN whereas the resolving power of a 

prism is given by where t is the base of the prism. The resolving power of a 

grating is much higher than that of a prism. Hence the same two nearby spectral lines 
appear better resolved with a grating than with a prism. 

Figure 20

(viii) Lastly, the spectra obtained with different gratings are identical because the 
dispersive power and the resolving power of a grating do not depend on the nature of 
the material of the grating. But the spectra obtained with prisms made of different 
materials are never identical because both dispersive and resolving powers depend on 
the nature of the material of the prism. 
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Example 1: In Fraunhoffer diffraction pattern due to a narrow slit a screen is 
placed 2m away from the lens to obtain the pattern. If the slit width is 0.2 mm and the 
first minima lie 5 mm on either sides of die central maximum, find the wavelength of 
light. 

Example 2: Diffraction pattern of a single slit of width 0.5 cm is formed by a 
lens of focal length 40 cm. Calculate the distance between the first dark and the next 
bright fringe from the axis. Wavelength of light used is  

Example 3: Deduce the missing orders for a double slit Fraunhofer diffraction 
pattern, if the slit widths are 0.16 mm and they are 0.8 mm apart. 
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Example.4: In a diffraction phenomenon using double slit, calculate (i) the 
distance between the central maximum and the first minimum of the fringe envelope 
and (ii) the distance between any two consecutive double slit dark fringes. 

Given data: Wavelength of light = 5000 , slit width = 0.02 mm, 

Spacing between two slits = 0.10 mm, screen to slits distance = 100 cm 

Example 5: A parallel beam of light of wavelength is incident at an angle 

of  on a plane transmission grating which has                 .Find the highest 
order spectrum that can be observed. 
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Example 6: Calculate the possible order of spectra with a plane transmission grating 
having 18,000 lines per inch when light of wavelength 4500 A  is used. 

Example 7: Light which is a mixture of two wavelengths 5000 A and 5200 A is 
incident normally on a plane transmission grating having 10000 lines per cm. A lens 
of focal length 150 cm is used to observe the spectrum on the screen. Calculate the 
separation in cm of the two lines in the first order spectrum. 
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8.1 Introduction: 
When two objects or their images are very close to each other, they appear as one 

and it may not be possible for the eye to see them as separate. If the objects are not 
seen separately, then we say that the details are not resolved by the eye. Optical 
instruments are used to assist the eye in resolving the objects or images. The method 
adapted to seeing the close objects as separate objects is called resolution. The ability 
of an optical instrument to produce distinctly separate images of two objects located 
very close to each other is called its resolving power. We use the term 'resolving 
power' in two different senses. In case of microscopes and telescopes, we talk of 
geometrical resolution where the geometrical positions between two nearby objects 
are to be resolved and in case of spectroscopes we refer to spectral resolution where 
differences of wavelengths of light in a given source are to be resolved. Resolving 
power is normally defined as the reciprocal of the smallest angle subtended at 
the objective of optical instrument by two point objects, which can just be 
distinguished as separate 

8.2 Rayleigh's Criterion:

When a beam of light from a point object passes through the objective of a 
telescope, the lens acts like a circular aperture and produces a diffraction pattern 
instead of a point image. This diffraction pattern is a bright disc surrounded by 
alternate dark and bright rings (see Fig. 1). 

(a) The image of a point source of monochromatic light, formed by a lens of diameter D, is a diffraction 
pattern. 

(b) The intensity pattern is a maximum at the center of the Airy disc. 
Fig.1

It is known as Airy's disc. If there are two point objects lying close to each other, 
then two diffraction patterns are produced, which may overlap on each other and it 
may be difficult to distinguish them as separate (see Fig. 2a). 
To obtain the measure of the resolving power of an objective lens Rayleigh suggested 
that the two images of such point-objects lying close to each other may be regarded as 
separated if the central maximum of one falls on the first minimum of the other. In 
other words, when the central bright image of one falls on the first dark ring of the 
other, the two images are said to be just resolved (see Fig. 2b). This is equivalent to 
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It means that if the object is situated at the least distance of distinct vision from 
the eye (25 cm), the minimum separation between two nearby object points should be 
of the order of 0.1 mm. If the object points are separated by a distance larger than 0.1 
mm, they are clearly visible and are well resolved. 

Similarly, the distance h' between the centers of the two images is given by, 

The value of h' (= 10 -2mm) is approximately equal to the distance between the 
cones in the fovea and thus the retinal structure is strikingly in accordance with the 
limit of resolution of the eye. Further, two point objects appear to be just resolved if 
the angle subtended by them at the eye is 1 minute of an arc. If the diameter of the 
pupil of the eye is smaller than 2 mm, the numerical aperture decreases and hence the 
value of h increases, i.e. two points will appear to be just resolved if the distance 
between the two is larger. Thus the resolving ability of the eye is decreased. 

8.4 Resolving Power of Optical Instruments: 

The magnifying power of a telescope or a microscope depends upon the focal 
lengths of the lenses used. By a proper choice of the lenses, it is possible to increase 
the size of the image, i.e. the image subtends a large angle at the eye. But it must be 
remembered that the increase in the size of the image, beyond a certain limit does not 
necessarily mean gain in detail. This is the case even if the lenses are free from all 
aberrations, chromatic and monochromatic. There is always a limit to the useful 
magnification of an optical instrument. This is due to the fact that for a wave 
surface, the laws of geometrical optics do not hold good. In the previous chapters 
dealing with diffraction of light, it has been shown that the image of a point source is 
not a point but it is a diffraction pattern. With a circular aperture kept in the path of 
incident light, the diffraction pattern of a point source of light consists of a central 
bright disc surrounded by alternatively dark and bright rings. This is called Airy's 
disc. 

If the lens diameter or the size of the aperture is large, the diffraction pattern of 
a point source of light is small. If there are two nearby point sources, the diffraction 
discs of the two patterns may overlap and the two images may not be distinguished. 
An optical instrument like a telescope or a microscope is said to have resolved the two 
point sources when the two diffraction patterns are well separated from each other or 
when the diffraction patterns are small so that in both the cases, the two images are 
seen as separate ones. The ability of an optical instrument, expressed in numerical 
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measure, to resolve the images of two nearby points is termed as its resolving 
power. 

A telescope gives us geometric resolution between two far away objects 
subtending a very angle. There we define resolving limit of a telescope ; where

is the smallest angle resolved. 

A microscope resolves the linear distance between two close objects. There 
we define, resolving limit of a microscope ; where is the smallest distance 

resolved. 

In the case of a prism or a grating spectrograph, the term resolving power is 
referred to the ability of the prism or grating to resolve two nearby spectral lines so 
that the two lines can be viewed or photographed as separate lines. 

8.5 Criterion for Resolution According to Lord Rayleigh: 

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 coincides with 
the first secondary minimum of the other and vice versa. The same criterion can be 
conveniently applied to calculate the resolving power of a telescope, microscope, 
grating, prism, etc. In Fig. 4, A and B are the central maxima of the diffraction 
patterns of two spectral lines of wavelengths and . The difference in the angle of 
diffraction is large and the two images can be seen as separate ones. The angle of 
diffraction corresponding to the central maximum of the image B is greater than the 
angle of diffraction corresponding to the first minimum at the right of A. Hence the 
two spectral lines will appear to be well resolved (see Fig. 2c also). 

Fig.4

In Fig. 5, the central maximum corresponding to the wavelengths are 
very close. The angle of diffraction corresponding to the first minimum of A is greater 
than the angle of diffraction corresponding to the central maximum of B. The two 
images overlap and they cannot be distinguished as separate images. The resultant 
intensity curve gives the maximum as at C and the intensity of this maximum is 
higher than the individual intensities of A and B. Thus when the spectrograph is 
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turned from A to B. the intensity increases, becomes maximum at C and then 
decreases. In this case, the two spectral lines are not resolved see Fig. 2(a) also. 

Fig.5

In Fig. 6, the position of the central maximum of A (wavelength ) coincides with the 
position of the first minimum of B . Similarly, the position of the 
central maximum of B coincides with the position of the first minimum of A. Further, 
the resultant intensity curve shows a dip at C i.e. in the middle of the central 
maximum of A and B (here it is assumed that the two spectral lines are of the same 
intensity). The intensity at C is approximately 20 % less than that at A or B. If a 
spectrograph is turned from the position corresponding to the central image of A to 
the one corresponding to the image of B, there is noticeable decrease in intensity 
between the two central maxima. The spectral lines can be distinguished from one 
another and according to Rayleigh they are said to be just resolved (see Fig. 19.2 b 
also). Rayleigh's condition can also be stated as follows. Two images are said to be 
just resolved if the radius of the central disc of either pattern is equal to the 
distance between the centers of the two patterns. 

Fig.6

8.6 Resolving Power of a Telescope: 

Let a be the diameter of the objective of the telescope (Fig. 7). Consider the rays 
of light from two neighboring points of a distant object. The image of each point 
object is a Fraunhofer diffraction pattern. 
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Fig.7

Let P1 and P2 be the positions of the central maxima of the two images. 
According to Rayleigh, these two images are said to be resolved if the position of 
the central maximum of the second image coincides with the first minimum of the 
first image and vice versa. The path difference between the secondary waves 
traveling in the directions AP1 and BP1 is zero and hence they reinforce with one 
another at P1 Similarly, all the secondary waves from the corresponding points 
between A and B will have zero path difference. Thus P1 corresponds to the 
position of the central maximum of the first image. 

The secondary waves traveling in the directions AP2 and BP2 will meet at P2

on the screen. Let the angle P2AP1 be d . The path difference between the 
secondary waves traveling in the directions BP2 and AP2 is equal to BC (Fig. 7). 

(for small angles) 
If this path difference the position of P2 corresponds to the first minimum 

of the first image. But P2 also is the position of the central maximum of the second 
image. Thus, Rayleigh's condition of resolution is satisfied if, 

 (1) 

The whole aperture AB can be considered to be made of two halves AO and OB. The 
path difference between the secondary waves from the corresponding points in the 
two halves will be     . All the secondary waves destructively interfere with one 
another and hence P2 will be the first minimum of the first image. 
The equation

           
      holds good for rectangular apertures. For circular apertures, 

this equation, according to Airy, can be written as, 
 (2) 

where is the wavelength of light and a is the aperture of the telescope objective. The 
aperture is equal to the diameter of the metal ring which the objective lens is mounted. 
Here refers to the limit of resolution of the telescope.  
The reciprocal of       measures the resolving power of the telescope. 

 (3) 

       is also the angle subtended by the two distant object points at the objective.
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From equation (3), it is clear that a telescope with large diameter of the objective 
has higher resolving power, 

Thus, resolving power of a telescope can be defined as the reciprocal of the 
angular separation that two distant object points must have, so that their images will 
appear just resolved according to Rayleigh's criterion. 

I f f  is the focal length of the telescope objective, then, 

 (4) 

where r is the radius of the central bright image. The diameter of the first dark ring is 
equal to the diameter of the central image. The central bright disc is the Airy's disc. 

From equation (4), if the focal length of the objective is small, the wavelength is 
small and the aperture is large, then the radius of the central bright disc is small. The 
diffraction patterns will appear sharper and the angular separation between the two 
just resolvable point objects will be smaller. Correspondingly, the resolving power of 
the telescope will be higher. 

Let two distant stars subtend an angle of 1 second of an arc at the objective of the 
telescope. 

radian. Let the wavelength of light be . Then, the 
diameter of the objective required for just resolution can be calculated from the 
equation, 

The resolving power of a telescope increases with increase in the diameter of the 
objective. With the increase in the diameter of the objective, the effect of the spherical 
aberration becomes appreciable. So, in the case of large telescope objectives, the 
central portion of the objective is covered with a stop so as to minimize the effect of 
spherical aberration. This, however, does not affect the resolving power of the 
telescope. 

8.7 Relation Between Magnifying Power and Resolving 
Power of a Telescope: 

The magnifying power of a telescope is given by, 

 (5) 
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where D is the diameter of the objective (entrance pupil) and d is the diameter 
of the exit pupil. The magnification of a telescope is said to be normal if d, the 
diameter of the exit pupil is equal to de the diameter of the pupil of the eye. 
Therefore, the normal magnification of the telescope is given by, 

 (6) 

 (7) 

(8) 

From equation (7) and (8), we get 

Thus, the product of normal magnifying power of a telescope and its limit of 
resolution is equal to the limit of resolution of the unaided eye. 

Taking a pupil diameter of the eye as 2 mm and wavelength of light as , 
the angular separation between two distant object points resolvable by the eye is 
given by, 

Similarly, the angular separation between two distant stars just resolvable by a 
telescope objective of diameter 254 cm is approximately      th second of an arc. 

If the normal magnifying power is 1200, full advantage of the high resolving 
power of the telescope can be taken. 

If two telescope objectives have the same focal length, the magnifying power 
will be the same in the two cases. But, the telescope with an objective of larger 
aperture has high resolving power than the one with a smaller aperture. With increase 
in size of the diameter of the objective of a telescope, the resolving power increases. 
Also with a large diameter objective, the radius of the central disc of the diffraction 
pattern is smaller and consequently the image obtained is sharp and more intense. 

  

8.8 Resolving Power of a Microscope: 

The minimum distance by which two points in the object are separated from 
each other so that their images as produced by the microscope are just seen separate is 
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called the limit of resolution. The reciprocal of limit of resolution is known as the 
resolving power. 

In Fig. 8, MN is the aperture of the objective of a microscope and A and B are 
two object points at a distance d apart. A '  and B' correspond to diffraction patterns 
due to A and B. A' and B' are surrounded by alternate dark and bright diffraction 
rings. The two images are said to be just 

  Fig.8   

resolved if the position of the central maximum of B' also corresponds to the first 
minimum of the image of A'.

The path difference between the extreme rays from the point B and reaching A' 
is given by, 

Fig.9

In Fig. 9, AD is perpendicular to DM and AC is perpendicular to BN. 

If this path difference 2 d sin  = 1.22 , then, A' corresponds to the first minimum 
of the image B' and the two images appear just resolved.
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(9) 

Equation (9) derived above is based on the assumption that the object points A 
and B arc self-luminous. But actually, the objects viewed with a microscope are not 
self-luminous but are illuminated with light from a condenser. It is found that the 
resolving power depends upon the mode of illumination. According to Abbe, the least 
distance between two just resolvable object points is given by. 

 (10) 

where 0 is the wavelength of light in vacuum and µ is the refractive index of the 
medium between the object and the objective. The space between the objective and 
the object is filled with oil (cedar wood oil) in microscopes of high resolving power. 
This has two advantages. Firstly the loss of light by reflection at first lens surface is 
decreased and secondly the resolving power of the microscope is increased. 

The expression µ  in equation (10) is called the numerical aperture of the 
objective of the microscope and is a characteristic of the particular objective used. 
The highest value of numerical aperture obtained in practice is about 1.6. Taking the 

effective wavelength of white light as:  

where d is the linear distance between two just resolvable object points. 

From equation (10), we see that we can achieve increased resolution in two ways, 
namely by (i) increasing the numerical aperture of the objective and (ii) decreasing 
the wavelength  of the light used. Thus, by using ultraviolet light and quartz lenses, 
the resolving power of the microscope can be increased further. Such a microscope is 
called an ultra-microscope. 

The magnifying power of a microscope is said to be normal if the diameter of the 
exit pupil is equal to the diameter of the pupil of the eye. If the magnifying power is 
higher than the normal, it does not correspondingly help in observing better details of 
the object. If the magnifying power of the microscope is less than the normal, then 
this means that full advantage of the available resolving power of the microscope 
objective is not taken. 

In an electron microscope, the wavelength of electron beam used is of the order 
of 0.12 A , which is more than thousand times smaller than the wavelength of visible 
light. Hence, the resolving power of an electron microscope is much higher than that 
of an ordinary microscope. However, the numerical aperture of an electron 
microscope is smaller than that of an ordinary microscope. 
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8.9 Magnification Versus Resolution: 

The student should now be careful to notice the significance of resolution. In 
any optical instrument, the first magnification is done by the objective (because it 
faces the object). If the diffraction patterns of the different parts of the object are not 
well resolved at this stage, they can never be resolved further by any amount of 
magnification at the later stages. The patterns may get magnified but not resolved. 
High magnification alone will not reveal any further details of the object. Thus, for a 
given optical system, there will be a limit to useful magnification. 

For the standard observer, the near point is about 25cm from the eye, and for 
many purposes one can assume that at this distance the limit of resolution is about 
0.01 cm. It means that objects can be resolved by the eye when they subtend an angle 
of about one minute. Thus, for two optical images to be resolved by the observer, they 
must have an angular separation not less than this. Therefore, the magnifying power 
of the instrument should be such that the physically resolved images by the instrument 
subtend an angle of at least one minute at the observer's eye. Thus, for any visual 
instrument, there is a minimum magnifying power below which the eye will be 
unable to resolve the objects even though the images as formed by the instrument 
itself may clearly be resolved. This minimum magnifying power is usually called the 
necessary magnifying power. A magnifying power excessively greater than this is of 
no advantage, since the eye can never resolve images that the instrument does not 
resolve. This additional magnification is a disadvantage because it renders visible the 
diffuse nature of the Airy discs and one gets an impression that image quality is poor. 
Such additional magnification, greatly in excess of the necessary value, is called 
empty magnification.

8.10 Resolving Power of a Prism: 

 The term resolving power applied to the spectrographic devices (using a 
grating or a prism) signifies the ability of the instrument to form two separate 
spectral images of two neighboring wavelengths, in the wavelength 
region  

Fig.10

In Fig. 10, S is a source of light, L1 is a collimating lens and L2 is the telescope 
objective. As two wavelengths are very close, if the prism is set in 
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minimum deviation position would hold good for both the wavelengths. The final 
image I1 corresponds to the principal maximum for the wavelength and I2

corresponds to the principal maximum for the wavelength .. 11 and I2 are formed 
at the focal plane of the telescope objective L2. The face of the prism limits the 
incident beam to a rectangular section of width a. Hence, the Rayleigh criterion can 
be applied in the case of a rectangular aperture. 

In the case of diffraction at a rectangular aperture, the position of I2 will 
correspond to the first minimum of the image I1for wavelength provided 

 (11) 

Here  is the angle of minimum deviation for wavelength     From the Fig. 10,

 (12) 

(13) 

(14) 

Here and are dependent on wavelength of light . Differentiating equation (14) with 

respect to , we get 

 (15) 

Substituting the values of       from equations (12) and (13), we obtain 

(16) 

Substituting the value of       equation (11), we get 

 (17) 

The expression       measures the resolving power of the prism. It is defined as the 
ratio of the wavelength to the smallest difference in wavelength      between this 
line and a neighboring line such that the two lines appear just resolved, according to 
Rayleigh's criterion. 
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 (18) 

It means that the resolving power (i) is directly proportional to the length of the base 
of the prism and (ii) rate of change of refractive index with respect to wavelength for 
that particular material. 

8.11 Resolving Power of a Plane Transmission Grating: 

The resolving power of a grating is defined as the ratio of the wavelength of 
any spectral line to the smallest difference in wavelength , between this line and a 
neighboring line such that the two lines appear just resolved, according to Rayleigh's 
criterion. 

Fig.11

In Fig. 11, XY is the grating surface and MN is the field of view of the 
telescope, P, is  primary maximum of a spectral line of wavelength at an angle of 
diffraction P2 is the nth primary maximum of a second spectral line of wavelength

at a diffracting angle  P1 and P2 are the spectral lines in the nth order. 
These two spectral lines according to Rayleigh, will appear just resolved if the 
position of P2 also corresponds to the first minimum of P1. 

The direction of the nth primary maximum for a wavelength  is given by, 
 (19) 

The direction of the nth primary maximum for a wavelength  + d is given by, 
(20) 

These two lines will appear just resolved if the angle of diffraction also 
corresponds to the direction of the first secondary minimum after the nth primary 
maximum at P1 (corresponding to the wavelength ).This is possible if the extra path 
difference introduced is    , where N is the total number of lines on the grating surface 
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(21) 

The quantity measures the resolving power of a grating. Thus, the 

resolving power of a grating is independent of the grating constant. The resolving 
power is directly proportional to (i) the order of the spectrum and (ii) the total number 
of lines on the grating surface. For a given grating, the distance between the spectral 
lines is double in the second order spectrum than that in the first order spectrum. 

The dispersive power of a grating is given by, ; and the 

resolving power of a grating is given by, , where n is the order of the 

spectrum and N is the total number of lines on the grating surface. N' is the number of 
lines per cm on the grating surface. Here t) gives the direction of the nth principal 

maximum corresponding to a wavelength . From the above equation, it is clear that 
the dispersive power increases with increase in the number of lines per cm and the 
resolving power increases with increases in the total number of lines on the grating 
surface (i.e. the width of the grating surface). 
High dispersive power refers to wide separation of the spectral lines whereas 
high resolving power refers to the ability of the instrument to show nearby 
spectral lines as separate ones. 

8.12 Michelson`s Stellar Interferometer: 

The smallest angular separation ( ) between two distant point sources for 
viewing the two images of the sources as separate with a telescope, is given by , 

 (22) 

where  is the wavelength of light and D is the diameter of the objective of the 
telescope. Let the telescope objective be covered with a screen which is pierced with 
two parallel slits. Let the slit separation (d) be almost equal to the diameter of the 
telescope; 
a suitable value for             . Now let the telescope be directed towards a distant 
double star so that the line joining the two stars is perpendicular to the length of either 
slit. Interference fringes due to the double slit will be observed in the focal plane of 
the objective. The condition for the first appearance of fringes is given by, 

 (23) 
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where is the angular separation between the two stars when the first disappearance 
of the fringes takes place. Similarly, for values of a given by the multiples                  
of      , disappearance of the fringes can be observed. If the double slit is avoided and 
the observations are made directly, the multiples can be ruled out. The angular 
separation  is half the angle , where  is the minimum angle of resolution of the 
telescope objective.

The method employing the double slit interference is used to measure the 
angular separation between two stars. Michelson in 1920 successfully used this 
method to find the diameters of stars. The arrangement is known as Michelson's 
stellar interferometer (Fig. 12). 

It consists of four mirrors M1 M2 M3 and M4 arranged as shown in the figure. L 
is the objective of the telescope and the two slits are kept in the paths of light reflected 
from the mirrors M3 and M4 Let S1 and S2 be the ends of a diameter of the star. The 
paths of the rays of light from these two points S1 and S, are shown in the figure. The 
mirrors M1 and M3 are parallel. The mirrors M1 and M2 are mounted on a girder and 
by sliding these mirrors, the distance D between the mirrors can be altered. The 
silvered faces of M1 and M3 (and M3 and M4) face each other. Interference fringes 
will be observed in the field of view of the telescope. The path difference between the 
rays of light from to L and M2 to L is zero. 

In the side figure, A is the point of incidence of the rays of light on the mirror 
M2 and B is the point of incidence of the rays of light on the mirror M1. The path 
difference between the rays traveling from S2 (one end of the diameter of the disc of 
the star) and reaching A and B is equal to the distance BC. 

For the first disappearance of the fringes, this path difference must be equal to 1.22 .

(24) 

In equation (24),  measures the angular diameter of the star. In one of the 
experiments of Michelson, using a 250 cm reflecting telescope at Mount Wilson 
observatory, the disappearance of the fringes was observed when the distance between 
the mirrors M1 and M2 was 306.5 cm. If the average wavelength of light from the star 
is assumed to be 5750 A, the angular diameter of the star can be calculated from the 
equation 
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Example 4: Sodium light of wavelength 5890 A is used to view an object under 

a microscope. The aperture of the objective has a diameter of 0.9 cm. 

(a) Calculate the limiting angle of resolution

(b) Using violet light, what is the maximum limit of resolution for this 

microscope? 

Example 5: Calculate the minimum thickness of the base of a prism which will 
just resolve the D1 and D2 lines of sodium. The refractive index of glass is 1.6545 for 

= 6563 and 1.6635 for  = 5270
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Example 6: Light is incident normally on a grating of total ruled width 5 x 10-3

m with 2500 lines in all. Calculate the angular separation of the two sodium lines in 
the first order spectrum. Can they be seen distinctly? 

1. Calculate the resolving power of a Telescope whose objective lens has a 
diameter of 508 cm and =6000 A . 

2. Find the number of lines a grating should have to resolve the second order 
doublet having wavelength difference 6 x 10-10 at 5893 x 10-10  m  

3. Find the limit of resolution of a Laboratory Microscope having numerical 
aperture 1.2 when used for light of wavelength = 6 x 107 m. 

4. Calculate the aperture of the objective of a telescope which can resolve two 
stars separated by an angular distance of 4.84 x 106 m. radians. The wavelength 
of light is 5000 A . 

5. Calculate the number of lines that a grating must have to resolve D1 and 
D2lines of sodium in the second order. ( 1= 5890 A and 2 = 5896 A). 

6. A telescope of aperture 3 cm. is focused on a window 80 m away fitted with a 
wire mesh of spacing 2 mm. Will the telescope able to observe the wire- mesh? 

7. Calculate the minimum spectral width for two wavelengths which can just be 
resolved in first order with a grating having 1100 lines when a light of 
wavelength 680 mm is used. 
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9.1 Production of Linearly Polarized  

Linearly polarized light may be produced from polarized light using of the following 
five optical phenomena: 
(i) Reflection, (ii) refraction, (iii) scattering, (iv) selective absorption (dichroism) and 
(v) Double refraction. 

9.2 Brewster's Law 

Sir David Brewster performed a series of experiments on the polarization of light by 
reflection at a number of surfaces. He found that the polarizing angle depends upon 
the refractive index of the medium. In 1892, Brewster proved that the tangent of the 
angle at which polarization is obtained by reflection is numerically equal to the 
refractive index of the medium. If p is the angle and u is the refractive index of the 
medium, then 

                                                                                                               (1) 

This is known as Brewster's law. 

Figure (1) 

If natural light is incident on a smooth surface at the polarizing.' angle, it is reflected 
along BC and refracted along BD, as shown in Fig. 1 (b). Brewster found that the 
maximum polarization of reflected ray occurs when it is at right angles to the 
refracted ray. It means that p + r = 90°. 

(2) 

(3) 

Where µ2 is the absolute refractive index of reflecting surface and µ1 is the refractive 
index of the surrounding medium. It follows from equation (2) and equation (3) that 
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 (4) 

Equation (.4) shows that the polarizing angle depends on the refractive index of the 
reflecting surface. The polarizing angle p is also known as Brewster angle and 
denoted as B. Light reflected from any angle other than Brewster angle is partially 
polarized. 

9.3 Application of Brewster's law: 

(i) Brewster's law can be used to determine the refractive indices of opaque materials. 
(ii) It helps us in calculating the polarizing angle necessary for total polarization of 
reflected light for any material if its refractive index is known. However, the law is 
not applicable for metallic surfaces. 
(iii) Two windows known as Brewster windows are used in gas lasers. They are 
arranged at Brewster angle at the two ends of the laser tube. Every time light passes 
through the windows on its way to the reflecting mirrors of the optical resonator, s-
component is removed. At the end, light emerging from the laser consists of linearly 
polarized light of p-component.
(iv) Another application utilizes the Brewster angle for transmitting a light beam into 
or out of an optical fiber without reflection losses. 

The degree of polarization of the transmitted light is given by 

(5) 

Where m is the number of plates required and u is the refractive index of the material, 
if Ip and Is are the intensities of the parallel and perpendicular components in the 
refracted light. 

9.4 Effect of Analyzer on Plane Polarized Light  MALUS' 
LAW 

When natural (unpolarized) light is incident on a polarizer, the transmitted light is 
linearly polarized. If this light further passes through an analyzer, the intensity varies 
with the angle between the transmission axes of the polarizer and analyzer. Malus 
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studied the phenomenon in 1809 and formulated the law that bears his name. It states 
that the intensity of the polarized light transmitted through the analyzer is 
proportional to cosine square of the angle between the plane of transmission of the 
analyzer and the plane of transmission of the polarizer. This is known as Malus' 
law. 

Figure (2) 

If unpolarized light of intensity Io is incident on a polarizer, plane polarized light of 
intensity Io/2 is transmitted by it. Let us denote Io/2 by I1. This plane polarized light 
then passes through the analyser. Let E be the amplitude of vibration and  be the 
angle that this vibration makes with the axis of the analyser. E can be resolved into 
two rectangular components: (i) Ey, parallel to the plane of transmission of the 
analyser and (ii) Ex, perpendicular to the plane of analyser. It is only the parallel 
component Ey that is transmitted by the analyser. 

Thus, we obtain two positions of maximum intensity and two positions of zero 
intensity when we rotate the axis of the analyser with respect to that of the polarizer. 

9.5 Phase Difference Between e-Ray and o-Ray 

We have seen that natural light incident on the surface of an anisotropic crystal 
undergoes double refraction and produces two plane polarized waves. Even when a 
plane polarized light wave is incident on a birefringent crystal such that its electric 
vector makes an angle with the optic axis, then the polarized wave splits into two 
polarized waves namely e-ray and o-ray. Let us consider the particular case of a slice 
of a positive crystal where the optic axis is parallel to refracting face of the crystal .
The two waves travel along the same direction in the crystal but with different 
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velocities. As a result, when the waves emerge from the rear face of the crystal, an 
optical path difference would have developed between them. The optical path 
difference can be calculated as follows: 

(6) 

(7) 

As the two component waves are derived from the same incident wave, the two waves 
are in phase at the front face and have emerged from the crystal with a constant phase 
difference (see Fig. 3) and hence it may be expected that the waves are in a position to 
interfere with each other. However, as the planes of polarization of o-ray and e-ray are 
perpendicular to each other, interference cannot take place between e- rays and o-rays. 
The waves instead combine with each other to give an elliptically polarized wave.  

Figure (3) 

(H.W) SUPERPOSITION OF WAVES LINEARLY POLARISED 
AT RIGHT ANGLES
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9.6 SUPERPOSITION OF e-RAY AND o-RAY 

Now we are in a position to understand what happens when e-ray and o- ray overlap 
on each other after emerging from an anisotropic crystal plate. It is obvious that they 
cannot produce interference fringes as in a double slit experiment. On the other hand, 
they combine to produce different states of polarization depending upon their optical 
path difference. 
1. When the optical path difference is 0 or an even or odd multiple of /2, the resultant 
light wave is linearly polarised. 
2. When the optical path difference is /4, the resultant light wave is elliptically 
polarised. 
3. In the particular instance when the wave amplitudes are equal and the optical path 
difference is /4, the resultant light wave is circularly polarised.

9.7 TYPES OF POLARISED LIGHT 

We can now sum up the various types of polarised light as follows. 
i) unpolarized light, which consists of sequence of wave trains, all oriented at 

random. It is considered as the resultant of two optical vector components, 
which are incoherent. 

ii) Linearly polarised light, which can be regarded as a resultant of two 
coherent linearly polarised waves. 

iii) Partiallv polarised light, which is a mixture of linearly polarised light and 
unpolansed light. Partially polarized light is represented as shown in 
Figure (4) 

iv) Eliiptically polarised light, which is the resultant of two coherent waves 
having different amplitudes and a constant phase difference of 90° (see 
Fig. 5). In elliptically polarized light, the magnitude of electric vector E 
changes with time and the vector E rotates about the direction of 
propagation. If we imagine that we are looking at the light wave advancing 
towards us, we would observe that the tip of the E vector traces an ellipse. 
If we look from sides, we would find that the tip of E sweeps a flattened 
helix in space. When we are looking back towards the source, if the 
rotation of E vector occurs clockwise, it is said to be a right-
ellipticallypolarised wave. If it rotates anticlockwise, as we look back 
toward the source it is said to be a left-elliptically polarised wave.

v) Circularly polarised light, which is the resultant of two coherent waves having 
same amplitudes and a constant phase difference of 90°. A light wave is said to 
be circularly polarised, if the magnitude of the electric vector E stays constant 
but the vector rotates about the direction of propagation such that it goes on
sweeping a circular helix in space. If we imagine that the wave is advancing 
toward our eyes, we would find that the tip of the E vector of the wave 
traces a circle. I f the rotation of the tip of E is clockwise, as seen by an 
observer looking back towards the source, then the wave is said to be 
right-circularly polarised. If the tip of E rotates anticlockwise, as seen by 
an observer looking back toward the source, the wave is said to be left-
circularly polarised. 
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Figure (4) 

Figure (5) 

9.8 EFFECT OF POLARIZER ON TRANSMISSION OF 
POLARISED LIGHT 

(i) If unpolarized light is incident on a polarizer, the transmitted light will be linearly 
polarised light. The intensity of the transmitted polarised light will be half the 
intensity of unpolarized light incident on the polarizer. The intensity of the 
transmitted light does not change on rotation of the polarizer. 
(ii) If partially polarised light is incident on a polarizer, the intensity of the transmitted 
light will be dependent on the direction of the transmission axis of the polarizer. The 
intensity of the transmitted light will vary from a maximum value I max to a minimum 
value I min one full rotation of the polarizer. Two positions of I max and two positions 
of I min one complete rotation. 
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(iii) If plane polarised light is incident on the polarizer, the intensity of transmitted 
light varies from zero to a maximum value. Two positions of zero intensity and two 
positions of full intensity I occur in one complete rotation of the polarizer. 
(iv) When circularly polarised light is incident on a polarizer, the intensity of the 
transmitted light stays constant in any position of the polarizer. The circular vibrations 
may be resolved into two mutually perpendicular linear vibrations of equal amplitude. 
When the circularly polarised light is incident on the polarizer, the vibrations parallel 
to its transmission axis pass through the polarizer while the perpendicular component 
is obstructed. When the polarizer is rotated, there is always a component of constant 
intensity parallel to the axis of the polarizer, which is freely transmitted. Hence, the 
intensity of the transmitted light is the same for all positions of the polarizer. 
(v) In case of elliptically polarised light, the intensity of the light transmitted through 
the polarizer varies with the rotation of the polarizer from I max to I min. I max  is found 
when the polarizer axis coincides with the semi-major axis of the ellipse and I min

occurs when the polarizer axis coincides with the semi-minor axis of the ellipse. 
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