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UNIT II      WAVES AND FIBER OPTICS  

 

Oscillatory motion – forced and damped oscillations: differential equation and its solution – plane 

progressive waves – wave equation. Lasers : population of energy levels, Einstein’s A and B coefficients 

derivation – resonant cavity, optical amplification (qualitative) – Semiconductor lasers: homojunction 

and heterojunction – Fiber optics: principle, numerical aperture and acceptance angle -types of optical 

fibres (material, refractive index, mode) – losses associated with optical fibers – fibre optic sensors: 

pressure and displacement. 

 

Introduction:       WAVES: 

 

A wave is a disturbance which propagates energy and momentum from one place to the other without the 

transport of matter.  

(1) Necessary properties of the medium for wave propagation : 

 (i) Elasticity : So that particles can return to their mean position, after having been disturbed.  

(ii) Inertia : So that particles can store energy and overshoot their mean position.  

(iii) Minimum friction amongst the particles of the medium. 

 (iv) Uniform density of the medium. 

 (2) Characteristics of wave motion :  

(i) It is a sort of disturbance which travels through a medium. 

 (ii) Material medium is essential for the propagation of mechanical waves.  

(iii) When a wave motion passes through a medium, particles of the medium only vibrate simple 

harmonically about their mean position. They do leave their position and move with the disturbance. (iv) 

There is a continuous phase difference amongst successive particles of the medium i.e., particle 2 starts 

vibrating slightly later than particle 1 and so on.  

(v) The velocity of the particle during their vibration is different at different position. 

 (vi) The velocity of wave motion through a particular medium is constant. It depends only on the nature 

of medium not on the frequency, wavelength or intensity. 

 (vii) Energy is propagated along with the wave motion without any net transport of the medium.  

(3) Mechanical waves : The waves which require medium for their propagation are called mechanical 

waves. Example : Waves on string and spring, waves on water surface, sound waves, seismic waves.  

(4) Non-mechanical waves : The waves which do not require medium for their propagation are called 

non- mechanical or electromagnetic waves. Examples : Light, heat (Infrared), radio waves,  - rays, X-

rays etc.   

 (5) Transverse waves : Particles of the medium execute simple harmonic motion about their mean 

position in a direction perpendicular to the direction of propagation of wave motion.  

(i) It travels in the form of crests and troughs.  

(ii) A crest is a portion of the medium which is raised temporarily above the normal position of rest of the 

particles of the medium when a transverse wave passes through it.  

(iii) A trough is a portion of the medium which is depressed temporarily below the normal position of 

rest ofthe particles of the medium, when transverse wave passes through it. 

(iv) Examples of transverse wave motion : Movement of string of a sitar or violin, movement of the 

membrane of a Tabla or Dholak, movement of kink on a rope, waves set-up on the surface of water.  

(v) Transverse waves can be transmitted through solids, they can be setup on the surface of liquids. But 

they cannot be transmitted into liquids and gases.  
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(6) Longitudinal waves : If the particles of a medium vibrate in the direction of wave motion, the wave 

is called longitudinal.  

(i) It travels in the form of compression and rarefaction. 

(ii) A compression (C) is a region of the medium in which particles are compressed. 

(iii) A rarefaction (R) is a region of the medium in which particles are rarefied.  

(iv) Examples: sound waves travel through air in the form of longitudinal waves, Vibration of air column 

in organ pipes are longitudinal, Vibration of air column above the surface of water in the tube of 

resonance apparatus are longitudinal.  

(v) These waves can be transmitted through solids, liquids and gases because for these waves 

propagation, volume elasticity is necessary.  

(7) One dimensional wave : Energy is transferred in a single direction only. Example : Wave 

propagating in a stretched string.  

(8) Two dimensional wave : Energy is transferred in a plane in two mutually perpendicular directions. 

Example : Wave propagating on the surface of water.  

(9) Three dimensional wave : Energy in transferred in space in all direction. Example : Light and sound 

waves propagating in space.
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 Displacement in SHM:
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Free, Forced And Damped Oscillations 

Oscillation is a measure of some repetitive variation, as a function of time. It can be measured with 

respect to a state of equilibrium. If the oscillation is mechanical in nature it is referred to as vibration The 

most common and simplest example for oscillation is the motion of a simple pendulum. 

The motion of alternating current although electrical is also an example of an oscillatory motion. 
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If a mechanical motion is such that, the restoring force acts in the direction opposite to that of 

displacement of the object and is proportional to it, is called a simple harmonic motion. Again, the 

motion of a simple pendulum is a perfect example for this, where if it is displaced to one direction, the 

restoring force acts in the opposite direction. 

There are three main types of Simple Harmonic Motion 

• Free Oscillation 

• Forced Oscillation 

• Damped Oscillations 

Free Oscillations 

These have a constant amplitude and constant period and the main factor is that they are not under any 

external influences. For the amplitude to remain constant, the system has no damping. But this is possible 

only in theory as damping will always occur. 

Damping is the reduction in amplitude (energy loss from the system) due to overcomings of external 

forces like friction or air resistance and other resistive forces. 

Examples 

(a) Vibrations of tuning fork 

(b) Vibrations in a stretched string  

(c) Oscillations of simple pendulum 

(d) Air blown gently across the mouth of a bottle. 

In such a system, the amplitude, frequency, and energy all remain constant. 

 

Forced Oscillations 

When a body oscillates by being influenced by an external periodic force, it is called forced oscillation. 

Here, the amplitude of oscillation, experiences damping but remains constant due to the external energy 

supplied to the system. 

For example, when you push someone on a swing, you have to keep periodically pushing them so that the 

swing doesn’t reduce. 

i.e.,When a vibrating body is maintained in the state of vibration by a periodic force of frequency (n) 

other than its natural frequency of the body, the vibrations are called forced vibrations. The external force 

is driver and body is driven. 

The body is forced to vibrate with an external periodic force. The amplitude of forced vibration is 

determined by the difference between the frequencies of the driver and the driven. The larger the 

frequency difference, smaller will be the amplitude of the forced oscillations. 

Examples : 

Sound boards of stringed instruments execute forced vibration, 

Press the stem of vibrating tuning fork, against tabla. The tabla suffers forced vibration. 

Resonance 

In the case of forced vibration, if the frequency difference is small, the amplitude will be large as 

shown in figure. Ultimately when the two frequencies are same, amplitude becomes maximum.This is a 

special case of forced vibration. 
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If the frequency of the external periodic force is equal to the natural frequency of oscillation of the 

system, then the amplitude of oscillation will be large and this is known as resonance.                                                                                                   

 Advantages  

(i) Using resonance, frequency of a given tuning fork is determined with a sonometer. 

(ii) In radio and television, using tank circuit, required frequency can be obtained. 

              Disadvantages 

(a) Resonance can cause disaster in an earthquake, if the natural frequency of the building matches the 

frequency of the periodic oscillations present in the Earth. The building begins to oscillate with large 

amplitude thus leading to a collapse. 

(b) A singer maintaining a note at a resonant frequency of a glass, can cause it to shatter into pieces. 

Damped Oscillations 

 

Oscillation, where the amplitude of a body keeps reducing with time is called a damped oscillation. 

Along with the decrease in amplitude, the energy of the system also keeps decreasing. Most of the 

oscillations in air or in any medium are damped. When an oscillation occurs, some kind of damping force 

may arise due to friction or air resistance offered by the medium. So, a part of the energy is dissipated in 

overcoming the resistive force. Consequently, the amplitude of oscillation decreases with time and finally 

becomes zero. Such oscillations are called damped oscillations as shown in figure. 

Examples : 

(a) The oscillations of a pendulum 

(b) Electromagnetic damping in galvanometer (oscillations of a coil in galvanometer) 

(c) Electromagnetic oscillations in tank circuit. STUDENTSFOCUS.COM



There are two types of damping 

Natural Damping            and            Artificial Damping 

 

Wave equation of Damped vibration: 

Fractional force, acting on a body opposite to the direction of its motion , is called damping force. 

Damping force reduces the velocity and the Kinetic Energy of the moving body. Damping or 

dissipative forces generally arises due to the viscosity or friction in the medium and are non 

conservative in nature. 

• When velocities of body are not high, damping force is found to be proportional to velocity v of the 

particle i.e.,  

     Fd=-γv          where, γ is the damping constant. 

• If we take damping into consideration for an oscillator then oscillator experiences 

(i) Restoring Force :- FR = -kx 

(ii) Damping Force :- FD = -γv 

where, x is the displacement of oscillating system and v is the velocity of this dispalcement.Thus 

equation of motion of damped harmonic oscillator is 

  

where,r=(γ/2m) and ω2=k/m 

• Solution of above equation is of the form 

     x=Ae-rtcos(ω't+φ)    -------------(1)        

where,  

     ω'=√(ω2-r2)       

is the angular frequency of the damped oscillator. 

• In equation (1), x is a function of time but it is not a periodic function and because of the damping 

factor e-rt, this function decreases continuously with time.  

 

Plane progressive wave 

A progressive wave is defined as the onward transmission of the vibratory motion of a body in an elastic 

medium from one particle to the successive particle.  

(1) These waves propagate in the forward direction of medium with a finite velocity. 

(2) Energy and momentum are transmitted in the direction of propagation of waves without actual 

transmission of matter. 

(3) In progressive waves, equal changes in pressure and density occurs at all points of medium. 

(4) Various forms of progressive wave function: 

(i) y = A sin (ω t – kx)           (ii) y = A sin (ω t – 2π / λ  x  )                (iii) y = A sin 2π [ t / T - x / λ ] 

(iv) y = A sin 2π / λ (vt – x)         (v) y = A sin ω ( t - x / v )  
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where y = displacement, A = amplitude, ω = angular frequency,  n = frequency,  k = propagation constant 

            T = time period,  λ = wave length, v = wave velocity,  t = instantaneous time 

            x = position of particle from origin 

WAVE EQUATION 

 

The simplest type of wave is the one in which the particles of the medium are set into simple harmonic 

vibrations as the wave passes through it as shown in the figure. The wave is then called a simple 

harmonic wave. 

Consider a particle P in the medium. The displacement at any instant of time is given by 

 

Where A is the amplitude, w is the angular frequency of the wave. Consider a particle P0 at a distance x 

from the particle P on its right. Let the wave travel with a velocity v from left to right. Since it takes some 

time for the disturbance to reach P, its displacement can be written as 

 

Where  is the phase difference between the particles P and P0. 

We know that a path difference of λ corresponds to a phase difference of 2 radians. Hence a path 

difference of x corresponds to a phase difference of   

 

Substituting equation (1.5) in equation (1.4) 

We get, 
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Similarly, for a particle at a distance x to the left of 0 (negative direction), the equation for the 

displacement is given by 

 

DIFFERENTIAL EQUATION FOR WAVE MOTION 

Differentiating equation (1.7) with respect to x, 

We get, 

 

 

The velocity of the particle whose displacement y is represented by equation (1.7), is obtained by 

differentiating it with respect to t, since velocity is the rate of change of displacement with respect to 

time. 
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Comparing equations (1.8) and (1.9) we get, 

 

 Particle velocity = wave length x slope of the displacement curve or strain 

Differentiating equation (1.8), 

 

Differentiating equation (1.9) 

 

Comparing equation (1.11) and (1.12) we get, 

 

This is the differential equation of wave motion. 

LASERS 

 

         The term `LASER' stands for "Light Amplification by Stimulated Emission of Radiation".  It is a device 

which produces a powerful, monochromatic (single colour) and coherent beam of light. It can travel over long 

distances without much loss of intensity. It amplifies light waves. 

 

There are solids, liquids, gases and semiconductor lasers.  They are used in telecommunication, medicine, 

biology and computers.    

 

 CHARACTERISTICS OF LASER 

 

 The following characteristics distinguish a laser beam from an ordinary light.  They are 

 

i) High degree of coherence,  

ii) High intensity, 

iii) High directionality and 

iv) High monochromaticity. 
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i) High degree of coherence  

  

 The wave trains which are identical in phase and direction are called coherent waves.  Since all 

the constituent photons of laser beam possess the same energy, momentum and propagate in the same 

direction, the laser beam is said to be highly coherent. 

 

(ii) High Intensity 

 

 Due to the coherent nature of laser, it has the ability to focus over a small area of 10-6 cm2.  Laser 

beam has extremely high concentration of its energy over small area.  Even a 1 watt laser beam is more 

intense that 100 watt ordinary incandescent lamp. 

 

(iii) High directionality 

 

 An ordinary light source emits light in all possible directions. Since laser travels as a parallel 

beam, it can travel over a long distance without spreading.  The angular spread of a laser beam is less than 

0.01 mm for every metre.  This reveals the directionality of the laser beam.  But in the case of ordinary 

light beam, the spread is about 1 metre for every one metre that light traverses. 

 

(iv) High Monochromaticity  

 

 The light from a normal monochromatic source spreads over a range of wavelength of the order 

100 nm.  But the spread is of the order of 1 nm for laser.  Hence, laser is highly monochromatic, i.e., it can 

emit light of single wavelength. 

 

POPULATION OF ENERGY LEVELS: 

Population inversion is the process of achieving greater population of higher energy state as compared to 

the lower energy state. Population inversion technique is mainly used for light amplification. The 

population inversion is required for laser operation. 

Consider a group of electrons with two energy levels E1 and E2. 

E1 is the lower energy state and E2 is the higher energy state. 

N1 is the number of electrons in the energy state E1.  

N2 is the number of electrons in the energy state E2.  

The number of electrons per unit volume in an energy state is the population of that energy state. 
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Population inversion cannot be achieved in a two energy level system. Under normal conditions, the 

number of electrons (N1) in the lower energy state (E1) is always greater as compared to the number of 

electrons (N2) in the higher energy state (E2). 

N1 > N2 

When temperature increases, the population of higher energy state (N2) also increases. However, the 

population of higher energy state (N2) will never exceeds the population of lower energy state (N1). 

At best an equal population of the two states can be achieved which results in no optical gain.  

N1 = N2 

Therefore, we need 3 or more energy states to achieve population inversion. The greater is the number of 

energy states the greater is the optical gain. 

There are certain substances in which the electrons once excited; they remain in the higher energy level 

or excited state for longer period. Such systems are called active systems or active media which are 

generally mixture of different elements. 

When such mixtures are formed, their electronic energy levels are modified and some of them acquire 

special properties. Such types of materials are used to form 3-level laser or 4-level laser. 

3-LEVEL LASER 

Consider a system consisting of three energy levels E1, E2, E3 with N number of electrons.We assume 

that the energy level of E1 is less than than E2 and E3, the energy level of E2 is greater than E1 and less 

than E3, and the energy level of E3 is greater than E1 and E2.It can be simply written as E1 < E2 < E3. That 

means the energy level of E2 lies in between E1 and E3.  
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The energy level E1 is known as the ground state or lower energy state and the energy levels E2 and 

E3 are known as excited states. The energy level E2 is sometimes referred to as Meta stable state. The 

energy level E3 is sometimes referred to as pump state or pump level. 

The N number of electrons in the system occupies these three energy levels. Let N1 be the number of 

electrons in the energy state E1, N2 be the number of electrons in the energy state E2 and N3 be the 

number of electrons in the energy state E3. 

To get laser emission or population inversion, the population of higher energy state (E2) should be greater 

than the population of the lower energy state (E1). 

Under normal conditions, the higher an energy level is, the lesser it is populated. For example, in a three 

level energy system, the lower energy state E1 is highly populated as compared to the excited energy 

states E2 and E3. On the other hand, the excited energy state E2 is highly populated as compared to the 

excited energy state E3. It can be simply written as N1 > N2 > N3. 

Under certain conditions, the greater population of higher energy state (E2) as compared to the lower 

energy state (E1) is achieved. Such an arrangement is called population inversion.  

Let us assume that initially the majority of electrons will be in the lower energy state or ground state (E1) 

and only a small number of electrons will be in excited states (E2 and E3). 

When we supply light energy which is equal to the energy difference of E3 and E1, the electrons in the 

lower energy state (E1) gains sufficient energy and jumps into the higher energy state (E3). This process 

of supplying energy is called pumping. 

We also use other methods to excite ground state electrons such as electric discharge and chemical 

reactions. The flow of electrons from E1 to E3 is called pump transition. 

The lifetime of electrons in the energy state E3 is very small as compared to the lifetime of electrons in 

the energy state E2. Therefore, electrons in the energy level E3 does not stay for long period. After a short STUDENTSFOCUS.COM



period, they quickly fall to the Meta stable state or energy state E2 and releases radiation less energy 

instead of photons.  

Because of the shorter lifetime, only a small number of electrons accumulate in the energy state E3. 

The electrons in the Meta stable state E2 will remain there for longer period because of its longer lifetime. 

As result, a large number of electrons accumulate in Meta stable state. Thus, the population of metal 

stable state will become greater than the population of energy states E3 and E1.  

It can be simply written as N2 > N1 > N3. 

In a three level energy system, we achieve population inversion between energy levels E1 and E2. 

After completion of lifetime of electrons in the Meta stable state, they fall back to the lower energy state 

or ground state E1 by releasing energy in the form of photons. This process of emission of photons is 

called spontaneous emission. 

When this emitted photon interacts with the electron in the Meta stable state E2, it forces that electron to 

fall back to the ground state. As a result, two photons are emitted. This process of emission of photons is 

called stimulated emission. 

When these photons again interacted with the electrons in the Meta stable state, they forces two Meta 

stable state electrons to fall back to the ground state. As a result, four photons are emitted. Likewise, a 

large number of photons are emitted.  

As a result, millions of photons are emitted by using small number of photons. 

We may get a doubt, in order to excite an electron we hit the electron with a photon. This excited electron 

again emits photon when fall back to the ground state. Then how could light amplification or extra 

photons is achieved. 

We may also use other types of energy sources such as electrical energy to excite electrons. In such case, 

a single photon will generates large number of photons. Thus, light amplification is achieved by using 

population inversion method. The system which uses three energy levels is known as 3-level laser. 

In a 3-level laser, at least half the population of electrons must be excited to the higher energy state to 

achieve population inversion. Therefore, the laser medium must be very strongly pumped. This makes 3-

level lasers inefficient to produce photons or light. The three level lasers are the first type of lasers 

discovered. 

4-LEVEL LASER  

Consider a group of electrons with four energy levels E1, E2, E3, E4. 

E1 is the lowest energy state, E2 is the next higher energy, E3 is the next higher energy state after E2, E4 is 

the next higher energy state after E3.The number of electrons in the lower energy state or ground state is 

given by N1, the number of electrons in the energy state E2 is given by N2, the number of electrons in the 

energy state E3 is given by N3 and the number of electrons in the energy state E4 is given by N4. 

We assume that E1 < E2 < E3 < E4. The lifetime of electrons in the energy state E4 and energy state E2 is 

very less. Therefore, electrons in these states will only stay for very short period. 
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When we supply light energy which is equal to the energy difference of E4 and E1, the electrons in the 

lower energy state E1 gains sufficient energy and jumps into the higher energy state E4. 

The lifetime of electrons in the energy state E4 is very small. Therefore, after a short period they fall back 

into the next lower energy state E3 by releasing non-radiation energy. 

 

The lifetime of electrons in the energy state E3 is very large as compared to E4 and E2. As a result, a large 

number of electrons accumulate in the energy level E3. After completion of their lifetime, the electrons in 

the energy state E3 will fall back into the next lower energy state E2 by releasing energy in the form of 

photons. 

Like the energy state E4, the lifetime of electrons in the energy state E2 is also very small. Therefore, the 

electrons in the energy state E2will quickly fall into the next lower energy state or ground state E1 by 

releasing non-radiation energy.Thus, population inversion is achieved between energy states E3 and E2. 

In a 4-level laser, only a few electrons are excited to achieve population inversion. Therefore, a 4-level 

laser produces light efficiently than a 3-level laser. In practical, more than four energy levels may be 

involved in the laser process.In 3-level and 4-level lasers, the frequency or energy of the pumping 

photons must be greater than the emitted photons. 

EINSTEIN'S COEFFICIENTS A AND B (or) EINSTEIN'S THEORY  OF SPONTANEOUS AND 

STIMULATED EMISSION  

 

 When a radiation interacts with matter, three different processes namely absorption, Spontaneous emission 

and Stimulated emission of radiation take place.  For the sake of simplicity let us confine to the case of atoms 

having two energy levels.  Let the energy corresponding to the lower energy level and the higher energy level be 

1E and 2E respectively. 

(i) Stimulated absorption STUDENTSFOCUS.COM



  The atoms in the ground state 1E  are  excited to make a transition from the ground state to the higher 

energy level 2E  due to absorption of photon of energy h .  The energy of the photon is equal to ( )2 1E E− .  This 

process is called as stimulated absorption.   

 This is upward transition.  The number of transitions ( )abN occurring per unit volume per second depends 

upon the number of atom ( )1N in the energy level 1E and density ( )Q of incident radiation. 

 

1 12 =   abN N B Q                                              ------- (1) 

where  12B  = Einstein’s  coefficient of absorption.   

    (ii) Spontaneous emission  

   The atoms in the higher energy level ( )2E  make spontaneous transition to the lower energy level 

( )1E .This is downward transition. The number of transitions ( )spN  occurring per unit time per volume depends 

upon the number of atom ( )2N  in the higher energy level ( )2E . 

 

2 21=spN N A                                     ---------- (2) 

 

where 21A  is Einstein’s coefficient spontaneous emission.  

(iii) Stimulated emission  

    

 The presence of incident photon will trigger excited atom to make a transition to the ground state.  This is 

known as stimulated emission.  This is also another downward transition. 

 

 

 

 
 

Stimulated emission 

 

The number of transitions ( )stN  per unit volume per second is given by  

2 21=   stN N B Q                                                 ---------- (3) 

where 21B is the Einstein’s coefficient of stimulated emission and 2N is the number of atom in the energy level 2E
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 In the equilibrium condition, the number of upward transitions is equal to the sum of downward 

transitions. 

                    ab sp stN N N= +  

             1 12N B Q  = 2 21 2 21N A N B Q+    

  1 12 2 21N B Q N B Q−  = 2 21N A  

  ( )1 12 2 21Q N B N B−  = 2 21N A  

 

 
( )

2 21

1 12 2 21

N A
Q

N B N B
=

−
                       --------- (4) 

Dividing all the terms by 2 21N B in equation (4), we get  

            

1

/

21

12

2

1

2121

−







=

B

B

N

N

BA
Q                               ----------- (5) 

 Thermodynamically it was proved by Einstein that the probability of stimulated absorption must be equal 

to probability of stimulated emission. 

Thus,  

                       12 21B B=  

21

1
21

2

1

A
Q

N
B

N

=
 

− 
 

                      ----------- (5 a) 

 

The equilibrium distribution of atoms among different energy levels is given by Boltzmann’s law. The number 

of atoms (N) in any state (E) is  

   
/

0

E kTN N e−=  

where 0N is number of atoms per unit volume in ground state, k  is the Boltzmann constant and  T is absolute 

temperature. 
1 /

1 0

E kT
N N e

−
=  

2 /

2 0

E kT
N N e

−
=  

 

       
01

2

NN

N
=
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−

2 /E kT
e
−

       

                    
( )2 1 /1

2

E E kTN
e
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−
=  

 Hence,                                
/1

2

h kTN
e

N

=                                        -------------  (6) 

where 2 1E E h− = .  Applying 
/1

2

h kTN
e

N

=

 

in equation (5a), we get  

( )
21

/
21

1

1h kT

A
Q

B e 
=

−
                                          -------- (7) 

  This is the formula for energy density of photon of frequency   in equilibrium with atoms in 

energy states 2E and 1E . 
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 According to Planck's black body radiation, the energy density is given by  

 

                                     ---------- (8) 

 

where h = Planck's constant  and c = velocity of light.  

  Comparing equations  (7) and (8) we get,  

 

 

                                     ---------- (9) 

                             

  

Equation (9) gives the relation between spontaneous and stimulated emission coefficients. 

 

(iv) Results 

i) The stimulated emission rate per atom is the same as absorption rate   per atom ( )12 21B B= . 

ii) Since the ratio 21

21

A

B
 is proportional to 

3 , the spontaneous emission increases rapidly with energy 

difference between two states. 

iii)  Hence, 21

21

1
A

B
  for the stimulated emission to be predominant in producing laser beam. 

 

OPTICAL AMPLIFICATION 

 

Let us consider an assembly with more number of excited atoms (population inversion). When the first excited 

atom undergoes stimulated emission due to an incident photon, two coherent photons are emitted. Two coherent 

photons move in the same direction with same frequency, phase and energy as that of incident photon.  These two 

coherent photons induce another two excited atoms to produce four coherent photons and the four coherent 

photons produce eight coherent photons due to stimulated emission of another four excited atoms. This process 

continues as a chain reaction for the emission of more and more number of coherent photons to produce a powerful 

laser beam.   

( )

3

3 /

8 1

1h kT

h
Q

c e 

 
=

−

 

3

21

3

21

8A h

B c

 
=
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 Hence, a laser beam is a powerful one due to production of large number of coherent photons by 

stimulated emission of excited atoms. 

 COMPONENTS OF LASER 

 The essential components of laser are  

(i) An active medium, 

(ii) A pumping source and 

(iii) An optical resonator. 

(i) Active medium 

 The active medium is the material in which laser action takes place.  It may be a solid or liquid or gas or 

semiconductor or a dye. 

(ii) Pumping source  

 Pumping source is a device by which population inversion is achieved in the active medium. 

(iii) Optical resonator 

A pair of optically plane parallel mirrors enclosing laser medium (active medium) in between them is 

known as an optical resonator. One is fully reflecting and another is partially reflecting.  Due to transitions, 

photons are generated from the active medium. Photons are reflected back and forth between the mirrors.  Due to 

this multiple reflections, light intensity is increased sufficiently and laser light emerges out through the partial 

mirror with high intensity. 

 

 

PUMPING  

 The Process of creating a population inversion is called Pumping.  The commonly used methods for 

pumping action are  

(i) Optical pumping,  

(ii) Electrical discharge method, 

(iii)    Direct conversion, 

(iv) Inelastic atom – atom collision and   

(v) Chemical reaction. 
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(i) Optical Pumping (by photons)  

 In this type, the atoms are excited with the help of photons emitted by an external optical  source. The 

atoms absorb energy from the photons and reach the excited state.  This method is called optical pumping.  

Examples:  This method is used in Ruby – laser and Nd – YAG laser (Solid state laser). 

 

(ii) Electrical discharge method (by electrons) 

 Here, the electrons are accelerated to very high velocities due to strong electrical field.  These accelerated 

electrons collide with gas atom and the gas atoms are raised to excited states.  This method is called electrical 

discharge method.  Examples: This method is used in Argon laser and CO2 laser (Gas lasers). 

 

 (iii) Direct Conversion  

The combination of electrons and holes takes place in semiconductors due to supply of electrical energy. The 

electrical energy is directly converted into light energy. This method is called direct conversion. Example:   

Gallium arsenide [GaAs] semiconductor laser. 

(iv) Inelastic atom – atom collisions   

In this type of pumping, a combination of two types of gases say A and B are used.  Both are having same 

or nearly excited states. During the first step, A-atoms get excited due to collision with accelerated electrons.  This 

excited A* atoms now collide with B-atoms. Now B-atoms reach excited B* due to gain of energy by B-atoms.  

This method is called inelastic atom-atom collision.   
*        e A A− + →  

 

      
* *        A B B A+ → +  

Examples: He – Ne laser and CO2 laser. 

(v)   Chemical reactions 

        Due to some chemical reactions, the atoms in the ground state move to the excited state. Example: Dye 

laser. 

   

  
SEMICONDUCTOR LASERS 

 

Semiconductors can also used to generate laser beam. It is a most compact laser. When a forward bias is 

applied to a p-n junction of a semiconductor, holes are injected from p-region into n-region and electrons from n-

region to p-region.  The electrons and holes recombine and release of energy takes place near the junction region.  

The amount of this energy called the activation energy or energy gap.  It depends on the particular type of 

semiconductor.  The first semiconductor laser was designed by Hall and his co-workers and Nathan and his 

associates in 1962 using Gallium Arsenide (GaAs). 

 

In the case of some semiconductors like germanium and silicon most of the energy is released in the form 

of heat because the recombination of electrons and holes of opposite sign takes place through interaction with the 

atoms of the crystals.  So these semiconductors are called indirect band gap semiconductors. But in the case of 

other semiconductors such as Gallium Arsenide (GaAs) and others, the energy is released as light due to 

recombination process of electrons and holes without involving the atoms of the crystal.  These semiconductors are 

called direct band gap semiconductors.  Semiconductor lasers are classified into  

(i) Homojunction laser and  

(ii) Heterojunction laser. 

 

Homojunction laser : When a p-n junction is formed by a single crystalline material, is known as homojunction 

laser. Example:  Gallium Arsenide (GaAs). 
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Heterojunction laser : When one junction has one material on one side and a different material on the other side, it 

is called heterojunction laser.  

Example: heterojunction laser is formed between GaAs and GaAlAs. 

  

 HOMOJUNCTION SEMICONDUCTOR LASER   

 

Principle  

 

 When a p-n junction of homo-junction semiconductor GaAs is forward biased, holes are injected from p-region to 

n-region and electrons from n-region to p-region.  The electrons and holes recombine and release of energy takes 

place near the junction region. The photon emitted during recombination stimulates other electrons and 

holes to recombine. As a result, stimulated emission takes place which produces laser. 

Construction 

 

  

 Figure shows the basic construction of semiconductor laser. The active medium is a p-n junction diode 

made from the single crystal of gallium arsenide. This crystal is cut in the form of a platter having 

thickness of 0.5μmm. The platelet consists of two parts having an electron conductivity (n-type) and hole 

conductivity (p-type). 

  

The photon emission is stimulated in a very thin layer of PN junction (in order of few microns). 

The electrical voltage is applied to the crystal through the electrode fixed on the upper surface. The end 

faces of the junction diode are well polished and parallel to each other. They act as an optical resonator 

through which the emitted light comes out. 

 Working 

When the PN junction is forward biased with large applied voltage, the electrons and holes are 

injected into junction region in considerable concentration 

  

The region around the junction contains a large amount of electrons in the conduction band and a 

large amount of holes in the valence band. 
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Figure shows the energy level diagram of semiconductor laser. 

 

 If the population density is high, a condition of population inversion is achieved. The electrons and holes 

recombine with each other and this recombination’s produce radiation in the form of light. 

  

When the forward – biased voltage is increased, more and more light photons are emitted and the 

light production instantly becomes stronger. These photons will trigger a chain of stimulated 

recombination resulting in the release of photons in phase. 

  

The photons moving at the plane of the junction travels back and forth by reflection between two sides 

placed parallel and opposite to each other and grow in strength. 

After gaining enough strength, it gives out the laser beam of wavelength 8626 Å . The wavelength of 

laser light is given by g

hc
E h


= = = 1.44eV        or                  

g

hc

E
 = = 8626 Å 

 

Where Eg is the band gap energy in joule. 

 Characteristics: 

  

1.     Type: It is a solid state semiconductor laser. 

  

2.     Active medium: A PN junction diode made from single crystal of gallium arsenide 

is used as an active medium. 

  

3.     Pumping method: The direct conversion method is used for pumping action 

  

4.     Power output: The power output from this laser is 1mW. 

  

5.     Nature of output: The nature of output is continuous wave or pulsed output. 

  

6.      Wavelength  of  Output:  gallium  arsenide  laser  gives  infrared  radiation  in  the  

        wavelength 8300 to 8500o A . 

Advantages:  

1.     It is very small in dimension. The arrangement is simple and compact. 

  

2.     It exhibits high efficiency. 

  

3.     The laser output can be easily increased by controlling the junction current 
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4.     It is operated with lesser power than ruby and CO2 laser. 

  

5.     It requires very little auxiliary equipment 

  

6.     It can have a continuous wave output or pulsed output. 

  

Disadvantages:  

1.     It is difficult to control the mode pattern and mode structure of laser. 

      2.     The output is usually from 5 degree to 15 degree i.e., laser beam has large divergence. 

      3.     The purity and monochromacity are power than other types of laser 

      4.     Threshold current density is very large (400A/mm2). 

      5.     It has poor coherence and poor stability. 

  

Applications:  

1.     It is widely used in fiber optic communication 

  

2.     It is used to heal the wounds by infrared radiation 

  

3.     It is also used as a pain killer 

  

4.     It is used in laser printers and CD writing and reading. 
 

HETERO JUNCTION SEMICONDUCTOR LASER  

 

Principle  

  

Hetero-junction semiconductor laser consists of one material on one side of the junction and a different material on 

the other side of the junction.  In modern GaAs diode lasers a hetero-junction is formed between GaAs and 

GaAlAs. In active layer, recombination of holes and electrons occurs.  The photons emitted stimulate further 

recombinations which result in the emission of coherent and intense laser beam.   

 

Construction  

  

In GaAs diode laser a layer of GaAs is sandwiched between two layers of GaAlAs which has wider band gap and 

low refractive index. Fig. 2.20 indicates the double hetero structure of laser diode.  The numbers 1,2,3,4 indicate 

the various layers.  The active region lies between the layers 3 and 4.  The various layers and the corresponding 

materials are shown in the Table.                                                                                                                                                   

Table Various layers and corresponding materials 

 

S.No. Layer type  Material used 

1 Contact GaAs 

2 p-type wide band gap consignment GaAlAs 

3 p-type narrow band gap active layer  GaAs 

4 n-type wide band gap confinement GaAlAs 

5 n-type substrate GaAs 

 

STUDENTSFOCUS.COM



 
Figure shows Heterojunction Semiconductor laser

 
 

Working  

 

The principle of working of hetero-junction laser is the same as that of homo-junction laser.  Charge 

injection takes place into the active layer (3) due to proper biasing.  As a result, spontaneous emission of photons is 

produced.  A large number of injected charge carriers are available for stimulated recombinations to be induced by 

the photons.  Now population inversion is achieved to undergo stimulated recombination process. 

The band gap difference prevents the diffusion of injected charge carriers.  The change in refractive index 

of the layers is responsible for the confinement of injected charge carriers in the active region (between the layers 3 

and 4).  Stimulated radiation gives coherent radiation. 

The current density is low.  In this type of laser high power output, narrow spectral width, higher 

efficiency and high coherence can be achieved.  It is highly stable and has longer life. 

Advantages 

➢ High directionality, coherency and output power. 

➢ GaAlAs diodes are highly stable. 

➢ GaAlAs diodes have longer life time.  

➢ Continuous wave output is produced. 

Disadvantages   

➢ Manufacturing cost is high. 

➢ Growing different layers of p-n junction is difficult. 

Application 

➢ Hetero-junction laser diodes are used as optical sources in optical fibre communication. 
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Differences between homojunction and heterojunction semiconductor lasers 

 

S.No. Homo-junction diode laser  Hetero-junction diode laser 

1 

The p-n junction is formed by a 

single crystalline material. 

Example: GaAs   

The material on one side of the 

junction differs from that on the 

other side of junction. Example: 

GaAs and GaAlAs   

2 
Threshold current density is 

high and the value is 400 A/m2 

Threshold current density is low 

and the value is 20 A/m2 

3 
Only pulsed output mode is 

obtained. 

Continuous wave can be 

obtained. 

4 Laser beam divergence is more. Very narrow beam divergence. 

5 
Poor coherence and poor 

stability. 

High coherence and high 

stability. 

 

FIBRE OPTICS 

INTRODUCTION 

 Fibre optics is a branch of physics that deals with the transmission and reception of laser light 

carrying informations through a guiding medium called optical fibre. An optical fiber can be understood 

as a dielectric waveguide, which operates at optical frequencies. The device or a tube, if bent or if 

terminated to radiate energy, is called a waveguide, in general.With the development of laser, reliable and 

powerful coherent radiations are available now.  Therefore, laser light can be used for communication 

purposes.  Moreover laser light has higher frequency and more information carrying capacity compared 

to conventional radio and microwave carriers.   

 

   But light waves cannot travel over long distance in open atmosphere as the energy gets very 

rapidly dissipated.  Hence some kind of guiding channel is needed just like a metal wire needed for 

conducting the electric current.  Optical fibre provides the necessary wave guide for light. 

 

 Fiber optics is a technology related to transportation of optical energy in a guiding medium.  The 

guiding medium is optical fibre.  Optical fibre is used to transmit voice, video and digital data signals 

through light waves from one place to the other place. 

 

Working Principle 

A fundamental optical parameter one should have an idea about, while studying fiber optics 

is Refractive index. By definition, “The ratio of the speed of light in a vacuum to that in matter is the 

index of refraction n of the material.” It is represented as − 

n=c/v 

Where, 

c = the speed of light in free space = 3 × 108 m/s 

v = the speed of light in di-electric or non-conducting material 
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Generally, for a travelling light ray, reflection takes place when n2 < n1 . The bent of light ray at the 

interface is the result of difference in the speed of light in two materials that have different refractive 

indices. The relationship between these angles at the interface can be termed as Snell’s law. It is 

represented as  

 

Where, 

ϕ1 is the angle of incidence 

ϕ2 is the refracted angle 

n1 and n2 are the refractive indices of two materials 

For an optically dense material, if the reflection takes place within the same material, then such a 

phenomenon is called as internal reflection. The incident angle and refracted angle are shown in the 

following figure. 

 

If the angle of incidence ϕ1 is much larger, then the refracted angle ϕ2 at a point becomes /2 . Further 

refraction is not possible beyond this point. Hence, such a point is called as Critical angle ϕc. When the 

incident angle ϕ1 is greater than the critical angle, the condition for total internal reflection is satisfied. 

The following figure shows these terms clearly. 
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A light ray, if passed into a glass, at such condition, it is totally reflected back into the glass with no 

light escaping from the surface of the glass. 

PARTS OF A FIBER 

The most commonly used optical fiber is single solid di-electric cylinder of radius a and index of 

refraction n1. The following figure explains the parts of an optical fiber. 

 

This cylinder is known as the Core of the fiber. A solid di-electric material surrounds the core, which is 

called as Cladding. Cladding has a refractive index n2 which is less than n1. 

Cladding helps in − 

• Reducing scattering losses. 

• Adds mechanical strength to the fiber. 

• Protects the core from absorbing unwanted surface contaminants. 

PROPAGATION OF LIGHT THROUGH OPTICAL FIBRE 

 

Let us consider a cylindrical fibre with core and cladding. The fibre is placed in the air medium. Let 

the refractive index of the core be n1 and the refractive index of the cladding be n2. Also the refractive 

index of the air medium is n0.  Let FF   be the fibre axis. 

 

 

 

Propagation of light through optical fibre 
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 A light ray travels along AO in the air medium and falls on the surface of the core at an angle 0  

with the fibre axis FF  . OB is the refracted ray in the core medium of refractive index 
1n .  The angle of 

refraction is 1 . 1 < 0 , since the core is denser medium.  Now this refracted ray OB falls on the 

interface  between the core and the cladding.  OB makes an angle c with the normal NN  where,           

c = 90 - 1. Now the ray travels along BC, i.e., angle made by the ray BC with the normal is 90. So the 

angle c is said to be the critical angle. Let another ray A O  fall on the surface of the core.  

 This ray makes an angle less than 0 (<0 ) with the fibre axis FF  . Then it is refracted inside the 

core and falls on XX  at an angle greater than the critical angle. Thus the light ray is totally internally 

reflected. 

 If any ray falls on the surface of the core at an angle greater than 0, then it is refracted into the 

cladding. Hence it will be lost by absorption. Thus the ray having the incident angle < 0 on either side of 

the fibre axis FF   will be totally internally reflected. Draw a cone connecting these two rays AO and 

A’O.  This cone is said to be acceptance cone. The angle made by the ray AO or  with FF   is said to be 

acceptance angle. 

 Hence the angle 0 is the maximum angle at which the light ray just enters the core for which the 

total internal reflection at the core cladding interface just occurs.  This angle 0  is called acceptance 

angle. 

(i) Acceptance Angle 

  The maximum angle 0  at which the light enters the core for which the total internal 

reflection just occurs at the core-cladding interface is called acceptance angle. 

  By applying snell’s law of refraction at O, 

Refractive index of core with respect to air 1

sin

sin

i
n

r
=  

                1 0

0 1

n sin
 

n sin

q
=

q
             1

1 0 1

0

,    and 
n

n i r
n

é ù
ê ú= = =
ê ú
ë û

q qQ  

 

  0 0 1 1sin sinn nq q\ =  

 or         1
0 1

0

sin sin
n

n
q q=      … (1) 

At the interface between core and cladding,  

Refractive index of core with respect to cladding  1
1

2 1

n sin 90
n

n sin(90 )
= =

- q
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1

2 1

n 1

n sin(90 )
=

- q
 

  (or)     2
1 1

1

n
sin(90 ) cos .

n
= - q = q    … (2)                                                

  We know that          sin2 1 + cos2 1 = 1 

                     sin2 1 = 1 - cos2 1 

                         
2

1 1sin 1 cosq = - q                                                          ….. (3) 

       
2

2
1 2

1

sin 1
n

n
q\ = -   (From equation (2)) 

                                             
2 2

1 2
1 2

1

n n
sin

n

-
q =                                       ….. (4) 

 Applying equation (4) in equation (1) we get, 

                                 
2 2

1 1 1 2
0 1 2

0 0 1

n n n n
sin sin

n n n

-
q = q =  

                  
1

0

n
sin\ q =

2 2

1 2

0 1
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-
×

2 2

1 2

0

n n

n

-
=  

     

2 2

1 21

0

0

n n
sin

n

-

æ ö- ÷ç ÷ç\ q = ÷ç ÷ç ÷÷çè ø

                                    ….. (5) 

If the optical fibre is placed in air medium, then no = 1. The above equation (5)  then becomes, 

 

 

                                       ….. (6) 

 The light entering the core from within the cone defined by the acceptance angle will be guided to 

travel through the optical fibre.  This is the principle of light propagation through an optical fibre. 

(ii) Numerical Aperture 

 The sine of acceptance angle of the fibre is called Numerical Aperture (NA).  It represents light 

gathering power of the optical fibre. 

Numerical aperture NA = sin 0. 

( )
2 2

1 2

0

0

n n
NA sin

n

-
\ = q =  If the surrounding medium is air, then n0 = 1. The above 

equation then becomes  

( )1 2 2

0 1 2sin n n-q = -
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  … (7) 

Let i  be the angle of incidence for the ray entering the core.  The light ray will be propagated if  

               0i   

                     or    0sin sini   

                      or   2 2

1 2sin i n n  −  

 

i.e.,        … (8) 

 

This is the condition for propagation of light inside the fibre. 

(iii) Fractional index change  

 It is defined as the ratio of change in the refractive indices of core and cladding to the 

refractive of the core. It is represented by the symbol D . 

   
change in the refractive index of core and cladding

Refractive index of core
 =  

1 2

1

n n

n

−
 =  

                                       1 1 2n n n = −                                    … (9) 

              But numerical aperture
2 2

1 2NA n n= -  

                          ( )( )1 2 1 2n n n n= + -  

 Using equation (9) 

 

                                                          ... (10)  

 

 

Let the refractive index of core be approximately equal to that of cladding ( )1 2n n .»   Then the 

equation (10) is reduced to ( )1 1 1NA n n n= + D  

2 2

1 2NA n n= -  

sin i NA 

 

( )1 2 1NA n n n= + D
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2

l2n= D  

 

                                                 ..….. (11) 

From equation (3), it is clear that if D  value is increased, NA value is also increased. i.e., the 

light gathering capacity of the fibre is also increased. 

But if D  is increased, it leads to dispersion within the fibre, called as intermodal dispersion. This 

in turn causes signal distortion. The value range of NA for short distance communication will be 0.4 to 

0.5 . 

TYPES OF OPTICAL FIBRES  

 Optical fibres are classified into three major types based on  

(i) The material, 

(ii) Number of modes and  

(iii)Refractive index profile (or) Variation in the refractive index. 

 

 

 

 

  

 

 

Types of Optical Fibre 

  

Classification based on materials 

 Based on the materials, optical fibres are classified into  

(i) Glass  fibres and  

(ii) Plastic fibres. 

(i) Glass fibres  

 

 If the optical fibres are made from fusing mixtures of metal oxides and silicon glasses, they are 

known as glass fibres. 

 

OPTICAL FIBRES 

Materials No. of Modes Refractive Index profile 

Glass fibre Plastics fibre Single Mode fibre MultiMode fibre Step Index fibre Graded Index fibre 

1NA n 2= D
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Examples:      Core  + Cladding 

  SiO2   + P2O3 – SiO2 

  GeO2 – SiO2          + SiO2 

  SiO2   + B2O3 – SiO2 

(ii) Plastic fibres  

 If the optical fibres are made of plastics, they are called plastic fibres. 

Examples:        Core    + Cladding 

  Polymethylmetha crylate + Co – polymer 

  Polystyrene    + Methylmetha crylate 

Advantages  

➢ Plastic fibres are cheap  

➢ They can be handled without any care due to their toughness and durability.  

Classification based on number of modes 

 On the basis of the modes of propagation, optical fibres can be classified into two types. They are,   

(i) Single mode fibres and  

(ii) Multimode fibres. 

 (i)    Single mode fibres 

 In the single mode fibres, the diameter of the core is very small of the order of 5 to 10 m. So, it 

allows only one mode of propagation of light waves. Hence it is called as "single mode fibre".  That 

means light travels in this mode along a single path, that is along the axis.  The diameter of the cladding 

is very large of the order of 125 m when compared with the diameter of the core.  

 Intermodal dispersion does not exist in single mode fibre because only one mode exists.  Hence 

this type of fibre can be used for long distance communication.  

(ii) Multimode fibres 

 Here the diameter of the core is very large of the order of 50 to 350 m when compared with the 

diameter of the core in single mode fibres. So, it allows many modes of propagation of light waves. 

Hence it is called as "Multimode fibre". The diameter of the cladding is also very large when compared 

with the diameter of the cladding in single mode fibres.  

As a result, light travels in zig-zig paths.  The numerical aperture of multimode fibre is larger as 

the core diameter is larger.  Large numerical aperture leads to more modes which also means higher 

dispersion. This is useful in short distance communication.  
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Single mode and Multimode fibres 

 

DIFFERENCES BETWEEN SINGLE MODE AND MULTIMODE FIBRES 

S.No. Single mode fibre Mult mode fibre 

1 
Only one mode is propagated 

along the axis. 

Light follows zig-zag paths 

inside the fibres. 

2 

It has a smaller core of 

diameter of the order of 5 to 10 

m . 

It has a large  core of diameter 

of the order of 50 to 350 m . 

3 
Intermodal dispersion does not 

exist. 
This has higher dispersion. 

4 
The fibre can carry information 

to longer distances. 

Information can  be carried to 

shorter distances. 

5 

Launching of light and 

connecting two fibres are 

difficult. 

Launching of light and 

connecting two fibres are easy. 

6 
Installation is difficult as it is 

expensive. 

Installation is easy because of 

low cost. 

 

 Classification based on refractive index. 

Based on the refractive indices of core and the cladding, optical fibers are classified into two 

types.They are of two types, namely, 
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(i) Step index fibre           and 

(ii) Graded index fibre. 

(i)  Step index fibre  

 In the step index optical fibre the core has a uniform refractive index 1n and the cladding has also 

a uniform refractive index 2n .  But 1 2n n . Let a and b be the radii of core and cladding respectively. 

 The refractive index changes abruptly at the core-cladding interface and the refractive index 

profile is in the shape of a step. 

 Hence, this fibre is called step index fibre.  The refractive index profile of step index fibre is 

shown in Figure. 

  

 The two rays travel different path lengths and emerge out at different times.  It means that an 

input pulse gets broadened.  This is called intermodal dispersion.  This imposes limitation on the 

separation between pulses thereby reducing the transmission rate and capacity.  This difficulty is 

overcome in graded index fibre. 

(ii) Graded index fibre 

 If the core has a non-uniform refractive index that gradually decreases from the centre towards the 

cor-cladding interface, the fibre is called graded index fibre.  The cladding has a uniform refractive 

index.  The refractive index profile of graded index fibre is shown in Figure. 

The paths of rays are shown in Figure.  It is obvious from the figure that a ray is continuously 

bent and travels a periodic path along the axis.  The rays entering at different angles follow different 

paths with the same period both in space and time.  
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Paths of ray in graded index fibre 

 

 Then, there is a periodic self focusing of the rays.  It should be noted that pulse dispersion is less 

as compared with the step index fibre.  Thus problem of intermodal dispersion can be overcome using 

graded index fibre. 

Applications 

➢ It is widely used in intra-city trunks between central telephone offices. 

➢ It is used in medium distance communications. 

➢ It is used for communication in submarine cable system. 

 

DIFFERENCES BETWEEN STEP INDEX FIBRE AND GRADED INDEX FIBRE 

S. No. Step index fibre Graded index fibre 

1 
The refractive index profile is in 

the form of a step. 

The refractive index of the 

core gradually decreases 

from the centre towards core-

cladding interface. 

2 
The path of the light propagation 

is in zig-zag manner. 

The path of the light 

propagation is in helical 

shape. 

3 Intermodal dispersion is more. 
Intermodal dispersion is less 

due to self focusing effect. 
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4 

Number of modes of 

propagation
( )

4.9Step

d NA
N




= .  

Here, d is the core diameter, 

is wavelength and NA is 

numerical aperture. 

Number of modes of 

propagation
2

Step

Grad

N
N = .   

5 It has lower bandwidth. It has higher bandwidth. 

6 Attenuation is more. Attenuation is less. 

7 It is easy to manufacture It is difficult  to manufacture 

 

LOSSES IN OPTICAL FIBRES  

 When light is propagated through an optical fibre, a small percentage of light is lost through 

different mechanisms. The losses in optical fibres are due to  

(1) Attenuation and 

(2) Dispersion 

 

 Attenuation 

 

 An optical signal propagating through a fibre will get progressively attenuated.  This signal 

attenuation is defined as the ratio of the optical output power from a fibre of length L to the input 

optical power. 

 

 

                     Attenuation                                                      /dB km     

 

  

 

where Pin  is the input power of the optical fibre and Pout is the power of the optical signal emerging from 

the other end of the fibre. In the case of an ideal fibre,  out inP P=  and the attenuation should be zero.  The 

unit of measurement of attenuation is decibel / kilometer ( )/dB km . 

 

 There are three fundamental mechanisms responsible for attenuation in optical fibres.  They are 

 

(i) Absorption,  

(ii) Scattering and  

(iii) Radiative or bending losses. 

 

out

in

P10
 log

L P

æ ö- ÷ç ÷a = ç ÷ç ÷çè ø
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(i)  Absorption  

 

 Absorption is caused due to atomic defects in the glass composition. The two types of absorption 

are extrinsic absorption caused by impurity atoms in the glass material and intrinsic absorption by the 

basic constituent atoms of the fibre material. 

 Atomic defects are imperfections of the atomic structure of the fibre material such as missing 

molecules, high density of clusters of atom groups or oxygen defects in the glass structure.  Usually 

absorption losses arising from these defects are negligible compared to intrinsic and extrinsic absorption 

effect.   

 Impurities are a major source of losses in fibres.  Hydroxyl radical ions (OH) and transition 

metals such as Copper, Nickel, Chromium and Manganese have electronic absorption in and near visible 

part of the spectrum.  Their presence causes heavy losses.  Losses due to impurities can be reduced by 

manufacturing processes. In improved fibres, metal ions are practically negligible.  The largest loss is 

caused by OH ions.  The absorption of light by OH ions is called extrinsic absorption.  Intrinsic 

absorption is associated with the basic fibre material.  Even if the fibre is free from impurities the fibre 

material itself has the tendency to absorb small amount of light energy.  This is known as intrinsic 

absorption.  

(ii) Scattering  

 When light is scattered by an obstruction, the result is power loss.  The local microscopic density 

variations in glass cause local variations in refractive index.  These variations which are inherent in the 

manufacturing process cannot be eliminated and act as obstruction and scatter light in all directions  This 

is known as Rayleigh scattering. 

  

 

 Rayleigh scattering loss 

 

 The Rayleigh scattering loss largely depends on the wavelength.  It varies as 41  and becomes 

important at lower wavelengths.  It sets a lower limit at the wavelength 0.8 m  below which the 

scattering loss is very high. 

(iii)  Radiative or Bending losses  

 Radiative losses occur whenever an optical fibre undergoes a bend of finite radius of curvature.  

When the radius of curvature of the bending of the cable at a corner is greater than the fibre diameter, it 

may cause small radiation loss. 
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Microbend losses 

 

 

 The occurrence of radiation lossess due to small bends is called microbend lossess.  The 

microbends present during the manufacturing process may cause radiation lossess. 

Macrobend losses 

 

Optical fibers suffer from macro-bending loss at bends or curves on their paths. This is due to the 

energy in the evanescent field at the bend exceeding the velocity of light in the cladding and hence the 

guidance mechanism is inhibited, which causes light energy to be radiated from the fiber. 

 

Dispersion 

 

 When an optical signal level travels along a fibre, there may be distortion in the output wave due 

to dispersion effect.  The phenomenon of broadening of output pulse than the input pulse is known as 

dispersion.  Here the output pulse gets distorted.   The dispersion will occur in three ways. 

(i)  Intermodal dispersion 

(ii)  Material or chromatic dispersion 

(iii) Waveguide dispersion  
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(i)   Intermodal dispersion  

 

 When light travels in an optical fibre each light ray is reflected hundreds or thousands of times. 

The rays reflected at large angles (higher order modes ) travel a greater distance than the low angle rays 

(low order modes).  Because of this difference the high order modes reach the end of the fibre later than 

the lower order modes.  It means parts of the wave at the output reach before other parts.  As a result light 

pulses broaden as they travel down the fibre causing signal distortion.  The output pulses no longer 

resemble the input pulses.  This type of distortion is known as intermodal dispersion. 

 

 

(ii) Material or chromatic dispersion  

 

 Light from a typical source will contain a group of wavelengths.  The different wavelength 

components will propagate at different speeds along the fibre.  The short wavelength components travel 

slower than long wavelength components eventually causing the light pulse to broaden.  This type of 

distortion is known as material or chromatic dispersion.  

 

(iii)Waveguide dispersion  

 

 The wave guide dispersion arises due to guiding property of the fibre and due to the different 

angles of incidence at the core-cladding interface as shown in Figure.  It is found that intermodal 

dispersion is larger than material dispersion which is larger than waveguide dispersion. 
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INTRODUCTION TO FIBER OPTIC SENSORS 

In the year 1960, laser light was invented and after the invention of lasers,  researchers had shown interest 

to study the applications of optical fiber communication systems for sensing, data communications, and 

many other applications. Subsequently the fiber optic communication system has become the ultimate 

choice for gigabits and beyond gigabits transmission of data. This type of fiber optic communication is 

used to transmit data, voice, telemetry and video over a long distance communication or computer 

networks or LANs. This technology uses a light wave to transmit the data over a fiber by changing 

electronic signals into light. Some of the excellent characteristic features of this technology include light 

weightness, low attenuation, smaller diameter, long distance signal transmission, transmission security, 

and so on. 

Significantly, the telecommunication technology has changed the recent advances in fiber optic 

technology. The last revolution appeared as designers to combine the productive results of optoelectronic 

devices with fiber-optic-telecommunication devices to create fiber optic sensors. Many of the 

components associated with these devices are often developed for the fiber-optic-sensor applications. The 

ability of the fiber optic sensors has increased in the place of traditional sensor. 

Fiber Optic Sensors 

The fiber optic sensors also called as optical fiber sensors use optical fiber or sensing element. These 

sensors are used to sense some quantities like temperature, pressure, vibrations, displacements, rotations 

or concentration of chemical species. Fibers have so many uses in the field of remote sensing because 

they require no electrical power at the remote location and they have tiny size. 
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Fiber optic sensors are supreme for insensitive conditions, including noise, high vibration, extreme heat, 

wet and unstable environments. These sensors can easily fit in small areas and can be positioned correctly 

wherever flexible fibers are needed. The wavelength shift can be calculated using a device, optical 

frequency-domain reflectrometry. The time-delay of the fiber optic sensors can be decided using a device 

such as an optical time-domain Reflectometer. 

 

 

 The general block diagram of fiber-optic sensor is shown above. The block diagram consists of 

optical source (Light Emitting Diode, LASER, and Laser diode), optical fiber, sensing element, optical 

detector and end-processing devices (optical-spectrum analyzer, oscilloscope). These sensors are 

classified into three categories based on the operating principles, sensor location and application. 

Types of Fiber-Optic Sensor Systems 

These sensors can be classified and explained in the following manner: 

1. Based on the sensor location, the fiber optic sensors are classified into two types: 

• Intrinsic Fiber-Optic Sensors 

• Extrinsic Fiber-Optic Sensor 

Intrinsic Type Fiber Optic Sensors 

In this type of sensors, sensing takes place within the fiber itself. The sensors depend on the properties of 

the optical fiber itself to convert an environmental action into a modulation of the light beam passing 

through it. Here, one of the physical properties of light signal may be in the form of frequency, phase, 

polarization; intensity. The most useful feature of the intrinsic fiber optic sensor is, it provides distributed 

sensing over long range distances. The basic concept of the intrinsic fiber optic sensor is shown in the 

following figure. 
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Figure Intrinsic Type Fiber Optic Sensors 

Extrinsic Type Fiber optic Sensors 

In extrinsic type fiber optic sensors, the fiber may be used as information carriers that show the way to a 

black box. It generates a light signal depending on the information arrived at the black box. The black 

box may be made of mirrors, gas or any other mechanisms that generates an optical signal. These sensors 

are used to measure rotation, vibration velocity, displacement, twisting, torque and acceleration. The 

major benefit of these sensors is their ability to reach places which are otherwise unreachable. 

 

Figure Extrinsic Type Fiber Optic Sensors 

 

Intrinsic sensor -Temperature/ Pressuresensor 

 Principle: 
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 It is based on the principle of Interference between the beams emerging out from the reference fiber and 

the fiber kept in the measuring environment. 

 Working: 

 A monochromatic source of light is emitted from the laser source. 

 

It consists of a Laser source to emit light. A beam splitter, made of glass plate is inclined at an angle of 

45º used to split the single beam into two beams. 

 The main beam passes through the lens L1 and is focused onto the reference fiber which is isolated from 

the environment to be sensed. The beam after passing through the reference fiber then falls on the lens 

L2. The spitted beam passes through the lens L3 and is focused onto the test fiber kept in the 

environment to be sensed. The    splitted       beam after  passing through the test fiber is made to fall on 

the lens L2. 

 The two beams after passing through the fibers, produces a path difference due to the change in 

parameters such as pressure, temperature etc., in the environment.Therefore a path difference is produced 

between the two beams, causing the interference pattern. 

 Thus the change in pressure (or) temperature can be accurately measured with the help of the 

interference pattern obtained. 

 And other quantities by modifying a fiber so that the quantity to be measured modulates the intensity, 

phase, polarization, wavelength or transit time of light in the fiber. Sensors that vary the intensity of light 

are the simplest, since only a simple source and detector are required. A particularly useful feature of 

intrinsic fiber optic sensors is that they can, if required, provide distributed sensing over very large 

distances. 

Optical fiber sensors for temperature and pressure have been developed for down hole measurement 

in oil wells.  

Displacement sensor (Extrinsic Sensor)  

Principle: 
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 Light is sent through a transmitting fiber and is made to fall on a moving target. The reflected light from 

the target is sensed by a detector with respect to intensity of light reflected and the displacement of the 

target is measured.  

 

Description: 

It consists of a bundle of transmitting fibers coupled to the laser source and a bundle of receiving fibers 

coupled to the detector. 

The axis of the transmitting fiber and the receiving fiber with respect to the moving target can be adjusted 

to increase the sensitivity of the sensor. 

 Working: 

 Light from the source is transmitted through the transmitting fiber and is made to fall on the moving 

target. The light reflected from the target is made to pass through the receiving fiber and the same is 

detected by the detector. 

 Based on the intensity of light received, the displacement of the target can be measured, (i.e.) If the 

received intensity is more, then we can say that the target is moving towards the sensor and if the 

intensity is less, we can say that the target is moving away from the sensor. 

Applications of Fiber Optic Sensors  

Fiber optic sensors are used in several areas. Specifically:  

• Measurement of physical properties such as strain, displacement, temperature, pressure, velocity, and 

 acceleration in structures of any shape or size. 

• Monitoring the physical health of structures in real time. 

 •  Buildings and Bridges: Concrete monitoring during setting, crack (length, propagation speed) 

monitoring, prestressing monitoring, spatial displacement measurement, neutral axis evolution, long-term 

deformation (creep and shrinkage) monitoring, concrete-steel interaction, and post-seismic damage 

evaluation. 

 •  Tunnels: Multipoint optical extensometers, convergence monitoring, shotcrete / prefabricated vaults 

evaluation, and joints monitoring damage detection. 

•  Dams: Foundation monitoring, joint expansion monitoring, spatial displacement measurement, leakage 

monitoring, and distributed temperature monitoring. 

 • Heritage structures: Displacement monitoring, crack opening analysis, post-seismic damage evaluation, 

restoration monitoring, and old-new interaction. 
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