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Unit I 

Lesson 1 

Electromagnetic theory-1 

Objective: To know about the laws of reflection, refraction and fresnel formulae with the help of 

electromagnetic theory. 

 

Structure: 

 
1.1.1. Reflection and refraction of electromagnetic waves 

1.1.2. Boundary conditions 

1.1.3. Electromagnetic theory of dielectric reflection and refraction 

1.1.4. Laws of reflection and refraction 

1.1.5. Fresnel formulae 

1.1.6. Summary 

1.1.7. Key terminology 

1.1.8. Self assessment questions 

1.1.9. Reference books 

 

 

1.1.1   Reflection and refraction of electromagnetic waves 

        

According to the electromagnetic theory of light, light consists of electromagnetic waves, 

propagated according to Maxwell’s equations.  We shall now consider the electromagnetic theory 

of the phenomena of reflection and refraction of monochromatic light wave at an infinite plane 

boundary between two semi-infinite media of different indices of refraction, for example a free 

space and a dielectric or two dielectrics or free space and a metallic conductor.  We shall see that 

at the boundary between two dielectrics the electromagnetic wave also obeys the familiar laws of 

reflection and refraction which were established on the basis of the wave theory of light much 

before the electromagnetic theory.  To discuss the behaviour of electromagnetic waves at the 
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boundary, we must first find the boundary conditions which the electric and magnetic fields must 

satisfy at the surface of discontinuity between the two media. 

 

1.1.2.  Boundary Conditions:  

                         The electric and magnetic fields of the waves in the two media satisfy the 

following boundary conditions at an interface separating the two dielectric media:- 

(i) The normal component of the magnetic induction B is continuous across a boundary.  (A 

quantity is said to be continuous when its values at two neighbouring points, one on each 

side of the boundary, are equal.) 

(ii) The normal component of electric displacement D is continuous across an uncharged 

boundary. 

(iii) The tangential component of E is always continuous across a boundary. 

(iv) The tangential component of H is continuous across a boundary that carries no surface 

current.  

 

 

 

 

 

 

 

 

 

These boundary conditions are deduced from Maxwell’s equations as follows:-  

(a) The magnetic induction B satisfies the second Maxwell’s equation 

            Div B =0 ………… (1.1.1a) 

At the interface between two media we draw a small shallow pillbox like volume that encloses a 

portion of the boundary as shown in Fig.1.  We apply Gauss divergence theorem to the integral of 

div B taken throughout the volume of the pillbox and obtain from Eq.(1.1.1a)  

d i v B  d v B . n  d s 0 ( 1 . 1 . 1 )v b= =ò òÑ . . . . . . . .  

δδhh  

      KK22  

  
KK11  

  

BB11  nn11  

BB22  nn22  nn1122  

SS11  

SS22  

AA  

µµ11  

µµ22  

FFiigg..11..  DDeerriivvaattiioonn  ooff  tthhee  bboouunnddaarryy  ccoonnddiittiioonn  ffoorr  tthhee  nnoorrmmaall  ccoommppoonneenntt  ooff  BB  



  
ACHARYA NAGARJUNA UNIVERSITY           3  CENTRE  FOR DISTANCE EDUCATION 

Applying Eq.(1.1.2) to the whole surface of pillbox, we get  

Bds
ss

∫∫ +
21

. 11 nB 2.n2dS+contribution from walls=0……….(1.1.1c) 

If B is finite everywhere, then making the height of pillbox approaches zero, always keeping the 

boundary surface between its two flat faces, the last term in Eq. (1.1.1c) vanishes provided there is 

no surface flux of magnetic induction.  S1and S2 approach the shaded area A.  We therefore obtain 

in the limit as δh→O 

0)..( 1 =+∫ dAn
A

221 nBB  

Since the area A is quite arbitrary, the above equation will be true when 

B1.n1 = -B2.n2…………..(1.1.1d) 

If n12 is the unit normal vector pointing from the first into the second medium, then n1=-n12 and 

n2=n12and Eq. (1.1.1d) gives 

B1.n12=B2.n12 

B1n=B2n…………………(1.1.1e) 

i.e. the normal component of magnetic induction is continuous across the boundary. 

 

(b) The boundary condition for the electric displacement D can be obtained from Maxwell’s 

equation in a similar way, but it will be slightly different if charges are present.  Instead of Eq. 

(1.1.1c), we get in the present case 

dVsonfromwallcontributidSdSn
vSS

ρπ ∫∫∫ =++ 4.. 21
21

nDD 21  

As before, as δh→o, the contribution from walls tends to zero.  Instead of volume charge density 

ρ, the concept of surface charge density ρs defined by 

limh→0 dAdV S

Av

ρρ ∫∫ =  

must be used in the preceeding equation, which now in the limit as δh→o becomes  

dAdA s

AA

ρπ ∫∫ =+ 4)..( 2211 nDnD …………………….(1.1.1f) 

Finally, we get  

n12.(D2-D1)=4πρS…………(1.1.1g) 
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i.e., the normal component of electric displacement changes abruptly by an amount 4πρs across 

the surface of charge density ρs. 

D1n=D2n………….(1.1.1h) 

i.e., the normal component of electric displacement is continuous across the boundary. 

 

(c)The boundary condition which the tangential component of electric field must satisfy can be 

obtained from Maxwell’s equation. 

Curl E=-
tc ∂

∂B1
……………….(1.1.1i) 

Integrating this equation over the surface bounded by rectangular loop A B C D shown in Fig.2 

gives 
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where b is a unit vector perpendicular to the plane of rectangle.  Applying the stoke’s theorem to 

the integral on the left hand side we have  
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where the line integral is taken over the boundary A B C D .  If the lengths AB and CD are small, 

E may be replaced by constant values E1 and E2 along each of these sides.  The line integral along 

A B C D can be now easily written out.  
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Where E1tand E2t are the components of E tangent to the surface in respective media.  If δh tends 

to zero but still keeping the two opposite sides AB and CD in different media, the contribution to 

the line integral from the sides BC and AD will tend to zero.  Provided that ∂ B/∂ t  is everywhere 

finite, the right hand side of Eq.(1.1.1j) also vanishes. This is due to the fact that since the two 

paths AB and CD approach sufficiently close to the surface, the area of integration vanishes i.e. no 

flux can be enclosed.  Thus, in the limit as δh→0, Eq. (1.1.1j) yields 

 E1t = E2t …………….(1.1.1k) 

i.e., the component of E parallel to the surface of separation between the two media is continuous 

across this interface. 

 

(d) Finally consider the behaviour of the tangential component of the magnetic vector.  The 

analysis is similar.  For pure dielectrics, current density j=0.  Instead of Eq.(1.1.1j), we have in this 

case 

                l H1t - l H2t + contribution from sides BC  and bds
t

D

c
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In the limit as δh→0,this equation yields 

                                    H1t = H2t ................................(1.1.1l) 

i.e. the tangential component is continuous across the surface separating two dielectrics. 

            At higher frequencies, the conduction current in a conductor travels only in the outer skin.  

In this case, the boundary condition for the tangential component of magnetic field becomes  

H1t - H2t =(4 Π /c) js ...............................................(1.1.1m) 

 

                          It should be remarked that the continuity of normal components of D and B easily 

follows from the continuity of tangential components of E and H in passing through a boundary. 

Therefore, the continuity of the tangential components of E and H is sufficient in every problem 

involving the propagation of electromagnetic waves from one dielectric into the other. In general, 

it is not possible to satisfy the boundary conditions unless we postulate three distinct 
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electromagnetic waves-- an incident and a reflected wave in one medium and a refracted wave in 

the second medium.  

1.1.3 Electromagnetic theory of dielectric reflection and refraction:  

Let a plane polarized wave of monochromatic light in a medium of dielectric constant K1 

be incident at an angle Φ on the surface of a medium of dielectric constant K2.  It splits into two 

waves—a refracted wave proceeding into the second medium and a reflected wave propagated 

into the first medium. Let the surface of separation between the two media be chosen as the XY 

plane of a Cartesian frame of reference.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Diagram for the electromagnetic theory of reflection and refraction at  

       the boundary separating two dielectrics 

 

We take the positive z-axis downwards and the x-axis in the plane containing the direction of 

propagation of the incident wave and normal to the interface i.e. the XZ plane is coincident with 

the plane of incidence Therefore, the x-, y-, z-, components of the unit wave normal vector si of 

the incident wave are 

                           Six=sinΦ, Siy=0,Siz=cosΦ 

 We assume the incident wave to be plane polarized in an arbitrary plane.  We can write the 

electric intensities Ei, Er, Et, in the incident, reflected and transmitted waves in the following  
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form: - 

                             Ei=Ai exp[iωi (t-r
.
si/v1)]…………..( 1.1.2a) 

                              Er=Arexp[iωr(t-r
.sr/v1)]…………..(1.1.2b) 

                              Et=Atexp[iωt(t-r
.
st/v2)] …………  (1.1.2c) 

Where Ai, Ar, At are the amplitude vectors. In writing these equations we  have made no 

assumptions about the direction   of propagation; the amplitude and even about the frequency of 

the reflected and refracted waves. Thus, we have not assumed the laws of reflection and refraction 

which we want to arrive at by the applications of principles of electromagnetic theory. 

 

1.1.4 Laws of Reflection and Refraction:  

                                The direction of propagation of the reflected and refracted waves can be 

obtained by the application of the boundary on condition expressed by Eq. (1.1.1k) to the electric 

components Eix, Eiy, Eiz etc, The x-component of the electric field is Eix+Erx in the first medium 

and Etx in the second. Therefore, at the surface of separation of two media, Eq. (1.1.1k) gives 

             At  z=0     Eix + Erx=Etx…………..(1.1.2d) 

     Also, at z=0      Eiy +Ery=Ety…………  (1.1.2e) 

Introducing the values of    Eix, Etx etc. At   z = 0 from Eqs.(1.1.2a),(1.1.2b) and (1.1.2c)  in 

Eq.(1.1.2d) we get  

Aix exp {iωi(t-
1v

xsix )}+Arxexp{iwr(t-
1v

ysxs ryrx +
)}=Atxexp{iωt(t-

2v

ysxs tytx +
)}……(1.1.2f) 

The only way in which Eq. (1.1.2f) remains valid for all values of t, x and y is if the three 

exponential factors are all the same i.e. 

ωi(t-
1v

xsix )=ωr(t-
1v

ysxs ryrx +
)=ωt(t-

2v

ysxs tytx +
)…………(1.1.2g) 

It is essential that the exponential in Eq. (1.1.2f) must agree along the surface of separation z= 0, 

for otherwise, even if we were successful in satisfying the boundary condition at one point these 

would not hold at other points of the surface. Now, Eq. (1.1.2g) will be t rue at all points of the 

interface for all times only when the co-efficients of t, x and z are identical in each of these terms, 

since the variables are independent, We thus arrive at the following equations: - 

(a) Equating the co-efficient of t gives 
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           ωi=ωr=ωt…………(1.1.2h) 

Thus, on static boundary  (z=0) the frequency of light on reflection and refraction does not vary.  

Therefore we shall suppress the suffix of ω in the subsequent theory. 

(b) Equating the co-efficient of y in   Eq. (1.1.2g) gives 

sry =sty=0 

i.e. The directions of propagation of the reflected and refracted waves lie in the XZ plane, which is 

the plane of incidence. Thus the reflected ray and the refracted ray lie in the plane of incidence. 

(C )  equating the co-efficients of x in eq (1.1.2g) gives  

six/v1=srx/v1=stx/v2 ………………………………(1.1.2j) 

Let φ1 be the angle of reflection and θ the angle of refraction, both the angles being measured with 

the positive direction of z-axis. Then, we have the following relations      

   srx = sin φ1,  sry =0,  srz = cos φ1 

   stx  = sin θ,   sty = 0, stz  = cos θ 

Introducing these values in eq.(1.1.2j) we get 

sin φ/v1 = sin φ1/v1 = sin θ /v2 ………(1.1.2k) 

               thus   sin φ = sin φ1  

  

Since the incident ray and reflected ray have had opposite directions, the preceding equation yields  

                  φ = π-φ1 

the angle of reflection equals the angle of incidence , which is the law of reflection . 

also, from equation (1.1.2k) we have  

                   sin φ/ sin θ = v1/v2…………(1.1.2 l) 

If n1 and n2 are the refractive indices of the two media, then  

           n1 = c/v1             and         n2 = c/v2 

so that      v1/v2 = n2/n1  

Eq.(1.1.2l)  may be rewritten as  

==
1

2

sin

sin

n

n

θ
φ

1n2…………………………..(1.1.2m) 
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since the refractive indices are constant for each medium for a given wavelength, the ratio of  the 

sines  of the angles of incidence and refraction is a constant ,which is snell’s law of refraction . 

The electromagnetic wave thus obeys all the experimental laws of reflection and refraction at a 

surface separating two isotropic dielectric media.  

 

 

1.1.5. Fresnel formulae:     

we resolve the amplitude Ai of the electric vector of the incident incident wave into two 

components Aip and Ain respectively parallel and normally to the plane of incidence .The parallel 

component can be further resolved along the x-axis and  z-axis. Thus,the three components of Ai 

are 

Aix = Aipcosφ, Aiy = Ain,  Aiz = -Aip sinφ 

The choice of the positive direction for the parallel components is indicated in fig. 3.  The  

convention of regarding displacement as positive  is that looking  against the light  the positive 

direction of parallel component  of electric vector is towards the right hand  side of the observer.  

The perpendicular components marked in fig.3. are in reality the perpendicular to the plane of 

figure . 

           We can now write the components of the electric vector Ei of the incident wave by the help 

of eq. (1.2a). 

Eix = Aip cos φ exp [iω t-(x sin φ + z cos φ)/v1] 

Eiy = Ain exp [iωt-(x sin φ+ z cos φ)/v1] 

Eiz = -Aip sin φ exp [iωt-(x sinφ+z cosφ)/v1]  

The components of the magnetic vector Hi of the incident wave are obtained by using 

Hi=√K1si×EI 

The magnetic permeability of both media is equal to unity at optical frequencies. Therefore for the 

incident wave  
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 On equating the coefficients of i, j,k, of both sides separately, we get  

Hix=-Ain√K1cosφ exp [iωt-(xsinφ+zcosφ)/v1}] 

Hiy=Aip√K1exp iωt-(xsinφ+zcosφ)/v1] 

Hiz=Ain√K1sinφ exp [iωt-(xsinφ+zcosφ)/v1] 

Similarly, we can write the components of the electric and magnetic vectors of the refracted and 

reflected waves. 

Refracted wave: 

Eix=Atpcosθ exp[iωt-(xsinθ+zcosθ)/v2] 

Ety=Atn exp [iωt-(xsinθ+zcosθ)/v2] 

Etz=Atp sinθ exp[iωt-(xsinθ+zcosθ)/v2] 

 

Hix=-Atn√K2cosθexp[iωt-(xsinθ+zcosθ)/v2] 

Hty=Atp√K2 exp[iωt-(xsinθ+zcosθ)/v2] 

Htz=Atn√K2sinθexp[iωt-(xsinθ+zcosθ)/v2] 

Reflected wave 

Erx=Arpcos φ1exp[iωt-xsinφ1+zcosφ1)/v1] 

Ery=Arnexp[iωt-(xsinφ1+zcosφ1)/v1] 

Erz=-Arpsinφ1exp[iωt-(xsinφ1+zcosφ1)/v1] 

Hrx=-Arn√K1cosφ1exp[iωt-(xsinφ1+zcosφ1)/v1] 

Hry=Arp√K1exp[iωt-(xsinφ1+zcosφ1)/v1]  

Hrz=Arn√K1sinφ1exp[iωt-(xsinφ1+zcosφ1)/v1] 

 

      We now apply the boundary conditions to the components of the electric and magnetic 

intensities on the two sides of interface 

Eix+Erx=Etx                    Eiy+Ery=Ety 
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H ix+Hrx=Htx           Hiy +Hry=Hty  

 

On substituting in the above equations for all components and remembering that at the boundary   

i e.      at z = 0 ,  

ω(t-x sin φ/v1)= ω(t-x sin θ/v2)=ω(t-x sinφ1/v2) 

 and  also using the relation                       

                 cos φ1=cos (π-φ) = - cosφ 

we finally obtain the following four relations 

         (Aip-Arp) cos φ= Atpcosθ……………..     (1.1.2n) 

         Ain+Arn=Atn…………………………..    (1.1.2o) 

        √K1(Ain-Arn)cosφ=√K2 Atncosθ…………(1.1.2p) 

       √K1(Aip+Arp)=√K2Atp……………………(1.1.2q) 

In deriving these equations we have not considered any possible change of phase on reflection or 

refraction since this will show up its effect in the magnitudes of Atp, Atn, Arp 

and Arn .we can solve  Eqs.(1.1.2 n) and (1.1.2 q) for unknown quantities Arp and Atp Similarly 

Eqs(1.1.2 o) and (1.1.2 p) give Arn and Atn . Thus we obtain  

                       Atp=
θφ

φ

coscos

cos2

12

1

KK

K

+
Aip………   .(1.1.2r)  

                      Atn= )2.1.1.......(..........
coscos

cos2

21

1
sA

KK

K
in

θφ

φ

+
 

                      Arp= )2.1.1.......(..........
coscos

coscos

12

12
tA

KK

KK
ip

θφ

θφ

+

−
  

                      )2.1.1.......(..........
coscos

coscos
A

21

21
rn uA

KK

KK
in

θφ

θφ

+

−
=  

The law of refraction , given by  Eqs (1.1.2 l), can be written as  

 

        Sin φ/sinθ = √K2/K1  
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Since, when the magnetic permeability is unity,v1=c/√K1 and v2=c√K2. Using the new expression 

for the law of refraction  we get for Atp, Atn, Arp and Arn  the following expressions:- 

Atp= ipA
θθφφ

φθ
cossincossin

cossin2

+
 

Atn = inA
φθφθ

φθ
sincoscossin

cossin2

+
 

Arp= ipA
θθφφ
θθφφ

cossincossin

cossincossin

+
−

 

Arn= inA
φθφθ
φθφθ

sincoscossin

sincoscossin

+
−

 

This can be simplified  by using the easily proved  trigonometrical relations . 

Sin(φ+θ) cos (φ-θ) = sinφ cosφ+sinθ cosθ 

Sin(φ-θ) cos(φ+θ)= sinφcosφ-sinθ cosθ 

And we get the final expressions  for  Atp, Atn, Arp, and Arn.  

Atp= )2.1.1.......(....................
)cos()sin(

cossin2
vAipθφθφ

φθ
−+

          .    

Atn= )2.1.1(........................................
)sin(

cossin2
wAinθφ

φθ
+

 

Arp= )2.1.1.(........................................
)tan(

)tan(
xAipθφ

θφ
+
−

 

Arn= - )2.1.1.........(..............................
)sin(

)sin(
yAinθφ

θφ
+

−
 

 

These equations were first obtained by  Fresnel on the basis of the elastic theory of light.  These 

relations are commonly called Fresnel’s equations or Fresnel formulae for the reflection and 

refraction of light. 
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Summary:  The electric and magnetic fields of the electromagnetic waves satisfy the boundary 

conditions at an interface separating the two dielectric media. Reflection and refraction 

phenomena explained on the basis of electromagnetic theory.  Fresnel equations for the reflection 

and refraction of light obtained using electromagnetic theory. 

 
Key terminology:   Electric and magnetic fields – electromagnetic waves – reflection –refraction- 

Boundary conditions - Fresnel equations 

 

Self assessment questions 

1.State boundary conditions at the plane of separation between two dielectric media. 

2.Deduce fresnel’s laws of reflection and refraction from electromagnetic theory of light. 

Reference books 

1. Introduction to modern optics, B.K. Mathur 

2. Optics,  Born and Wolf 
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Unit 1 

Lesson 2 

Electromagnetic theory-II 

Objective:  To know about the production of polarization by reflection and refraction and the 

respective coefficients using electromagnetic theory.  The behaviour of phase change on reflection 

and verification of Fresnel formulae along with total internal reflection is discussed. 

Structure: 

1.2.1.     Polarization on reflection 

1.2.2.     Polarization by refraction( pile of glass plates.) 

1.2.3.     Reflection and Transmission coefficients: 

1.2.4.     Change of phase on reflection.  

1.2.4.1.  The second medium is optically denser than the first. 

1.2.4.2.  The second medium is optically rarer than the first.  

1.2.5.     Experimental verification of Fresnel Formulae 

1.2.6.     Stationary Waves.  

1.2.7.     Total Internal Reflelcltion.  

1.2.8.     Disturbance in the second Medium: 

1.2.9.     Summary 

1.2.10.   Key terminology 

1.2.11.   Self assessment questions 

1.2.12.   Reference books 

 . 

1.2.1.     Polarization on reflection 

                     The ratio of the reflected and incident amplitudes can be obtained from equations 

(1.1.2x) and (1.1.2y) 

                                
)tan(

)tan(

θφ
θφ

+
−

==
ip

rp

p
A

A
r ……………….(1.2.1a) 

                                   

                                
)sin(

)sin(

θφ
θφ

+

−
−==

in

rn

n
A

A
r ………………(1.2.1b) 

             Now, rn never vanishes but rp is zero when tan (Φ+θ)=∞ or Φ+θ=Π/2 i.e,  when the 

reflected ray is perpendicular to the incident ray. rp=0 means that at this angle of incidence 

radiation with the electric vector parallel to the plane of incidence is not reflected. 
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  The angle of incidence satisfying this condition will be designated by Φp and the corresponding 

angle of refraction by θp.  This angle Φp is called the polarizing angle because when unpolarized 

radiation is incident at this angle, the electric vector of the reflected light has no component in the 

plane of  incidence.  In other words, the reflected light is completely linearly polarized.  We 

assume that the magnetic vector is in the plane of polarization so that the plane of incidence is the 

plane of polarization of the reflected light. The light vector is perpendicular to the plane of 

incidence since it is identical with the electric vector.   
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 Fig.2.  Illustrates Brewsters law at polarizing angle. 
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Fig .1. Graphs of rp,  rn  , tp  ,tn against the angle of incidence   for the  n=1.5 for incidence from 

air to glass.  
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The polarizing angle is expressed by the relation 

p

p

p

p

p
n φ

φ
π
φ

θ

φ
tan

)
2

sin(

sin

sin

sin
=

−
== …………..(1.2.1c) 

 This is called brewster’s law.  For glass interface, n =1.5 and  Φp=560.3.  when the 

reflected and refracted rays are at right angles, which is brewster’s experimental condition for 

complete polarization of the reflected wave. 

 This phenomenon can be employed as a means for the production of linearly polarized 

light but due to single reflection the degree of polarization and the intensity are poor. 

 

1.2.2.  Polarization by refraction( pile of glass plates.) 

 Let βi be the angle between the plane of incidence and the plane of vibration of Ei in the 

linearly polarized incident light.  This angle is called the azimuth of the incident wave.  By the 

help of Fresnel’s equations it is possible to write the azimuth of the refracted and reflected waves, 

βt and βr , in terms of the incident azimuth βi as follows:- 

    ,tan
ip

in
i
A

A
=β  ,tan

tp

tn
t
A

A
=β  

rp

rn
r

A

A
=βtan  

Introducing the values of  Arn, Arp, Atn and Atp from Fresnel’s equations we have 

                          

    it βθφβ tan)cos(tan −= ……………(1.2.2a) 

                             ir β
θφ
θφ

β tan
)cos(

)cos(
tan

+
−

−= …………….(1.2.2b) 

 

Equation (1.2.2b) again indicates that for Φ+θ=Π/2, rβtan =∞, βr =Π/2 and hence Arp=0 i.e. there is 

no Er component parallel to the plane of incidence in the reflected wave.  Whatever may be the 

values of  θand Φ   since )cos()cos( θφθφ +>−     it follows from eq(1.2.2b))  that the azimuth of 

the reflected wave is always greater than that of the incident wave. 

                                                     ir ββ tantan >  

Equation (1.2.2a) indicates that the plane of vibration of the electric vector of the refracted wave is 

always turned towards the plane of vibration in the incident wave.  This fact is utilized for 

producing plane  polarized light by refraction through pile of parallel glass plates.  The 

unpolarized light is incident at polarizing angle Φp on the pile of parallel glass plates and it is easy 

to see that on each plate the angle of incidence is equal to the polarizing angle. The E component 
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perpendicular to the plane of incidence is gradually quenched in the refracted beam and the 

emergent beam is thus almost perfectly plane polarized and the E component parallel to the plane 

of incidence is predominantly present. 

 

1.2.3.  Reflection and Transmission coefficients: 

    The intensity I of radiation is given by  

                              I= (c/8π)√K E0
2
 

Again assuming that the permeability of medium is unity. According to this definition  

We obtain for the intensity of incident light, reflected light and refracted light for the component 

parallel to the plane of incidence 

Iip=(c/8π) √K1 Aip
2
, Irp= (c/8π)√K1 Arp

2
; Itp= (c/8π) √K2 Atp

2
 

 We may substitute Arp from Fresnel equations. Similar expressions can be written for the 

component perpendicular to the plane of incidence. 

The reflection coefficients are defined by 

                    Rp= (=
ip

rp

I

I
)3.2.1...(....................
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The transmission coefficients are defined by 

                    τP = )3.2.1...(..........
)(cos)(sin

cos2sinsin2
22

c
I

I

ip

tp

θφθφ
φφθ
−+

=  

 

                    τn = )3.2.1.........(..........
)(sin

cos2sinsin2
2

d
I

I

in

tn

θφ
φφθ

+
=  

It is easy to see that  Rp+τp is not equal to1 and Rn+τn is also not equal to one. 

Thus the transmitted intensities are not complementary to the reflected ones. The intensity is 

defined as the energy crossing unit area per second but at oblique incidence the cross sectional 

areas of incident and reflected beams are different from that of the transmitted beams. Therefore 

the transmitted intensities are not complementary to the reflected ones. We will now show that the 

total energy in these beams is complementary. Suppose a polarized beam of finite cross section is 

incident on a unit area of the boundary. Then the cross-sectional areas of the incident, reflected 

and transmitted beams are respectively 
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      Si=cosφ,    Sr=cosφ,    St= cosθ          

The amount of energy in the incident beam per second is 

Ji=Pi
.
Si=(c/4π)   √K1Ai

2 cosφ……………(1.2.3e) 

 Where pi is the poynting vector for the incident beam. 

Similarly, the energies of the reflected and refracted beams leaving unit area of the boundary per 

second are given by  

            Jr=Pr
.
Sr=(c/4π) √K1 Ar

2 cosφ……………..(1.2.3f) 

            Jt=Pt
.
St=(c/4π) √K2 At

2
 cosθ………………(1.2.3g)            

The ratios  
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are called reflectivity and transmissivity respectively. 

Since Ai
2=Aip

2+Ain
2,At

2=Atp
2+Atn

2 and Ar
2=Arp

2+Arn
2, by the application of Fresnel’s equation it 

can be readily seen that  

                              R+T=1…………………………. (1.2.3j) 

1.2.4.   Change of phase on reflection.  

Equations (1.1.2v) and (1.1.2w) show that Atp and Atn have the same sign as Aip and Ain . Hence 

electric fields of the incident and refracted waves are always in phase at the boundary separating 

the two media. In the case of reflected wave the phase will depend on the relative magnitudes of  φ 

and θ. Two cases  arise.                  

1.2.4.1. The second medium is optically denser than the first. 

                              In this case φ>θ hence it follows from equation (1.1.2 y) that the sign of Arn and 

Ain are different. Therefore the phase of Ery differs by Π from that of Eiy at the boundary surface. 

i.e. the component of electric vector perpendicular to the plane of incidence is reversed on 

reflection. we express it by writing δn = Π.  Also tan (φ-θ) is positive and for θ+φ<Π/2. That  is 

φ<φp, tan (φ+θ) also positive. It follows from equation (1.1.2x ) that Arp  has the same sign as Aip 

i.e. Erp has the same sign as Eip indicating no phase change ie δp=0. But the directions of Arp and 

Aip are not the same but since both have the same sign ,this implies, as shown in fig.3., that Arx is 

opposite in sign to Aix and that Arz has the same sign as Aiz.  
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Thus any component of electric vector parallel to the reflecting surface is reversed on reflection 

when ϕ<ϕp but the component normal to the reflecting surface is not reversed. The components of 

the magnetic vector Hi of the incident wave can be easily written as 

          Hix=-√K1cosφEiy; Hiy=√k1Eip; Hiz=√k1sinφ Eiy  

Thus, when Eiy changes sign on reflection Hiz also changes sign but Hix does not. Similarly since 

Eip does not changes sign hence Hiy also does not change sign on reflection. The important 

conclusion is that when the electric fields of incident and reflected waves have opposite phase, the 

magnetic fields are in phase . 
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Fig.4. Phase change of the electric vector of plane polarized light externally reflected from a dielectric . 
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Fig.3, Direction of parallel component of the electric field at the boundary for the angles of incidence 

(a)less than (b) greater than Brewsters angle. 
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when reflection takes place at an angle greater than the polarizing angle ϕp then θ+φ>Π/2 and 

tan(θ+φ) become negative .it follows from Eq.(1.1.2x)that Arp has a sign opposite to that of Aip. 

The corresponding components of electric fields differ in phase by Π at the surface ie .A phase 

change of δp of Π occurs on reflection. Thus, we arrive at the following rule for the case in which 

the electric field is in the plane of incidence. The incident and reflected waves are in phase if their 

Z-components of electric fields are in the same direction and their X-components are opposite to 

each other just before and after reflection. 

 

1.2.4.2. The second medium is optically rarer than the first.  

             In this case Φ < θand it follows from Eq(1.1.2y) that Ery and Eiy are always in phase at the 

boundary i.e. the electric component perpendicular to the plane of incidence is not reversed. The 

components of electric fields parallel to the plane of incidence differ in a phase by Π if θ+Φ<Π/2 

and have the same phase if θ+Φ>Π/2. The phase changes up to the critical angle are exactly 

reverse of those at the corresponding angles of the previous case, which we may call as external 

reflection. 

   Perpendicular incidence.  

In the case of normal incedence ϕ=0 and θ=0. Therefore Fresnels formulae for Atp, Atn, Arp and 

Arn become indeterminate. But we can use eqs (1.2r),(1.2s),(1.2t),(1.2u) in which we substitute 

 cos θ =1and cos ϕ=1. Thus we get 

Atp=
21

12

kk

k

+
Aip=

1

2

+n
 Aip ………………….(1.2.4a) 

Atn =
21

12

kk

k

+
Ain =

1

2

+n
Ain ………………………………(1.2.4b) 

Arp=
12

12

kk

kk

+

−
Aip= 

1

1

+
−
n

n
 Aip …………………  (1.2.4c) 

Arn=
12

21

kk

kk

+

−
Ain= -

1

1

+
−
n

n
 Ain …………………(1.2.4d) 

 

Thus for normal incidence the distinction between the parallel and perpendicular components 

disappear, since the plane of incidence is indeterminate. 
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12.5. Experimental verification of Fresnel Formulae 

In the experimental verification of Fresnel formulae the polarizing nicol is set with its principle 

section at 45
0
 to the plane of incidence. Thus in Eqs(1.4b) βI=45

0
,which now becomes  

)cos(

)cos(
tan

θφ
θφ

β
+
−

−=t ----------------------------------(1.2.5a) 

  The angle, βr, between the direction of vibration of the reflected light and the plane of incidence 

can be determined experimentally for different values of φ. The experimental values are compared 

with the theoretical values obtained from Eq.(1.8 a) since the angle of refraction can be known 

from snell’s law of refraction  

                           n= θφ sinsin  

Provided n is known beforehand from some other experiment. 

 

Experimental Procedure: 

 The index of refraction n of the material of prism for a monochromatic light is determined 

accurately with the help of an adjusted spectrometer. The polarizing angle φp is calculated from 

Brewster’s law, 

                                                      tanφp  = n 

The telescope is turned to a position to receive the direct image of the slit and then rotated through 

an angle (180-2φp) and clamped. A clean prism face is set on the prism table so that its plane is 

along the central axis and is also parallel to receive the light reflected from this face into the 

telescope. It is easy to see that the angle of incidence on the prism is equal to the polarizing angle 

φp.  Hence the reflected light is plane polarized, the plane of vibration being perpendicular to the 

plane of incidence (horizontal plane). A biquartz plate is mounted infront of the telescope 

objective and a graduated circular scale carrying a nicol, capable of rotation, is clamped to the 

telescope objective. The nicol is rotated until the tint of passage appears. The telescope is then 

brought into initial position, prism is removed and another nicol is mounted on the collimator lens. 

This nicol is turned till the tint of passage reappears. In this setting of the collimator nicol, its 

principal section is vertical. This nicol is rotated through 45
o
 and thus the inclination of the plane 

of vibration of incident light is made 45
o
 to the plane of incidence. The telescope is now turned 

through a known angle α and the prism mounted in its original position and then rotated by 

rotating the prism table to a position to receive the reflected light into the telescope, the angle of 

incidence being φ =(180
o
-α)/2. The telescope nicol is rotated from its initial setting through an 
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angle say Ψ to restore the tint of passage. Hence the inclination of the plane of vibration of the 

reflected light to the plane of incidence (horizontal plane) is  

                                         βr =90-ψ…………………….(1.2.5b) 

The experiment may be repeated for various angles of incidence by repeating the above process. It 

is found that the experimental values of βr agreed well with those given by eq.(1.2.5 a), thus 

confirming Fresnel’s equations. The experimental values of  βr  may be plotted against the 

corresponding values of φ. The point where the curve crosses the φ-axis gives φp. Again, the index 

of refraction n may be calculated from Brewster’s law and compared with the value obtained with 

the spectrometer measurements. 

 

1.2.6.   Stationary Waves.  

            Electromagnetic waves reflected at a plane surface can interfere with the incident waves. 

We consider the case of normal incidence and n>1. From Eq.(1.2.4 d) it follows that Arn is in a 

direction opposite to that of Ain. From Eq.(1.2.4c) it follows that Arp has the same sign as that of 

Aip but like signs actually denote opposite directions of their amplitudes, which is evident from the 

way in which Arp and Aip are marked positive in Fig 4. Thus the two components of electric 

vectors of normally incident wave, in the plane of reflecting surface, are reversed on reflection. 

Therefore, the reflecting surface must be a node for the electric vector. And other nodes will be 

formed at λ/2, λ, 3λ/2 etc. from the surface. As the components of the magnetic vectors are not 

reversed on reflection i.e. the magnetic fields of the incident and reflected waves are in phase at 

the reflecting surface. The reflecting surface is therefore, the antinode of the magnetic vector. 

Thus in a stationary wave pattern the nodes of the electric vector coincide with the antinodes of 

the magnetic vector. In the Wiener’s experiment, no blackening of the photographic film resulted 

along its line of contact with the reflecting surface. The first black band which corresponds to an 

antinode in the stationary wave was formed at a distance λ/4 from the reflecting surface. Hence 

the reflecting surface was a nodal plane so far as the photographic action of the light is concerned. 

Wiener, therefore, concluded that the photographic action is due to electric vector and not to 

magnetic vector of the electromagnetic light wave. In general the electric vector is effective in 

every optical phenomenon and so it is regarded as the light vector.  
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1.2.7.    Total Internal Reflelcltion.  

              Suppose a plane wave of monochromatic light is incident in denser media, say glass, on 

the surface separating it from the rarer media say air. The angle of incidence φ is in the denser 

media and θ is the angle of refraction in a rarer media. 

Hence                                sinθ=nsinφ……………………(1.2.6a) 

And                  cosθ= θ2sin1− = φ22 sin1 n− ……     (1.2.6b) 

 

Where  n is the refractive index of the denser media with respect to the rarer  media. The 

phenomenon of total reflection occurs for φ grater than the critical angle φc  which corresponds to 

θ=π/2.  Therefore from Eq.(1.10a) we get    

                                                            n sinφc = 1 

 When φ > φc ,  n sin φ> 1 and cosθ as given by Eq.(1.2.6b)  becomes imaginary i.e. 

                                        cosθ=±i√n
2
sin

2φ-1…………………(1.2.6c) 

We should re-examine Fresnel’s equations by inserting the values of cosθ and sinθ given by Eqs. 

(1.2.6c) and (1.2.6a) respectively choosing only the positive sign in Eq. (1.2.6c).  Thus the 

component Arn of the amplitude of the electric vector Er given by  

Arn =
)1sin(cos

)1sin(cos

22

22

−+

−−

φφ

φφ

nin

nin
Ain  ……………………(1.2.6d) 

The complex quantity by which Ain is multiplied is of the form 

                    
)exp(

)exp(

n

n

i

i

δρ
δρ −

=exp(-i2δn) 

       where      tanδn= 1sin 22 −φn /n cosφ………………(1.2.6e) 

hence                Arn=Ainexp(-i2δn)…      ………………  (1.2.6f) 

 In order to interpret this result we should write the component of the electric vector Ei of the 

incident wave in a direction normally to the plane of incidence i.e. the y-component of Ei . 

               Ein=Ainexp[iω{t-(x sinφ+z cosφ)/v1}]…………..     (1.2.6g) 

Similarly for the reflected wave we write 

              Ern=Arnexp[iω{t-(x sinφ+z cosφ)/v1}]                  

               Ern=Ain exp(-i2δn) exp[iω{t-(x sinφ+z cosφ)/v1}] 

               Ern=Ainexp[iω{t-(x sinφ+zcosφ)/v1}-2δn]………….           .(1.2.6h) 
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A comparison of Eqs. (1.2.6g) and (1.2.6h) indicates that the amplitude of Ern is the same as that 

of Ein but both differ in phase by -2 nδ  which varies with the angle of incidence φ. 

We can similarly examine the expression for Arp given by Eq.(1.1.2x) and we get   

                     Arp  =Aipexp(-i2δp)………    ………(1.2.6i) 

Where        tanδp =n 1sin 22 −φn /cosφ………….(1.2.6j) 

The component of electric vector Ei parallel to the plane of incidence is 

                      Eip=Aipexp[iω{t-(x sinφ+zcosφ)/v1}]…………..(1.2.6k) 

And the component of Er parallel to the plane of incidence, viz. 

                       Erp=Arpexp[iω{t-(x sinφ+zcosφ)/v1}] 

Becomes     

                  Erp=Aipexpi[ω{t-(x sinφ+zcosφ)/v1}-2δp]…………..(1.2.6l) 

 

 

 

 

 

 

 

 

 

 

 

 

Thus the components of electric vector parallel and perpendicular to the plane of incidence on 

reflection experience phase retardations of 2 npand δδ 2 respectively but their amplitudes remain 

unaltered. 

|Arp|=|Aip|   and |Arn|=|Ain| 

Thus, for each component, the intensity of light which is totally reflected is equal to the intensity 

of the incident light.  Consequently we saythat the incident wave is totally reflected. 

The components of the electric vector of the reflected wave parallel and perpendicular to the plane 

of incidence have a relative phase difference δ is given by  

δ=2(δp-δn) 

δn 
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Fig.5. Phase changes of the electric vector for internal reflection(n=1.51). 
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tan
2

1
δ=tan(δp-δn )=

pp

pp

δδ

δδ

tantan1

tantan

+

−
  

tan
2

1
δ=cosφ )/1(sin 22 n−φ /sin2φ…………….(1.2.6m)  

   The phase difference depends upon the angle of incidence greater than the critical angle. The 

plane polarized light on reflection becomes elliptically polarized . Any desired phase difference δ 

can be introduced between the two components of reflected light by the proper choice of  φ. 

Therefore any desired type of elliptically polarized light can be conveniently produced by the 

method of total internal reflection. It is easy to see from Eq (1.2.6 m) that for n =1.5, δ=π/4 when  

φ=53
0
15

1
 or φ=50

0
14

1
 and so after another internal reflection at the same angle the phase 

difference between the reflected components becomes π/2. The reflected light is , of course , 

elliptically polarized, for in general the components of electric vector of the incident light parallel 

and perpendicular to the plane of incidence are of unequal amplitudes. 

 

CCiirrccuullaarrllyy  ppoollaarriizzeedd  lliigghhtt  ccaann  aallssoo  bbee  pprroodduucceedd  bbyy  ttwwoo  iinntteerrnnaall  rreefflleeccttiioonnss  aass  ffoolllloowwss::  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      A glass block  (n = 1 
.
55), with opposite surfaces mutually parallel and the end faces 

PQ and RS as squares, is formed with angels of transverse section equal to53
0
 15’ and 

 (180
0
 – 53 

0
15’). A plane polarized monochromatic light is incident normally on the rhomb from 

air as shown in Fig.21.9,with its plane of vibration inclined at 45o to the plane of incidence. At it 
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Fig.6. Production of circularly polarized light by fresnels rhomb . 
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suffers total reflection at an angle 53
o
15’ and so phase difference of ∏/4 is introduced between the 

two perpendicular components. The reflected light CD is, therefore, elliptically polarized. On the 

second internal reflection at D at the same angle a further phase difference of ∏/4 is introduced so 

that the total phase difference is ∏/2  between the two perpendicular  components .Thus ,the light 

after two internal reflections i.e. DE is circularly polarized. The glass block constructed and used 

in this way is known as Fresnel’s rhomb. The rate of variation of δ with the angle of incidence is 

greater when φ =50
o
14’. Due to this reason it is desirable to construct a rhomb with larger angle φ 

= 53o15’ when it is to be used for producing circularly polarized light.  

 

1.2.8.    Disturbance in the second Medium: 

      At total internal reflection, the phase difference between the incident and reflected waves is 

not ∏. Therefore, there is some resultant electric field in the denser medium at the boundary. As a 

consequence, in order to satisfy the boundary condition there must also be a disturbance in the 

rarer medium. Therefore, we should again analyze the expression for the refracted wave by 

substituting in it the values of sinθ and cosθ from eqs. (1.2.6 a) and (1.2.6c). The component of 

electric vector of the refracted wave perpendicular to the plane of incidence is  

     Etn= Atn exp [iωt-(x sinθ+z cosθ)/v2]……………..(1.2.7a) 

Now, by the help of eqs.(1.1.2d) and (1.2.6f) 

Atn =2Aincosδnexp(-iδn)………………..(1.2.7b) 

Hence                          

        Etn=2Aincosδn  exp[±
2

2

λ
πz

1sin 22 −φn ] × exp[i{ω(t-
2

sin

v

xn φ
)-δn }]……..(1.2.7c) 

In order that this result may correspond to physical situation we must take the negative value of 

the root in the exponential, since otherwise, the amplitude would tend to infinity with the depth z 

of penetration  

 Etn=2Aincosδnexp[-
2

2

λ
πz

1sin 22 −φn ] × exp[i{ω(t-
2

sin

v

xn φ
)-δn }]……..(1.2.7d) 

 

Thus Etn is periodic in x and not in z. consequently, it corresponds to non-homogeneous wave 

disturbance in the rarer media close up to the boundary and moving parallel to the x axis without 

attenuation with a velocity less then v2, since n sinφ>1. The amplitude of the disturbance decays 

exponentially with the depth z of penetration, the effective depth of penetration being of the order 

of λ2/2∏. The disturbance ordinarily becomes negligibly small after a distance of few wavelengths 
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along the z axis from the boundary. The periodicity in x implies that the energy flow is along the 

boundary and not down into the rarer medium. This can be explained by evaluating the x and z 

components of the poynting vector. It will be found that the z component has in general, finite 

value but its time average will be found to vanish, meaning thereby that there are places where 

energy enters alternating with places where energy leaves. Thus there is no permanent 

transmission of energy in the second medium. 

           The boundary wave has another peculiarity that it is not transverse, since Etx, the x 

component of electric intensity in the refracted wave is not equal to zero , and of course the wave 

is propagated in the x-direction. 

           The electromagnetic Theory of light predicts that the electromagnetic field penetrates for a 

very small distance in to the rarer medium at total reflection . Various experiments have been 

designed to demonstrate the existence of this disturbance . In one experiment a very fine layer of 

lamp black is deposited on that face of totally reflecting glass prism at  which a beam of light is 

totally reflected . the fine carbon  particles, viewed  through a microscope , are seen to be 

illuminated. It is claimed that each carbon particle being in the oscillatory electromagnetic field of 

the penetrating wave becomes earlier, however, does not apply exactly to this experiment, since 

the presence of carbon particles disturbs the boundary condition in their own neighbourhood and 

hence disturbs the penetrating electromagnetic field. 

 

 

 

 

 

 

 

 

 

 

 

 

Another experiment to demonstrate this penetration was performed by E.E.Hall in 1902.  His 

apparatus, shown  in Fig.8 essentially consists of two total reflecting prisms, one of which has the 

hypotenuse faces mutually touch at one point.  If a broad source of monochromatic light is viewed 

through two prisms, one can observe a bright central disc surrounded by several faintly 

Carbon 

particles 

Microscope 

Fig 7. Arrangement for observing light scattered 

from fine particles on the upper side of a surface 

when light is incident at an angleφ>φc on the lower-

side 

Fig 8.Hall’s experiment –demonstrating  that light does 

not undergo total reflection near the point of contact 

between the hypotenuse surfaces of the teo points. 
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illuminated interference rings.  The central disc corresponds to the point of contact where the light 

is transmitted without any attenuation and the interference rings to the narrow region where the 

thickness of the air film is comparable to wave length surrounding the actual point of contact.  The 

rings get weaker as the thickness of air film increases being quite invisible if the air gap exceeds a 

few wavelengths.  The rings correspond to angle of incidence just below the critical angle φ c  , 

the corresponding rays shown by dotted lines.  It is argued that where the thickness of the air film 

is comparable to the wavelength , the electromagnetic field that penetrates in the air film has 

appreciable intensity on reaching the curved face of the second Prism.  Here it changes again into 

ordinary light wave which gives rise to production of Newton’s rings by the usual process of 

partial reflection and refraction at the two surfaces of air film. 

      It should be remarked that no experiment can be designed to demonstrate the disturbance in 

the rarer medium without withdrawing energy.  Therefore, the boundary condition must be 

modified and the preceding theory does not apply exactly to any experiment. 

 

1.2.9. Summary 

Production of polarization of light by reflection and refraction phenomena is explained. The total 

energy of the wave is conserved. Showed the change of phases on reflection in different 

conditions. Experimental verification of Fresnel formula and total internal reflection has been 

explained. 

1.2.10. Key terminology 

Polarization – Reflection – refraction – Transmission coefficients – Phase change – Total internal 

reflection – Fresnel formula 

1.2.11. Self assessment questions 

1. Verify the Fresnel formula. Show that Brewester law of polarizing angle is a direct 

consequence of Fresnels laws of reflection. 

2. On Electromagnetic theory , explain total internal reflection of light and show that on total 

reflection there is a penetration of light in the other medium. Give its experimental 

verification. 

3. Explain the action of Fresnels rhomb. 

1.2.12.  Reference books 

11..  IInnttrroodduuccttiioonn  ttoo  mmooddeerrnn  ooppttiiccss,,  BB..KK..  MMaatthhuurr  

22..  OOppttiiccss,,    BBoorrnn  aanndd  WWoollff  
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Unit I 

Lesson 3 

 

ELECTROMAGNETIC THEORY OF ABSORPTION 

 

Objective: To know about the absorption in the medium while electromagnetic wave incidenting 

at different angles and production of elliptically polarized light due to metallic reflection. 

 

Structure  

1.3.1 Introduction 

1.3.2 Reflection and refraction of electromagnetic waves 

1.3.3 Electromagnetic waves propagated normally to conducting surface. 

1.3.4 Electro magnetic waves propagated obliquely to conducting surface. 

1.3.5 Metallic reflection at oblique incidence. 

1.3.6 Reflection at normal incidence 

1.3.7 Summary 

1.3.8 Keywords 

1.3.9 Self assessment questions 

1.3.10 Text and Reference books 

 

1.3.1 Introduction: 

 

Absorbing media is defined as the media in which the intensity of light diminishes as it 

penetrates deeper and deeper within the medium. Exponentially strong absorbing and high 

reflecting power characterize the metals. According to the electromagnetic theory of absorption 

outline below all media, which are not perfect dielectric, should exhibit absorption of light. This is 

to be expected since the electric current from conduction of free electrons under the influence of 

electric field of the incident radiation produces heat energy as a result of the electrical resistance of 

the medium. By the principle of conservation of energy, this heat energy must come from the 

radiant energy of the light wave, which originated the current. 
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Consider a homogeneous isotropic conducting medium of dielectric constant K, 

permeability µ and conductivity σ. The theory of propagation of electromagnetic waves in 

conducting material is based on Maxwell’s field equations, which may be written by using the 

material. D=K E, B=µ H, j=σE, in the following form:- 

 

E
ct

E

c

K
curlH σ

π4
+

∂
∂

= ……………(1.3.1a) 

t

H

c
curlE

∂
∂

−=
µ

……………………(1.3.1b) 

K
divE

πρ4= ………………………(1.3.1c) 

0=divH      ………………………. (1.3.1.d) 

 

1.3.2 Reflection and refraction of electromagnetic waves: 

 

In the case of an electromagnetic wave incident from outside on a conductor we can 

replace eq (1.3.1c) by div E =0. For  if we take the divergence of eq.(1.3.1a) and using eq.(1.3.1c) 

we find 

0
4

=+
∂
∂

ρ
πσρ
Kt

 

  which on integration gives   

                         )/exp(0 τρρ t−= …………………(1.3.1e) 

where  t = K/4πσ. This indicates that ρ→0 as t→∞ the relaxation time T is extremely small 

compared with the periodic time of the light wave so that in a good conductor any initial 

distribution of charge is quickly dispersed to the surface. Hence we may regard the interior of a 

conductor to be unchanged that is in a conducting medium there can be no permanent charge 

density. Therefore we may put the right hand side of eq (1.3.1 c) equal to zero. 

                           div E=0 ……………………………(1.3.1f) 
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To study the propagation of electromagnetic waves in a conductor we shall form the differential 

equation of electric vector E as follows. 

curlH
tct

H
curl

c
curlcurlE

∂
∂

−=
∂
∂

−=
µµ

 










∂
∂

+
∂

∂
−=

t

E

ct

E

c

K

c
curlcurlE

πσµ 4
2

2

 

But  EEgraddivEcurlcurlE 22 −∇=∇−=  

Therefore E satisfies the differential equation of the wave. 

t

E

ct

E

c

K
E

∂

∂
+

∂

∂
=∇

22

2

2

2 4πσµµ
……………….(1.3.1g) 

The presence of the term 
t

E
∂

∂  in eq.(1.3.1g) implies that the wave is damped that is its amplitude 

and energy suffer a progressive attenuation as it penetrates deeper and into the medium. 

 

1.3.3 Electromagnetic waves propagated normally to conducting surface: 

We consider the XY-plane as the surface of the conducting media, the Z-axis being normal 

to the surface. We consider the electromagnetic waves incident normally on the conducting 

surface and so they are propagated in the direction of the positive Z-axis. 

 Hence 0=
∂
∂
y

 and 0=
∂
∂
x

 

Now from eq (1.3.1f) it follows that 0=∂
∂

z
E z which yields Ez=0, since we are not interested in 

constant field. Similarly eq (1.3.1d) gives  Hz=0. Thus E has only two components  Ex  and Ey. To 

simplify further, we suppose that the wave is plane polarized in the XZ plane  then  Ex=0 and 

 E = jEy. The wave equation  viz eq (1.3.1g)  

now reduces  to 0
4

22

2

22

2

=
∂

∂
−

∂

∂
−

∂

∂

t

E

ct

E

c

K

z

E yy πσµµ
………………(1.3.1h) 

We are interested in the special  case of electromagnetic  waves in  which the field is  a simple 

periodic function of time . Therefore we assume that Ey is expressed by 

Ey  =  f(z) exp(iωt)………..(1.3.1i)  
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By substituting  this in eq(1.3.1 h) we obtain the following differential equation for the space 

function f(Z):- 

2
2

2 2 2

4
0

d f K
i f

dz c c

µ πσµω
ω + − = 

 
 

The solution if this  differential equation is  

( )2( ) exp 4oy
zf z E i K i

c
µω πσµω= ± −  

We choose the negative sign, since  the wave is propagated in the positive Z direction.  

            ( )2( ) exp 4oy
zf z E i K i

c
µω πσµω= − − ………………(1.3.1j) 

To simplify this expression we introduce the following notation. 

           ( )2 4 1K i iµω πσµω ωπ κ− = − ………………(1.3.1k) 

Where n and κ are real and we call κ the extinction  coefficient . Squaring and equating real and 

imaginary parts separately we obtain the following equations: 

         ( )2 21n Kκ µ− = …………(1.3.1l) 

        2 2n σκ πµ ν= ……………(1.3.1m) 

It should be emphasized that equation(1.3.1l) and (1.3.1m)apply only to normal incidence. 

       Now, using equations (1.3.1j) and (1.3.1k) we can write the solution, equation (1.3.1i), of the 

differential equation of wave motion in the following form 

      fp )/(exp)/exp( cnzticznEE oyy −−= ωκω  

Multiplying both sides by unit vector j, gives 

 exp( / ) exp ( / )
o

E E n z c i t nz cω κ ω= − −p f…………….(1.3.1n) 

Now 

                    
λ
ππυω 22

==
cc

n
 

Where is the wave length in the free space of refractive index n. The real part of equation (1.3.1n) 

viz. 

0
E=E exp(-2 / )cos ( / ).......................(1.3.1 )z t nz c oπκ λ ω −  
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gives the electric vector in the plane polarized wave propagated along positive z axis, the 

amplitude 
0

E exp(-2 / )zπκ λ  diminishing exponentially as wave advances. The planes of equal 

phase are identical with planes of equal amplitude. Therefore the wave is homogeneous. It should 

be remarked that homogeneous waves exist only for normal incidence of light on metallic 

boundary. For oblique incidence refracted wave is inhomogeneous. This is due to fact that various 

parts of plane front (plane of equal phase) have traversed different thickness of absorbing material 

and thus suffered unequal absorption and therefore amplitude is not constant over wave front. 

                  

 

 

 

 

 

 

 

 

 

 

The intensity I of light is proportional to square of amplitude of electric vector. Therefore it 

follows that intensity I of light transmitted through a metal film of thickness z decreases in 

accordance with relation 

 
0I = I exp(-4 / ).....................(1.3.1 )z pπκ λ  

 Thus intensity falls to  1/e  value after wave has advanced a distance d given by 

 d = / 4 ...............(1.3.1 )qλ πκ  

This quantity is usually a very small fraction of wavelength. Greater value of κ for a given the 

smaller penetration of wave with in metal i.e. greater the absorption or attenuation of energy. Due 

to this reason we have called κ as Extinction coefficient. It is also called Attenuation index. The 

coefficient of z in equation (1.3.1p) viz. 

4 / 1/ ................(1.3.1 )d rχ πκ λ= =  

AAiirr  

--00..7755  --00..5500  --00..2255  00  00..2255  

intensity 

MMeettaall  

Fig.1. Intensity of wave in metal compared to the intensity of the stationary wave on 

the side of the incident and reflected waves. 
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is called the absorption coefficient, where is wavelength in free space of index n. The absorption 

coefficient is therefore defined by condition that energy in a wave falls by in a distance. Therefore 

and κ can be directly determined by measurements of transmission of different thickness. 

                We now calculate H but only its X component remains. Using equations (1.3.1 b) and 

(1.3.1 n) Hx given by 

yx

oy
x

yx

EinHei

cnzticznEinn
t

H

z

Ec

t

H

)1)(/(..

)}/(exp{)/exp()(

κµ

ωκωκ
µ
ω

µ

−−=

−−+−=
∂

∂

∂

∂
=

∂

∂

 

Now we write 1-i )exp(1 2 γκκ i−+=  where tan κγ = , hence 

2

xH =(n/ ) 1 exp( / )exp[ ( / ) ]..............(1.3.1 )oyE n z c i t nz c i sµ κ ω κ ω γ+ − − −  

Thus in a conducting media there is a phase difference between electric and magnetic vectors H 

lags behind E. It will be recalled that in a pure dielectric E and H are in phase. 

          In an isotropic dielectric Y component of electric vector E for a plane wave traveling along 

positive Z axis is expressed by 

y oyE  = E  exp{i ( / )}................(1.3.1 )t z v tω −   

But in a conducting media, equation(1.3.1 o) gives 

Ey = Eoy exp[i }]/)1({ czint κω −−  

i.e. 
y oy

E  = E  exp[i * / ]..................(1.3.1 )t n z c uω −p f  

where n*=n(1-i )...................(1.3.1 )vκ  

 

It is clear that  Eq;(1.3.1u) is formally similar to Eq.(1.3.1t). Duo to this analogy n* is 

Often called the complex refractive index of the conducting or absorbing media. 

To complete the analogy with the non-conducting media we also introduce complex 

 Phase velocity v* and the complex dielectric constant k* by the relations analogous to  

That for isotropic dielectrics 

           V* =
*K

c

µ
    n* = *Kµ  
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Hence       
2 2 2* (1 )

 K*= ..............(1.3.1 )
n n i

w
κ

µ µ
−

=  

Now,using eq.(1.3.1k),k* is given bys 

K*=K-i (4 / )...................(1.3.1 )xπσ ω   

It should be remarked that is the conductivity at optical frequency concerned and is not generally 

equal to the direct current or low frequency conductivity.  According to the theory outlined above, 

only difference between isotropic transparent medium and isotropic absorbing media is that the 

constants n and k which are real for transparent media, become complex n* and k* given by 

Eq(1.3.1v) and (1.3.1x) for absorbing media. 

According to theory outlined above, every conductor should absorb electromagnetic Waves. 

However NaCl solution is perfectly transparent although its electrical conductivity is high. 

Absolutely perfect conductor is characterised by infinitely large conductivity. 

From Eqs.(1.3.1l)and (1.3.1m) 

K/ ωκκπσ /)1(2 2−=  

And so, thus a perfect conductor would not allow the electromagnetic wave to  

Penetrate through any depth with in it; On the other hand it would reflect all the incident 

Waves.    

 

1.3.4 Electro magnetic waves propagated obliquely to conducting surface. 

We take the equation of vector wave of electric field strength in the general form. 

 
0

E=E exp[i ( . ) / ]................(1.3.2 )t r s v aω −p  

Hence          Ei
t

E
ω=

∂
∂

 

And    
t

Ei

t

E

i
E

∂
∂

−=
∂
∂

=
ω
σ

ω
σ

σ    

On introducing this in Eq.(1.3.1a) we can write it in the form 

1 4 *
CurlH= ( ) .......................(1.3.2 )

E K E
K i b

c t c t

πσ
ω

∂ ∂
− =

∂ ∂
 

Where K* is a complex dielectric constant 

     K*=K-i(4πσ/ω)…………….(1.3.2c) 
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Equation(1.3.2 b) is representing  isotropic dielectric constant except that for dielectrics the 

dielectric constant is real while for metals it is a complex number. In order to simplify the problem 

of oblique propagation of wave with in the conducting medium the XZ plane is chosen as plane of 

incidence of light. Then the harmonic solution of the vector wave equation (1.3.1g) is written as  

 
0E=E exp[i ( * * ) / ]......................(1.3.2 )t a x b z v dω − +p f  

Where a* ,0 ,b*are the direction cosines of the unit wave  normal  with in the conducting media. 

Substituting this solution in Eq.(1.3.1g) we get the result 

2 2

2 2 2

* * 1 4 *
( ) ........................(1.3.2 )

a b K
K i e

v c c

πσ
ω

+
= − =  

It is clear that if is not zero, the direction cosines a* and b* of the unit wave normal are complex 

and therefore they may be written  in the form 

          A*=sin ...................(1.3.2 )xik fθ −  

          B*=cos ...................(1.3.2 )zik gθ −  

Now ,the harmonic solution, Eq(1.3.1d), of the vector wave equation can be written as  

(2 / )( ) ( sin cos ) /

0E=E e ...................(1.3.2 )x zk k z i t x z ve h
π λ ω θ θ− + − +p f  

Where λ is the  wavelength  in a medium of  refractive  index n   It is clear from eq.(1.3.1i) that   

the equation of constant phase is.  

X sin cos ..............(1.3.2 )z C iθ θ+ =   

While the amplitude is constant in the plane 

                x k x  +   z  k z   =  C '                       (1.3.2 j  ) 

Where  C  and  C '  are constants.  If we put  

        k x  =  κsinα                and         k z  =  κ  cos α                   (1.3.2 k) 

  we can rewrite  eq.  (1.3.2 j )  as 

              κ(x sinα +  z  cos α) = C'         (1.3.2 l ) 

Where κ is called the extinction co-efficient. In the preceding equation θ is the angle between the 

z-axis and normal to plane of equal phase and α is the angle between the z-axis and normal to the 

plane of equal amplitude. In highly absorbing materials we can regard the planes of equal 

amplitude as parallel to the Xϒ plane and α may be put equal to zero. 

 



  

ACHARYA NAGARJUNA UNIVERSITY 9 CENTRE FOR DISTANCE EDUCATION 

Now Eq. (1.3.2h) becomes 

 

E=E0 exp (-2πκz/λ)     exp[iω{t−(x sinθ  + z  cosθ)/ν}]          (1.3.2 m ) 

Thus, the angle between the planes of equal phase and equal amplitude is θ and the wave is said to 

be non-homogeneous. When equal amplitude planes coincide with equal phase plane  the wave is 

called homogeneous and it is only for normal  incidence of light on the metallic  boundary that the 

wave is homogeneous. 

             The amplitude E0 exp(-2πκΖ⁄λ)  of the non-homogeneous  wave also decreases  

exponentially. The amplitude of the wave is attenuated in  the ratio 1: exp(-2πκ)  after traversing a 

distance whose projection on the Z-axis is Z=λ,  where λ is the wavelength  within the conducting  

medium. 

    The intensity of light transmitted through a metal film of thickness Z is proportional to the 

square of the amplitude and so it can be written as 

                                           I=I0 exp (-4πκΖ⁄λ)………………….( 1.3.2n ) 

The intensity diminishes exponentially with the depth of penetration of the light wave. 

       Now,  from Eqs.(1.3.2  f )  and (1.3.2 g ) we calculate 

            

       a
*
/v = 1/v (sinθ − i κ sin α )  = 1/c (n sinθ − i n κ sin α )             (1.3.2 o ) 

 

       b*/v = 1/v (cosθ − i κ cos α )  = 1/c (n cosθ − i n κ cos α )             (1.3.2 p ) 

       

     Substituting in  Eq.  (1.3.2 e)  we get 

              

   κ−i  (4πσ⁄ω)=  (nsinθ − i  n κ sin α )2 + (n cosθ − i n κ cos α )2              

   

   κ−i  (4πσ⁄ω)=  n
2
 (1−  κ 

2
 )− i  2 n

2
 k cos ( θ − α )              

    

But to a close approximation   α=0,  the above equation reduces to 

 κ−i  (4πσ⁄ω)=  n2 (1−  κ 2 )− i  2 n2 k cos  θ 
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By comparing the real and imaginary parts we obtain 

                    n
2
 (1−  κ 

2
 ) = κ                  (1.3.2 q ) 

  

              n
2
 k cos  θ  = 2πσ⁄ω=τ   (1.3.2r ) 

             

Thus, the refractive index  n  and extinction  co-efficient  κ depend upon  the direction of 

propagation of the wave  within the conduction medium.  For normal incidence θ=0,  these  

equations are   identical  with  Eqs.  (1.3.1  k)  and  (1.3.1  l )  respectively. 

     The permeability  µ of the conducting  medium is unity   at  optical frequency.  Therefore the 

complex  refractive index  of  the metal is 

       n*2 = k* =  n2 (1-k2)-i2n 2  κ   cos θ        (1.3.2 s)   

       For normal incidence  this relation gives 

     n
*
 = n (1 – i κ)                           (1.3.1t)  

 

We shall use the expression for complex refractive index   given by   (1.3.2  t )  even when light is 

incident obliquely on the metal surface. 

 

1.3.5  Metallic   Reflection at Oblique Incidence 

 

When  a plane monochromatic wave in a dielectric medium (say  air ) is incident on the 

surface of  a conductor, reflection and  refraction occur but quite differently from the case of 

incidence  on a dielectric – dielectric boundary.  We may follow the procedure   given  in sec.  

1.1.3  but the results apply to the present case also if we replace  n  by the complex  refractive 

index n
*
  for as shown  in sec.1.3.1,  the propagation of plane wave in a conducting medium is the 

same as in  transparent dielectric  except that   n
*  

 takes the place of   n.  For example,  the law of 

refraction is   obtained by replacing 1  n  2  in Eq.  (21.2 m)  by n*  and we  get 

        

sinθ = 1/n*  
sin φ = 1/n(1−κ)      sinφ                                   (1.3.3 a )     
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 And 2 2 21
cos (1 ) sin ...................(1.3.3 )

(1 )
n i b

n i
θ κ φ

κ
= − −

−
 

 Thus the angle θ is complex and so it has no simple interpretation of the angle of refraction. 

         We may calculated the amplitudes and phases of the reflected and refracted waves by 

substituting in fresnel’s formulae the value of θ given by eq.(1.3.3a). We shall only consider the 

problem of determining the optical constants of the metal from the observation on the reflected 

wave .the metallic index of refraction n and the extinction coefficient κ defined eqs. (1.3.1l) and  

(1.3.1m) are the optical constants of the metal. We shall first consider the nature of the reflected 

wave. The amplitude components Aip and Ain of the incident wave and the corresponding 

components Arp and Arn of the reflected wave are related by Fresnel’s Eqs. (1.1.2 x) and (1.1.2 y), 

viz. 

                           Arp = tan(φ-θ)/tan(φ+θ) . Aip      ------------  (1.3.3 c) 

                           Arn = sin(φ-θ)/sin(φ+θ) . Ain    ------------  (1.3.3d) 

Since θ  is now complex Arp and Arn are complex quantities and so the ratios Arp/Aip and Arn/Ain 

are also complex. Therefore, as in the case of total internal reflection, here also characteristic 

phase changes δp and δn occur on reflection in parallel and perpendicular components of the 

electric vector of the incident wave. Let r be the absolute value of Arp/Arn  and δ the phase 

difference between the two components of reflected light i.e.   

δ = δp- δn. Then from Eqs. (1.3.3 c) and (1.3.3 d) we have  

r exp (iδ) =Arp/Arn = - Aip/Ain cos(φ+θ)/cos(φ-θ)   ----------(1.3.3 e) 

Now consider the case when the electric vector in the incident plane polarized light is at 45
o
 to the 

plane of incidence. Then Aip = Ain and Eq. (1.3.3 e) becomes  

r exp (iδ) = - cos(φ+θ)/cos(φ-θ) = tanφtanθ -1/tanφtanθ+1     ----------   (1.3.3 f)  

θφ
δ
δ

tantan
)exp(1

)exp(1
=

−
+

ir

ir
 

 And by eliminating θ with the aid of Eq. (1.3.3 a) we finally get 

2 2 2

1 exp( ) tan sin
......................(1.3.3 )

1 exp( ) (1 ) sin

r i
g

r i n i

δ φ φ
δ κ φ

+
=

− − −
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Since the right hand side of eq. (1.3.3 g) is complex, δ must differ from zero or ∏. There is a 

phase difference other than ∏ between the two complaints of reflected light. Therefore a plane 

polarized light on metallic reflection, in general, becomes elliptically polarized. 

                     We will now study the variation of the phase difference and the nature of reflected 

light with the angle of incidence φ. 

    (i)At normal incidence φ =90o,hence r exp(iδ) =-1 i.e. δ =o and r = -1. Thus the wave is 

reflected with a sudden phase change of ∏ but with no phase difference between the components 

of the electric vector. The plane polarized light remains plane polarized on reflection at normal 

incidence from the metallic mirror. 

      (ii)At grazing incidence φ =90
o
, hence r exp(iδ) =1 i.e. δ =0 and r =1. The reflection occurs 

without any phase change and the reflected light is again plane polarized. 

       (iii)For other angles of incidence the reflected light is elliptically polarized and the axes of 

ellipse have, in general, no special relation to the plane of incidence as shown in Fig..2 and fig.3  

 

 

 

 

 

 

 

 

 

 

However there is an angle of incidence φp called the principal angle of incidence for which δ = 

∏/2. Then the axes of vibration ellipse are parallel and perpendicular to the plane of incidence as 

shown in the end on view Fig.3 (b). 

Since  exp (i δ) = i when   δ=  π/2, Eq .(1.3.3 g ) for principal angle of incidence becomes 

2 2 2

tan sin1
..............................(1.3.3 )

1 (1 ) sin

p p

p

ir
h

ir n i

φ φ

κ φ

+
=

− − −
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The elliptically polarised  light can always be converted into plane polarized light by allowing it to 

pass  through a crystal plate of suitable thickness and orientation which introduces opposite 

difference between the components of elliptically polarised  light.this can be easily accomplished 

by the use of Babinet  compensator. 

 

 

 

 

 

 

 

 

 

 

 

 

 The plane of vibration of the  “restored” electric vector is at right angles  to the shorter diagonal 

of the end face of the nicol  when the latter is adjusted for complete extinction of “restored” 

linearly polarized light .the angle  between the plane incidence and the direction of vibration of 

“restored”  electric vector is called the azimuth of the restored electric vector .the principal 

azimuth    corresponds to the principal angle of incidence pφ . 

 

 

1
tan | | cot

tan ...............................(1.3.3 )
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Where pp βπψ −= 2/   is the complement of the principal azimuth. Introducing the value of r from 

Eq. (1.3.3 i ) in Eq.(1.3.3 h )we get 

2 2 2

tan 1 tan
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Now, if, as is usually the case in the visible region 

        1)1( 22 >>+κn
 

May be neglected in comparison to n
2
(1-iκ)

2
 and Eq. (1.3.3 j ) becomes  

pp

pp

i
in

ψψ
φφ

κ
2sin2cos

sintan

)1(
−=

−
 

Equating real parts, we obtain  

tan sin cos 2 ....................(1.3.3 )p p pn kφ φ ψ=  

Equating the real parts and using the value of n given by Eq. (1.3.3 k ) we obtain 

tan 2 ......................(1.3.3 )p lκ ψ=  

Thus, one can use these expressions to evaluate the optical constants n and κ of metals after 

measuring the principal angle of incidence   and  the principal azimuth   or it’s complement. We 

give below the optical constants for some metals determined by Minor. 

Optical constants for various metals for sodium light  =5893A
0
. 

   

Metal φp ψp N κ ρ,% 

Cobalt 78
0
5

1
 31

0
40

1
 2.120     1.900 67.5 

Copper 710341 39051 0.617     4.258 74.1 

Silver 75
0
35

1
 43

0
47

1
 0.177   20.554 95 

Gold 72
0
18

1
 41

0
39

1
 0.37     7.62 85.1 

Sodium 710191 440581 0.005 522 99.7 

 

Kundt was successful in measuring the index of refraction n by measuring the deviation 

produced by a metallic prism of very small refracting angle  ( a fraction of a minute of arc ). When 

light is incident approximately normally on the prism deviation is given by the  same expression as 

in the case of transparent medium , The metal prism was prepared by the electrolytic deposition  

upon  platinised glass. In general, the results were in agreement with those obtained by reflection 

experiment. In particular, his measurements also confirmed the curious result that for some metals 

n  is less than 1.   The small indices of silver,  gold, copper and sodium mean that light travels 

faster in these metals than in air. 
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  We  note from the table that in all cases  n < nκ,  hence it follows from  Eq.(1.3.1l) that  K 

is negative,   the permeability µ  being unity at optical frequencies. The negative value of 

dielectric constant  K  can be explained by the electron theory of dispersion in metals. 

 

The values of n and k given in the table are not in agreement with that given by Eq.(1.3.1m). For 

example for copper σ =5.14*1017sec-1,  υ of sodium light is of the order of 5*1014sec., hence 

σ/υ∼10
3
 ie  n

2κ∼10
3
 but from the table n

2κ=1.57.This indicates  that our theory is inadequate for 

the visible region of the electromagnetic spectrum . This is due to the fact that K ,  µ and σ are not 

true and  constants but depend on the Wavelength of radiation and so the refractive index n  and 

the extinction coefficient k also depend on the wavelength.  This can explained on the basis of 

electron theory of dispersion in metals. Our theory is true only when  K and σ are regarded as 

absolute constants which will be true only in the infrared region,  since the vibrations of free 

electrons are sufficiently slow and electron theory of dispersion in metals is not applicable. 

 

1.3.6. Reflection at normal incidence: 

 

We have explained in fig 4 that at normal incidence,  the distinction between Arp  and  Arn  

disappears ,  the plane of incidence being undetermined.  We may therefore omit the indices  p  

and n. The reflection co-efficient or the amplitude reflectivity at normal incidence on the 

dielectrics is given by Eq.(1.2.4 c) or (1.2.4d),which is rewritten.  

                                r

i

A n-1

A  n+1   
= ( 1.3.4a) 

 

          The amplitude reflectivity at normal incidence on a metallic surface is contained on 

replacing n in Eq.(1.3.4a)  by the complex refractive index. 

( )
( )

*

r

*

i

1 1A 1
exp( )

A 1 1 1

n in
i

n n i

κ
δ

κ
− −−

− = =
+ − +

………..(1.3.4b) 
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Where Ar  and Ai are the amplitudes of the reflected and incident fields and δ the phase change on 

reflection.  The intensity reflectivity or reflecting power ρ of the metal is the ratio of the intensity 

of the reflected light to that of the incident light when the angle of incidence  φ is zero. 

2

r

i

A

A

r

i

I

I
ρ = = ……….(1.3.4c) 

  The reflecting power is obtained  on multiplying  Eq.(1.3.4 b)  by the complex conjugate 

expression  |Ar/Ai| exp(iδ) and thus we get  

( )
( )

( )
( )

( )
( )

( )
( )

2 2 22 2

2 2 22 2

1 1

1 1

1 1 21
.......(1.3.4. )

1 1 21

n in n in

n in n in

n nn n
d

n nn n

κ κ
ρ

κ κ

κκ
ρ

κκ

− − − +
= ×

+ − + +

+ + −− +
= =

+ + ++ +

 

The phase shift  δ is calculated by writing eq.(1.3.4b ) with real denominator. Then a comparison 

of the real and imaginary parts leads to the result 

( )2 2

2
tan ......(1.3.4 )

1 1

n
e

n

κ
δ

κ
=

+ −
 

When the light is reflected from the boundary between a dielectric and a metal, the terms (n-1)
2
 

and (n+1)
2
 in eq.(1.3.4d) are small compared to n

2κ2
-in reality both the terms are regarded as only 

a correction to n
2κ2

. The intensity reflectivity or reflecting power of metals is therefore 

enormously large. Silver reflects 95% of the incident light i.e. ρ=0.95. A substance which exhibits 

this strong reflecting power characteristic of the metal is said to have metallic lustre. Moreover it 

is also seen from Eq.(1.3.4d) that greater the value of  κ for given λ, the nearer the value of 

reflecting power ρ to unity for that wavelength. Thus gold and copper appear yellow since κ is 

greatest for this colour which is therefore reflected more strongly than other colours. In sec. 1.3.1, 

eq.(1.3.1 q) means that greater the value of κ for a given λ, the smaller the penetration of the wave 

within the metal. Thus all wavelengths which are strongly absorbed are also strongly reflected by 

metals- all good conductors are good reflectors. Hence colours of metals by transmitted and by 

reflected light are approximately complementary. For example, a thin film of gold appears green 

by transmitted light as the gold colour yellow is absorbed and reflected. In order to observe this 

effect it is necessary to prepare sheets of metals of few thousandth of millimeter thickness. 



  

ACHARYA NAGARJUNA UNIVERSITY 17 CENTRE FOR DISTANCE EDUCATION 

We can easily co- relate the reflecting power p with the electrical  conductivity of the  

Metal by the  help of eq(1.3.1m).Now, Eq.(1.3.4d) may  be written in the form  

( )2 2 2

4
1

1

n

n n
ρ

κ
= −

+ +
……..(1.3.4f) 

For metals the absorption is very nearly unity. Therefore we put κ=1 in Eq.(1.3.4f) 

And get 

2

4
1

2 2 1

n

n n
ρ = −

+ +
…………(1.3.4g) 

In the long wavelength region it is found that for metals n >>1. 

Hence we may ignore all terms in the denominator of Eq.(1.3.4g) other  than 2n
2 

 and so it  

becomes      ( )21
n

ρ = − …………(1.3.4h) 

Also putting κ=1 in Eq.(1.3.1m) and also µ=1, since at optical frequencies  permeability of all 

metals is unity, we have n
2
= σ/v 

Hence 1 2 .......(1.3.4 )iρ ν σ= −  

This approximate relationship is, however, not valid below λ=0.5×10-8cm. Hagen and Rubens 

using infra-red radiation of wavelengths λ=12×10
-8 

cm. found experimentally that for copper  

1-ρ=1.6*10-2 while from conductivity the calculated value is 1.4*10-2. They showed that the 

reflecting power of most metals increases rapidly with wavelength and approaches the value given 

by Eq.(1.3.4i).    

 

 

1.3.7 Summary 

In absorbing media the electromagnetic wave intensity diminishes as it penetrates into the media. 

Strong absorbing and high reflecting power are characteristics of metals. Reflection and refraction 

of electromagnetic waves in the absorbing media at normal and oblique incidence are explained . 

On metallic reflection, plane polarized light becomes elliptically polarized light and also good 

absorbers are good reflectors.  
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1.3.8 Key terminology 

Absorbing media - normal and oblique incidence - metallic reflection - complex refractive index -

complex dielectric constant - extinction coefficient 

 

 

1.3.9 Self assessment questions 

1. Show on the basis of electromagnetic theory, how a good absorber is also a good reflector. 

2. Show that when κ approaches zero, the principle angle approaches the polarizing angle. 

3. Explain on the basis of electromagnetic theory how a plane polarized light is converted to the 

elliptically polarized light. 

 

1.3.10 Reference books 

1. Introduction to modern optics, B.K. Mathur 

2. Optics,  Born and Wolf 
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Unit I 

Lesson 4 

DISPERSION 

 

Objective: To know about different theories of normal and anomalous dispersion and explanation 

of these dispersions through electromagnetic theory.  

 

Structure of the lesson 

 

1.4.1   Introduction 

1.4.2  Normal dispersion 

1.4.3  Cauchy’s equation 

1.4.4  Hartmann formula 

1.4.5  Sellmeier’s formula 

1.4.6  Helmholtz mechanical theory of dispersion 

1.4.7  Experimental demonstration of anomalous dispersion 

1.4.8  Electromagnetic theory of dispersion 

1.4.9  Electromagnetic theory of normal dispersion 

1.4.10 Electromagnetic theory of anomalous dispersion 

1.4.11 Summary 

1.4.12 Keywords 

1.4.13 Self assessment questions 

1.4.14 Reference books 

 

1.4.1 Introduction: 

 

The variation of the refractive index of a medium with wavelength ( or frequency) 

constitutes the phenomenon of dispersion. It is represented as dn/dλ.  The index of refraction is 

found to decrease with the increase of wavelength, but over small wavelength ranges there is 

increase of index of refraction accompanied by an increased absorption of the passing radiation 
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through the medium.  The term anomalous dispersion is used to describe this effect.  Lorentz gave 

an adequate theory of dispersion based on the electromagnetic theory of light and Cauchy, 

Selleimer and Helmholtz made earlier attempts. 

 

1.4.2 Normal Dispersion:   

 

If the values of the refractive index of the material of a prism are plotted against 

wavelength, a curve like one of those shown below is obtained.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From these curves the following important conclusions can be drawn. 

 

* The index of refraction decreases as the wavelength increases. 

* The range of increase dn/dλ, i.e., the slope of the curve is greater at shorter wavelengths.  The      

  violet end of the prismatic spectrum is spread out on a larger scale than the red end. 

* At any given wavelength the curve is steeper the larger the index of refraction of the substance.      

Refractive 

Index 

λ 

Dense Flint 

Light flint glass 

Barium Flint 
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flourite 

0                 2000                 4000          6000            8000              10000 

λ Wavelength 

Fig.1. Normal dispersion 
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The dispersion is greater for a medium of higher index of refraction. 

 

The dispersion of a medium with the above said characteristics is called the normal dispersion.  

All non-coloured transparent substances exhibit normal dispersion in the visible region of the 

electromagnetic spectrum. 

 

1.4.3 Cauchy’s Equation:   

Cauchy found that in the region of normal dispersion the dependence of refractive index on 

wavelength for a given medium is represented with reasonable accuracy by an empirical equation    

2 4

B C
n=A+ +

λ λ
 ……………….(1.4.1a)  

where A,B and C are constants 

 

depending on the medium, diminishing rapidly in magnitude as proceed to higher order of terms.  

For some purposes the variation of refractive index with wavelength can be represented 

sufficiently accurate by including only the first two terms of the power series.   

i.e. n = A + B/ λ2
 ………………(1.4.1b)   

 where A and B are positive and n is maximum at the violet end and least at the red end of the 

visible region.   

By differentiating the equation    

 

3

dn 2B
 = -  

dλ λ
………………(1.4.1c) 

Thus the dispersion varies inversely as the cube of the wavelength.  The minus sign indicates that 

the slope of the dispersion curve is negative and its magnitude decreases as λ increases. 

 

 

 

1.4.4 Hartmann Formula: 
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Hartmann gave another empirical expression as given below 

o

o

b 
n = n  + 

(λ-λ  )
………………(1.4.2a) 

which gives an accurate variation of n with λ if the range of wavelength is not too large and where  

no ,b, and  λo  are constants to be determined from the observations. 

 

Anomalous Dispersion:  

 

Cauchy’s equation fits the curve of normal dispersion of many transparent substances in 

the visible region with reasonable accuracy.  All refracting substances exhibit selective absorption 

in some wavelength regions.  If measurements of the index of refraction are extended into infra-

red region, a marked deviation of results from Cauchy’s equation are observed as one approaches 

the spectral region of the absorption lines of the refracting medium.  It is found that the index of 

refraction decreases more rapidly than given by Cauchy or Hartmann formulae, as the absorption 

band in the neighbourhood of absorption wavelength is approached from the short wavelength side 

and jumps to large values on the long wavelength side as shown in the figure below for a 

substance having two absorption bands.  MNO,PQR, ST are experimental curves  
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Fig..2.  Anomalous dispersion of a transparent substance having two absorption bands 
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while the dotted curve beyond N is given by Cauchy’s formula.  The regions a1 b1   and   a2 b2 are 

normal in form being closely represented by Cauchy’s equation but with a different set of values 

of constants A and B.  It is difficult to measure index of refraction in the absorption band since the 

light is absorbed strongly.  But measurements of index of refraction with thin layers and 

employing Michelson interferometer have shown that the curves MNO, PQR and ST are 

connected up within the absorption band by smooth continuous curves OP and RS as shown in the 

above figure. 

 

The dispersion in the region of the absorption band is called anomalous dispersion since 

historically this was the first observation that within the absorption band the refractive index 

increases with increase in wavelength. In the neighbourhood of the absorption band, the refractive 

index is greater for longer wavelength and so longer wavelengths are more refracted than certain 

shorter ones.  For example, Iodine vapour has an absorption band in the visible region and so a 

prism made of iodine vapour deviates the red rays more than the violet. 

  

1.4.5  Sellmeier’s formula: 

                           

The first success in deriving a dispersion formula of general applications was achieved by 

Sellmeier on the basis of the elastic solid theory of light.  He assumed that every medium consists 

of elastically bound particles capable of vibrating with a natural frequency of vibration say  ‘ν0’ in 

the absence of any periodic force. He regarded the particles as frictionless oscillators. A passage of 

light wave through the medium exerts a periodic oscillatory force on the particles, which are thus 

forced to vibrate with relatively small amplitude with a frequency ‘ν’ equal to that of the incident 

light wave.  The amplitude of forced oscillation increases as ‘ν’ approaches ‘ν0’ and when ν = ν0  

the particle resonates and a very large amplitude is built up. These vibrations cause a change in the 

velocity of light wave.   Sellmeier carried out the mathematical investigation of the above 

mechanism and arrived at the following equation. 

                 
2

2 0

2 2

0

A λ
n =1+

(λ -λ )
 …………….(1.4.3a) 
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For a medium in which all particles have the same natural frequency corresponding to the 

light of wavelength  ‘λo’ .   This equation contains two constants A0 and λ0.  This existence of 

several absorption bands is explained by postulating the existence of particles with several 

different natural frequencies.  In this case Eq.(1.4.3a)  can be written with a series of terms 

k

2 2
2 0 1

2 2 2 2

0 1

2
2 k

2 2
k

A λ A λ
n =1+ + +.........(1.4.3b)

(λ -λ ) (λ -nλ )

A λ
n =1+ ....................(1.4.4 )

(λ -λ )
c∑

 

Where   Ak  is proportional to the number of particles per unit volume capable of vibrating with a 

natural frequency corresponding to wavelength ‘λk’  in vacuum .  A plot of Eq . (1.4.3b)  for the 

simple case of two oscillators is shown in Fig.3 .    

 

 

 

 

 

 

 

 

 

 

 

For this case Sellmeier’s equation is   

 
2 2

2 0 1

2 2 2 2

0 1

A λ A λ
n =1+ +

(λ -λ ) (λ -λ )
    …………….(1.4.3d)         

 

As  λ approaches  λo  or λ1 from the short wavelength side  n  tends to ∞ at resonance (λ=λo or λ = 

λ1) and as  λ approaches  λo or λ1 from long wavelength side  n tends to +∞ at resonants  

wavelenghths.  Between  two resonances the curve passes through a inflection  point  and index of 

refraction becomes less than unity again. As λ approaches  zero n tends to 1.   

Wavelength 

Fig.3.  Theoretical dispersion curve given by sellemier’s equation for a 

medium having two natural frequencies 
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Rewriting  eq 1.4.3b in the form  

 

  2 0 1

2 2 2 2

0 1

A A
n =1+ +

(1-λ /λ ) (1-λ /λ )
……………….(1.4.3e) 

 

it follows that in the microwave region on the long wavelengths and side of resonance λ becomes 

much greater than any of λk values so that the above equation reduces to 

 

 2

kk
n =1+ A∑  ……………….(1.4.3f) 

 

Sellmeier’s equation is a great improvement over that of Cauchy  in as much as it not only  

represented  the experimental  data not to close to the absorption lines  but also agreed with the 

normal dispersion portion of the experimental  curve more accurately than Cauchy’s equation. In 

fact the Cauchy equation is nearly an approximation to Sellmeier’s equation. However it can not 

represent the dispersion in the regions extremely close to the absorption band since n becomes  -∞  

or +∞ according as λ approaches λk  from the short or long wavelength sides  not only this 

physically impossible but the form of the curve near λk does not agree with the experiment  

 

1.4.6 Helmholtz mechanical theory: 

 

The dispersion curve in the region of absorption  band is entirely different from that     

required  by Sellmerier equation.  Helmholtz pointed out that this discrepancy arises from the fact 

that in deriving Sellmerier equation the absorption of energy of  the wave by the medium is not 

taken into account.  Helmholtz postulated an oscillator which experiences a damping force of 

frictional character.  This kind of resistance is essential if energy is to be continuously absorbed 

from the wave by the oscillator. He assumed the frictional force directly proportional to the 

velocity of an oscillator derived the following equation for dependence of  n on λ which therefore 

takes into account of absorption 
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2 2 2

2 2 k k

2 2 2 2 2
k k k

A λ (λ -λ )
n (1- )=1+

(λ -λ ) +g λ
κ ∑  ………….(1.4.4a) 

 

The constant gk is a measure of the strength of the frictional force.  This equation is true for all 

wavelengths including those within an absorption band.  This formula is identical with that 

obtained by electromagnetic theory.  κ is called the extinction coefficient of the medium.  

 

1.4.7 Experimental demonstration of anomalous dispersion 

 

The anomalous dispersion of sodium vapour in the neighbourhood of the yellow 

lines was demonstrated by means of the experimental arrangement  is shown in fig .4.   Pieces of 

sodium are placed along the bottom of a steel tube T which is fitted with water cooled glass 

window at each end .  The tube is partially evacuated to a pressure of about 1 to 3 cm. of Hg and 

on heating it at the bottom sodium vapour diffuses upward across the tube.  

 

 

 

 

 

 

 

 

 

 

Thus the density of vapour gradually increases from top to bottom and hence it is  optically 

equivalent to a prism whose thickness increases down words resting upon its base,  the refracting 

edge being perpendicular to the axis of tube. White light from the arc is focussed on a horizontal 

slit S1 rendered parallel by the lens L1 and then refracted on passing through the sodium vapour 

prism and finally brought to focus on the vertical slit S2  of the prism spectroscope by means of the 

lens L2 .   The refracting edge of the prism in the spectroscope is vertical.  When tube is cold,  the 

S1 

T 

L1 
L2 

To prism  

spectroscope 

 

Fig..4,  Experimental arrangement for observing the anomalous dispersion of sodium vapour. 
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gas is homogeneous and a white image of S1 is formed on S2 illuminating only one point and this 

is spread out into a narrow horizantal  continuous spectrum in the focal plane of the spectroscope 

camera.  When the sodium is vapourised, due its prismatic action the images of S1 corresponding 

to different wavelengths are dispersed across the length of the slit S2. For the spectral region 

remote from the absorption lines, the D lines, the index of refraction of the sodium vapour is 

nearly unity and so the horizantal continuous spectrum in the spectroscope remains constant . But 

as the D lines are approached from the short wavelength side, the light is deviated upwards in 

passing through the sodium vapour. Since the spectroscope lens inverts the image of the slit, the 

spectrum on the green side of the D lines is bent down in the spectroscope. Similarly, the spectrum 

on the long wavelength side of the D lines is bent up. The spectrum is depicted in the Fig.5. 

 

 

 

 

 

 

which illustrates the anomalous dispersion for two neighbouring wavelengths 5896A , 5890A. 

When the density of vapour is too high the absorption lines broaden and it is not possible to 

observe the spectral region that lies between the two curved portions.    

 

1.4.8 Electromagnetic theory of dispersion   

 

An adequate theory of dispersion based on the electromagnetic theory of light was given 

by Lorentz by assuming that the atomic dipoles in the material medium execute forced vibrations 

under the action of the oscillatory electric field of the passing light wave. The atomic dipoles are 

created in the medium due to the relative displacements of the electrons and nuclei of the neutral 

atoms by the electric field of the light wave. 

   

                             The total electric intensity on a electron of charge e and mass m at any point 

with in a polarized isotropic medium is [E+(4π/3)P ]   and so  the force on the electron is   

Blue        Green      Yellow         Red 

Fig 5.  Anomalous dispersion of sodium 

vapour. 
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e [E+(4π/3)P ].  Here E denotes the electric intensity in the electromagnetic wave and  (4π/3)P is 

the local electric intensity due to the molecular dipoles.  On fundamental grounds, the local field 

correction   (4π/3)P should be omitted in highly polarisable solids. It is also true for gases since 

the molecules are far apart. Therefore we shall take the electric force on the electron as Ee. The 

magnetic force on the electron on account of its motion can be neglected.  In addition to the 

electric forces the electron is also acted upon by two mechanical forces 

(1) an elastic restoring force  proportional to its displacement  r from its equilibrium position  

i.e equal to -γ r where γ is a certain positive constant which depends on the structure and the 

properties of the particle.  

(2) a damping frictional force against the motion of electron , which is proportional to its velocity 

i.e equal to - α(dr/dt)     where α is a positive constant of proportionality, called the resistance 

constant. Thus the total resultant force on the electron is   

 

 
dr

[eE- ( )-γr]
dt

α       . 

 

By the Newton’s second law the differential form of the motion of electron is  

 

2

2

d r dr
m =eE- ( )-γr

dt dt
α  

 

2

2

d r dr γ
+ + r=eE

dt m dt m

α   
   
   

…………(1.4.5a) 

 

 

In an isotropic medium, E and the displacement r in the same direction. We may therefore 

use the magnitude of vectors and rewrite Eq  (1.4.5a ) as 

 

2

2

d r dr γ e
+ + r= E

dt m dt m m

α     
     
     

…………(1.4.5b) 
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We first consider the free motion of electron in the absence of electric field. 

Putting E=0 in (22.B)  the equation of damped oscillation of electron is obtained. 

 
2

2

d r dr γ
+ + r=0

dt m dt m

α   
   
   

 

 

Its solution is   

 

 
)+)2/1-exp((= 000 tωitgrr
 where g0=α/m and -2 2 2

0 ( / ) ( / 4 )m mw g a=  

 

If damping is low which we shall treat the resonance frequency of the system is   

 

mγπν /2/1=0               

 

and the angular frequency is  

 

         
mγπνω /=2= 00  

 

i.e we assume that the free period of electron is equals to that of undamped oscillator. Introducing 

the constants ω0 and g0 in eq. (1.4.5b) we obtain standard form of the differential equation of the 

forced oscillation of the electron. 

 

  
2

2

0 02

d r dr e
+g +ω r= E

dt dt m

   
   
   

 …….(1.4.5c) 

The polarization P is equal to the dipole moment per unit volume so that if there are N dispersion 

electrons per unit volume we may write  

 

     NerP = ……………..(1.4.5d) 
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Multiplying Eq. (1.4.5c) by Ne and using Eq. (1.4.5d) we get  

 

 
2 2

2

0 02

d P dP Ne
+g +ω P= E

dt dt m
………….(1.4.5e) 

 

 

Taking a monochromatic wave E=E0exp(iωt) and using the symbolic differential operator D for 

differentiation with  respect to  t we have  

 

 
2

2 2

0 0 0

Ne
[D +g D+ω ]P= E exp(iωt)

m
  

 

But  D=iω and
22 -= ωD   

 

hence 

 

 

2

2 2

0 0

2

2 2

0 0

Ne E
P=

m (ω -ω +ig ω)

4πP 4πNe
=4πβ=

E m(ω -ω +ig ω)

 
 
 

….…….(1.4.5f) 

                                                            …….(1.4.5g) 

 

The ratio (4πP/E) is a complex number. Hence it follows that the dielectric constant is complex 

and so we conclude that   the  refractive index is  also  complex .  

 

 
2

*2

2 2

0 0

4πNe
n -1=4πβ=

m(ω -ω +ig ω)
…….(1.4.5h) 
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 In deriving Eq (1.4.5 h) we have assumed that the medium contains oscillators all of which have 

the same natural frequency. This simply means that the medium absorbs only one spectral line. To 

take into account the possibility of existence of other absorption lines we suppose that there are N 

molecules per unit volume and in each molecule there are f1 oscillators whose constants are ω1 and 

g1;  f2 oscillators whose constants are ω2 and g2 and so on.  Then Eq (1.4.5 d) becomes  

 

 
k k kP= P =Ne f r∑ ∑ …….(1.4.5i) 

 

 

The differential equation of forced oscillation of electron characterized by constants ωk and gk 

may be written by replacing r by rk in Eq (1.4.5 c) and then it is easy to get  

 

 
2 2

2k k k
k k k2

d P dP Ne f
+g +ω P = E

dt dt m
 …….(1.4.5j) 

 

hence 

 

 
2

2 2( - )

k
k

k k

Ne f E
P

m igω ω ω
 

=   + 
…….(1.4.5k) 

 

 

Dividing Eq (1.4.5 k) by E and summing over all k we get 

 

 
2

k

2 2
k k k

fNe
β= β=

m (ω -ω +ig ω)
∑ ∑ …….(1.4.5l) 

 

 

Thus, instead of Eq (1.4.5 h) we now get 
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 *2 2 2 2-1 (4 / ) /( - )k k k

k

n Ne m f igπ ω ω ω= +∑ …….(1.4.5m) 

 

 This is called dispersion formula. The significance of the complex refractive index is that there is 

absorption of energy in the medium. The index of refraction has become frequency dependent. 

This is what is meant by dispersion. 

 

1.4. 9   Normal dispersion.  In the case of transparent substance there is no appreciable 

absorption. In the region remote from the natural frequencies of oscillators i.e. the absorption 

frequencies of the medium, the term gkω in the denominator of Eq(1.4.5 m) is so small that it may 

be neglected in comparison to ωk
2
-ω2

 . The right hand side is also real i.e.κ =0 and Eq(1.4.5 m) 

simplifies to  

  

- -2 2 2 21 (4 / ) / ( )k k

k

n Ne m fp w w= å …….(1.4.5n) 

 

 

The refractive index is real. Since 

 

 kvioletred ωωωω <<<
 

 

The denominator ωk
2-ω2 is positive in the visible spectrum and is large at the red end than at the 

violet end. Red light is refracted less than blue light. This is normal dispersion. 

 The wavelength in vacuum is given by  

 

ωcπλ /2=     

 

and if 

kk ωcπλ /2=
           and  

222 )/(= kkk λfmcπNeA
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 then Eq(1.4.5 n) becomes     

 

 -
2 2 2 2

1 / ( )k k

k

n A l l l= + å …….(1.4.5o) 

 

Which is Sellmeier’s dispersion formula. 

 

Let us suppose that λk lies in the ultra violet. Assuming that the medium has oscillators of  

one kind only, we can rewrite Eq (1.4.5o) as  

 

 
-

-
12 2 2

1 1 ( / )k kn A l lé ù= + ë û  

 2 2 2 4 41 ( ) / ( ) / .......k k k k kn A A Al l l lé ù é ù= + + + +ë û ë û …….(1.4.5p) 

 

 

Stopping at the third term in the binomial expression. 

 

 
2

4

1 ,k k k

k k

A A B A and

C A

l

l

= + =

=
  

 

 Eq (1.4.5p) Becomes  

 

       
422 /+/+= λCλBAn …….(1.4.5q) 

 

 

Which is Cauchy’s dispersion formula.  The dispersion of most transparent substances can be 

represented fairly well by the above formula.  

 

            Dispersion of most transparent substances can be expressed by assuming that the medium 

contained electrons with free period in the ultra-violet and also electrons with free period in the 

infrared.  The dispersion formula may be written as 
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)-()-(

1
22

2

22

2
2

r

rAA
n

λλ

λ

λλ

λ

ν

ν ++= …….(1.4.5r) 

 

  The index of refraction increases with decreasing wavelength, the normal behavior. 

 

  For gases n is only slightly greater than 1.  We may therefore put 

 

 n2-1= (n+1)(n-1)=2(n-1).   

 

Then Eq. (1.4.5n) reduces to 

 

 -
-

2

2 2
1 2

( )

k

k k

fNe
n

m
p

w w
= å …….(1.4.5s) 

 

   i.e. at low pressures the refractive index of a given gas should  be proportional to N  

   i.e. to the density.  

 

          It should be remarked that in the visible region Hartmann’s empirical formula represents the 

refractive of transparent substances much better than the theoretical formula, Eq. (1.4.5o), for n2.  

But close to absorption bands Hartmann’s formula fails.  The theoretical formula is much better 

when we consider simultaneously ultra-violet as well as visible region of the spectrum. 

 

1.4.10 Anomalous Dispersion:  

  

The dispersion is always normal as long as the impressed frequencies do not include a 

natural frequency of electrons or of ions.  In an extremely narrow spectral region of an absorption 

line like a D-line of sodium when the impressed frequencies contain the natural frequency of a D 

line, the normal course of dispersion is disturbed.  In this narrow spectral region the effect of other 

absorption frequencies on the index of refraction is practically constant.  Therefore in Eq. (1.4.5m) 
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only variable term is that which corresponds to one natural frequency of electron say ωo.  We may 

easily represent in Eq. (1.4.5m) the effect of all terms except the 0th, together with the term unity 

by a constant n0
2 

 

-

2
*2 2 0

0 2 2

0 0

4

( )

fNe
n n

m ig

p

w w w
= +

+
 

 

2
2 2 2 0

0 2 2

0 0

f4pNe
n (1-i ) = n +

m ( - + ig )
k

w w w
 

 

Equating the real and imaginary parts we obtain 

 

 

-
-

-

-

2 22
2 2 2 0 0

2 2 2 2 2

0 0

2
2 0 0

2 2 2 2

0 0

( )4
(1 ) ( ) .............(1.4.5 )

(( ) )

4
2 ( ) ........................................(1.4.5 )

(( ) )

o

fNe
n n t

m g

f gNe
n u

m g

w wp
k

w w w

wp
k

w w w

= +
+

=
+

 

In the extremely narrow spectral region of the absorption line the range of ω is also narrow and we 

may replace 
ωω +0    by  02ω

     and the constant 0g
  by another constant 00ωh

  

so that Eqs. (1.4.5t) And (1.4.5u) become 

 

-
-

-

-

2 2 2 0 0

0 0 2 2 2

0 0

2 0 0

0 2 2 2

0 0

(2 ( )
(1 ) ...............(1.4.5 )

(4( ) )

( )
2 ..................................(1.4.5 )

(4( ) )

n n A v
h

h
n A w

h

w w w
k

w w w

w w
k

w w w

= +
+

=
+

 

 

In   the case of gases and vapours at extremely low pressure κ<<1 so that we may neglect the term 

n
2κ2

 in Eq.(1.4.5v).  Moreover, the refractive index n is so close to no that we may write 

 

 n
2
-no

2
=2no(n-no) in Eq. (1.4.5v). 
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 )5.4.1...(....................
))-(4(

)]-([
22

0

2

0

00

0

0
0 x

hn

A
nn

ωωω

ωωω

+







+=   

 

Equating   dn/dω  to  zero, we  easily  obtain the conditions for the maximum and minimum values 

of the index of refraction n. 

 

2

00

2

0 )-(4= ωωωωh
 

To a good   approximation we   may replace 0ωω
 by 

2ω  

 

 
2

0

22

0 )-(4= ωωωh
 

 

Then, the maximum in the index of refraction lies at 

 

   
)2/(-1=/ 00 hωω
………………………..(1.4.5y) 

And the minimum at 

 
)2/(+1=/ 00 hωω
……………………………(1.4.5z) 

The extreme values of  n on the scale of 0/ωω
  are  separated by h0    and  

 0000max 4/+= hnAnn
  

            0000min 4/ hnAnn −=  

At  the  maximum  positions and minimum positions  of   n  on  the  scale  of 0/ωω
   

 

 2

0 02 / 2n A hk =  

At  resonance  when  0= ωω
we have from eq(1.4.5w) 

 

 2

0 0 max/ 2 (1/ 2)(2 )A h n k=  



 
 

ACHARYA NAGARJUNA UNIVERSITY 19 CENTRE FOR DISTANCE EDUCATION 

Hence  the  half  width   of  resonance  plot  of  against  0/ωω
  is  equal  to  the  separation    of  

the   maximum  and  minimum  of  n  on  the  frequency  scale . Fig. 6.  is a plot of n and 2n2κ2  

against 0/ωω
 assuming n0= 1, h0 = 0.001 and A0= 0.0001.  In this particular case    

 

0 max

0 min

0

/ 0.9995 1.025

/ 1.0005 0.975

/ 1 1

and n

and n

and n

w w

w w

w w

= =

= =

= =

 

 

 

 

 

 

 

 

 

 

 

Thus  as  the  frequency  of  the  light  wave  increases  gradually  from  a  value  slightly  less  

than  0ω
,  n  increases  rapidly  pass  through   a  maximum  then  drops  to  a  minimum  and  

finally  again  increases .  Thus  in  the  immediate  neighbourhood  of  the  absorption  frequency  

0ω
 the  index    of  refraction  decreases  with  increasing  frequency  contrary  to  the  normal  

behaviour  viz   n  increasing  with  increase  in  ω .  For similar plots of n and 2n2
κ  are shown in 

Fig. 7.and would be in a  direction  opposite  to  that  of  0/ωω
 

 

 

 

 

 

 

Fig..6.  Plots of the index of refraction n  and of the product 2n2κ  

against  ϖ/ϖ0 
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1.4.11 Summary: We came to know about the definition of dispersion and types of dispersions.  

The different theories of normal dispersion and complete explanation of the behaviour of normal 

and anomalous dispersion through the electromagnetic theory is given  

1.4.12 Key words: Dispersion -  normal dispersion – anomalous dispersion – Cauchy’s,  

Hartmann’s –Sellmeier’s - Helmholtz – Lorentz theories - electromagnetic theory of dispersion . 

1.4.13 Self assessment questions: 

1. What do you mean  by  dispersion.  Discuss  it  in  the  case  of  gaseous  medium   

    having  both  real  and  complex  refractive  index   

2. Give the theory of  normal  and  anomalous  dispersion  and  describe  how  the  latter     

    has  been  studied  in  the  case  of  sodium  vapour. 

3. Explain what is meant by anomalous dispersion.  Give a simple theoretical explanation of   

    the  phenomenon  . 

4. Discuss the phenomenon of dispersion in absorbing media on the basis of electromagnetic  theory.   

5. What is Cauchy’s dispersion formula.  What are its limitations and under what   

    conditions  it  fails.   Discuss  the  necessary  modification  of  the  formula  . 

6. Write  an  essay  on  theories  of  dispersion   

1.4.14 Reference books 

1. Introduction to modern optics, B.K. Mathur 

2. Optics,  Born and Wolf 

Fig.7.  Plots of n and κagainst λ. 
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UUNNIITT  IIII  --    

LLEESSSSOONN--11  

CChhaarraacctteerriissttiiccss  ooff  LLaasseerrss  
  

OObbjjeeccttiivvee::  --  TToo  ddeessccrriibbee  tthhee  eexxttrraaoorrddiinnaarryy  pprrooppeerrttiieess  ooff  llaasseerr  rraaddiiaattiioonn  aanndd  tthhee  ddeetteerrmmiinnaattiioonn  ooff  

cchhaarraacctteerriissttiicc  ppaarraammeetteerrss..          

SSttrruuccttuurree::  

22..11..11..  IInnttrroodduuccttiioonn  

22..11..22..  DDiirreeccttiioonnaalliittyy  

22..11..33..  MMoonnoocchhrroommaattiicciittyy  

22..11..44..  IInntteennssiittyy  

22..11..55..  CCoohheerreennccee  

22..11..66..  SSppaattiiaall  ccoohheerreennccee  

22..11..77..  TTeemmppoorraall  ccoohheerreennccee  

22..11..88..  RReellaattiioonn  bbeettwweeeenn  tthhee  ccoohheerreennccee  ooff  tthhee  ffiieelldd  aanndd  ssiizzee  ooff  tthhee  ssoouurrccee  

22..11..99..  PPoollaarriizzaattiioonn  

22..11..1100..  SSuummmmaarryy  ooff  tthhee  lleessssoonn  

22..11..1111..  KKeeyy  tteerrmmiinnoollooggyy  

22..11..1122..  SSeellff  aasssseessssmmeenntt  qquueessttiioonnss  

22..11..1133..  RReeffeerreennccee  bbooookkss  

  

22..11..11  IInnttrroodduuccttiioonn::  --  

  

                                                                DDuurriinngg  2200
tthh

  cceennttuurryy  ssppeeccttrroossccooppyy  hhaass  bbeeeenn  eennrriicchheedd  bbyy  tthhee  ddeevveellooppmmeenntt  ooff  

mmaannyy  nneeww  bbrraanncchheess  ttoo  uunnddeerrssttaanndd  tthhee  ssttrruuccttuurree  ooff  mmaatttteerr  tthhrroouugghh  iinntteerraaccttiioonn  ssttuuddiieess  wwiitthh  lliigghhtt  ..IInn  

tthhee  mmiiddddllee  ooff  tthhee  cceennttuurryy  ((11995544)),,  tthhee  ddeemmoonnssttrraattiioonn  ooff  MMAASSEERR  pprriinncciippllee  bbyy  CC..HH..  TToowwnneess,,  MMIITT,,  

CCoolloommbbiiaa,,  iinn  mmiiccrroowwaavvee  rreeggiioonn  uussiinngg  AAmmmmoonniiaa,,  hhaass  mmaaddee  tthhee  sscciieennttiiffiicc  ccoommmmuunniittyy  ttoo  pprroovviiddee  

tthhee  eexxppeerriimmeennttaall  ddeemmoonnssttrraattiioonn  ooff  LLAASSEERR  iinn11996600..  TThhee  LLAASSEERR  ssttaannddss  aass  aann  aaccrroonnyymm  ffoorr  LLiigghhtt  

AAmmpplliiffiiccaattiioonn  bbyy  SSttiimmuullaatteedd  EEmmiissssiioonn  ooff    RRaaddiiaattiioonn..  TThhiiss  pprriinncciippllee  ooff  ssttiimmuullaatteedd  eemmiissssiioonn  ooff  

rraaddiiaattiioonn  wwaass  ggiivveenn  bbyy  EEiinnsstteeiinn  aass  eeaarrllyy  aass  iinn  11991177..  TThhee  ssppeecciiaall  cchhaarraacctteerriissttiiccss  ooff  tthhiiss  ssppeeccttaaccuullaarr  
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ssoouurrccee  mmaaddee  tthhee  sscciieennttiissttss  ttoo  ccaallll  iinn  11996600  iittsseellff,,  aass  aa  ttooooll  ooff  tthhiiss  ((2200
tthh

))  cceennttuurryy..  TThhiiss  iiss  aa  ssoouurrccee  

wwhhiicchh  ccaann  eemmiitt  aa  kkiinndd  ooff  lliigghhtt  ooff  uunnrriivvaalllleedd  ppuurriittyy  aanndd  iinntteennssiittyy  nnoott  ffoouunndd  iinn  aannyy  ooff  tthhee  pprreevviioouussllyy  

kknnoowwnn  ssoouurrcceess  ooff  eelleeccttrroommaaggnneettiicc  rraaddiiaattiioonn..  IInn  ccoouurrssee  ooff  ttiimmee  tthhee  llaassiinngg  aaccttiioonn  hhaass  bbeeeenn  

eexxppeerriimmeennttaallllyy  ddeemmoonnssttrraatteedd  aanndd  ddeevveellooppeedd  uussiinngg  vvaarriioouuss  ssyysstteemmss  iinnvvoollvviinngg  aattoommss,,  iioonnss,,  

mmoolleeccuulleess  iinn  lliiqquuiiddss,,  ggaasseess  aanndd  sseemmiiccoonndduuccttoorrss  eettcc..,,  ooppeerraattiinngg  oovveerr  mmaajjoorr  ppoorrttiioonn  ooff  EEMM  

ssppeeccttrruumm..    

  

TThhee  mmoosstt  ssttrriikkiinngg  ffeeaattuurreess  ooff  LLAASSEERR  aarree  

11..  ddiirreeccttiioonnaalliittyy,,  

22..  bbrriigghhttnneessss  ((lliigghhtt  iinntteennssiittyy))  

33..  eexxttrraaoorrddiinnaarryy  mmoonnoocchhrroommaattiicciittyy,,  

44..  hhiigghh  ddeeggrreeee  ooff  ccoohheerreennccee..    

                                    TThheessee  ffoouurr  aarree  tthhee  ddiissttiinngguuiisshheedd  pprrooppeerrttiieess  rreessppoonnssiibbllee  ffoorr  tthhee  ddeevveellooppmmeenntt  ooff  mmaannyy  

nneeww  lliinneess  ooff  ssttuuddiieess  iinn  RRaammaann  ssppeeccttrroossccooppyy,,  HHoollooggrraapphhyy,,  NNoonn--lliinneeaarr  ooppttiiccss,,  ooppttiiccaall  

ccoommmmuunniiccaattiioonn,,  mmiilliittaarryy  wwaarrffaarree  aanndd  iittss  uuttiilliittyy  iinn  mmeeddiiccaall  ddiiaaggnnoossttiiccss  aanndd  ttrreeaattmmeenntt..            

  

22..11..22  DDiirreeccttiioonnaalliittyy::    

  

IItt  ccaann  bbee  sseeeenn  aass  aa  tthhiinn  bbeeaamm  ooff  lliigghhtt  ccoommiinngg  oouutt  ffrroomm  ssmmaallll  ppoowweerr  ((11mmww))  llaasseerr  iinn  oonnee  

ddiirreeccttiioonn  wwiitthh  hhiigghh  iinntteennssiittyy..  TThhee  llaasseerr  rraaddiiaattiioonn  ccoommeess  oouutt  ffrroomm  aa  ccaavviittyy  ffoorrmmeedd  bbyy  ttwwoo  hhiigghhllyy  

ppoolliisshheedd  ppllaannee  ppaarraalllleell  mmiirrrroorrss  sseeppaarraatteedd  tthhrroouugghh  aa  ddiissttaannccee..  TThhee  ccuurrvvaattuurreess  ooff  tthhee  wwaavveess  ccoommiinngg  

oouutt  aarree  nneeaarrllyy  ppllaannaarr..  TThhee  ddiirreeccttiioonnaalliittyy  ooff  tthhee  llaasseerr  bbeeaamm  iiss  eexxpprreesssseedd  iinn  tteerrmmss  ooff  tthhee  ffuullll  aannggllee  

bbeeaamm  ddiivveerrggeennccee  wwhhiicchh  iiss  ttwwiiccee  tthhee  aannggllee  tthhaatt  oouutteerr  eeddggeess  ooff  tthhee  bbeeaamm  mmaakkeess  wwiitthh  tthhee  cceenntteerr  ooff  

tthhee  bbeeaamm..  TThhee  ddiivveerrggeennccee  iiss  aa  mmeeaassuurree  ooff  rraattee  ooff  eexxppaannssiioonn  ooff  tthhee  bbeeaamm  wwiitthh  tthhee  ddiissttaannccee  ttrraavveelleedd..  

TThhee  ddiivveerrggeennccee  iiss  mmeeaassuurreedd  iinn  rraaddiiaannss  ((22ππ  rraaddiiaannss  eeqquuaallss  ttoo  336600
00
))..  UUssuuaallllyy  tthhee  llaasseerr  bbeeaamm  

ddiivveerrggeennccee  iiss  aabboouutt  11mmiillllii  rraaddiiaann  ((1100
--33  

rraaddiiaannss))..  IItt  iiss  sshhoowwnn  aass  tthhee  bbeeaamm  iinnccrreeaasseess  iinn  ssiizzee  aabboouutt  

11mmmm  ffoorr  eevveerryy  mmeetteerr  ddiissttaannccee  ooff  bbeeaamm’’ss  ttrraavveell..    IItt  ttrraavveellss  dd
22
//λλ  ddiissttaannccee  aass  aa  ppaarraalllleell  bbeeaamm  aanndd  tthheenn  

bbeeggiinnss  ttoo  sspprreeaadd  lliinneeaarrllyy  wwiitthh  ddiissttaannccee  dduuee  ttoo  uunnaavvooiiddaabbllee  eeffffeeccttss  ooff  ddiiffffrraaccttiioonn  ((λλ    ==  wwaavveelleennggtthh  

ooff  rraaddiiaattiioonn))..    TThhee  aanngguullaarr  sspprreeaadd  iiss  ∆∆θθ  ==  λλ//dd..  WWhheerree  ‘‘dd’’  iiss  aappeerrttuurree  ddiiaammeetteerr..  
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FFoorr  aa  sseeaarrcchhlliigghhtt,,  tthhee  bbeeaamm  sspprreeaaddss  aabboouutt  aa  kkiilloommeetteerr  ffoorr  eevveerryy  kkiilloommeetteerr  ddiissttaannccee  ooff  iittss  ttrraavveell..  

LLaasseerr  bbeeaamm  rreeaacchhiinngg  tthhee  ssuurrffaaccee  ooff  mmoooonn  wwoouulldd  bbee  jjuusstt  aa  ffeeww  kkiilloommeetteerrss  wwiiddee,,  eennaabblleedd  tthhee  

sscciieennttiissttss  ttoo  ddeetteerrmmiinnee  tthhee  ddiissttaannccee  bbeettwweeeenn  tthhee  ssuurrffaacceess  ooff  eeaarrtthh  aanndd  mmoooonn  wwiitthh  rreeaassoonnaabbllee  

aaccccuurraaccyy..   

  

  

  
  
  FFiigg..::22..11..11..    

  

22..11..33  MMoonnoocchhrroommaattiicciittyy::    

  
WWaavvee  lliikkee  nnaattuurree  ooff  eelleeccttrroommaaggnneettiicc  rraaddiiaattiioonn  iiss  cchhaarraacctteerriizzeedd  bbyy  ccoommbbiinnaattiioonn  ooff  ttiimmee  

vvaarryyiinngg  eelleeccttrriicc  aanndd  mmaaggnneettiicc  ffiieellddss  pprrooppaaggaattiinngg  tthhrroouugghh  ssppaaccee..  TThhee  ffrreeqquueennccyy  ooff  wwhhiicchh  tthheessee  

ffiieellddss  oosscciillllaattee  ‘‘νν’’  aanndd  tthheeiirr  wwaavveelleennggtthh  iinn  vvaaccuuuumm  ‘‘λλ’’  aarree  rreellaatteedd  bbyy    

  

                                                                                                                λλνν  ==  cc  

  

                                        wwhheerree  ‘‘cc’’  iiss  tthhee  vveelloocciittyy  ooff  lliigghhtt  iinn  vvaaccuuuumm  ≈≈  33XX1100
88
  mm//sseecc  

  

IInn  aannyy  mmeeddiiuumm    λλνν  ==  cc//ηη    ==    υυ                    

  

wwhheerree  ‘‘ηη’’  iiss  tthhee  rreeffrraaccttiivvee  iinnddeexx  ooff  tthhee  mmeeddiiuumm  aanndd  ‘‘υυ’’  iiss  vveelloocciittyy  ooff  lliigghhtt  iinn  tthhee  mmeeddiiuumm..  

  

CCoonnvveennttiioonnaall  ssoouurrcceess  eemmiitt  ddiissccrreettee  eelleeccttrroommaaggnneettiicc  rraaddiiaattiioonnss  aanndd  ssoommee  ttiimmeess  bbrrooaadd  bbaanndd  

eemmiissssiioonnss..    TThhee  ddiissccrreettee  rraaddiiaattiioonnss  aarree  ccaalllleedd  lliinneess  wwiitthh  aa  ppaarrttiiccuullaarr  vvaalluuee  ooff  ‘‘λλ’’ccoorrrreessppoonnddiinngg  ttoo  

tthhee  cceennttrraall  ppoorrttiioonn  ooff  tthhee  lliinnee  pprrooffiillee..   

TThhoouugghh  iitt  iiss  nnoott  sseeeenn  wwiitthh  hhuummaann  eeyyee  tthhee  iinntteennssiittyy  pprrooffiillee  ooff  lliinnee  vvaarriieess  wwiitthh  

ffrreeqquueennccyy//wwaavveelleennggtthh  aass  sshhoowwnn  iinn  tthhee  ffiigguurree..22..11..22..  

TThheerrmmaall  

SSoouurrccee  

  ((bb))  

HHiigghh  ddiirreeccttiioonnaalliittyy  bbeeaamm  

                      ((aa))  

LLaasseerr  

RRaaddiiaattiioonn  iinnttoo  aallll  ddiirreeccttiioonnss  
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TThhee  lliinnee  wwiiddtthh    ∆∆νν  vvaarriieess  ffrroomm  lliinnee  ttoo  lliinnee  aanndd  ffrroomm  ssoouurrccee  ttoo  ssoouurrccee..  IInn  ppaarrttiiccuullaarr,,  llaasseerrss  pprroodduuccee  

tthhee  ssppeeccttrraall  eemmiissssiioonnss  wwiitthh  lleessss  lliinnee  wwiiddtthh  ccoommppaarreedd  ttoo  ccoonnvveennttiioonnaall  ssoouurrcceess..  

  

EEvveenn  tthhee  llaasseerrss  ooppeerraattiinngg  iinn  ssiinnggllee  mmooddee  eemmiitt  rraaddiiaattiioonnss  wwiitthh  aa  mmiinniimmuumm  lliinnee  wwiiddtthh  ((∆∆νν  ==  550000  HHzz))  

aatt  66000000AA
oo
..    SSoo  ffaarr,,  tthhee  ssoouurrccee  tthhaatt  ccaann  eemmiitt  aa  ssiinnggllee  ffrreeqquueennccyy  oorr  wwaavveelleennggtthh  hhaass  nnoott  yyeett  bbeeeenn  

ddeessiiggnneedd..  HHeennccee  tthhee  aabbssoolluuttee  mmoonnoocchhrroommaattiicc  eemmiissssiioonn  ooff  rraaddiiaattiioonn  wwiitthh  ∆∆νν  ==  00  iiss  aann  uunnaattttaaiinnaabbllee  

ggooaall..  

WWhheenn  tthhee  eemmiissssiioonn  ssoouurrcceess  aarree  ccoommppaarreedd  iinn  tthhiiss  rreessppeeccttiivvee    ∆∆νν,,  tthhee  llaasseerr  ssoouurrcceess  pprroodduuccee  aa  

hhiigghh  ddeeggrreeee  ooff  mmoonnoocchhrroommaattiicc  ssiinnee  wwaavvee  wwiitthh  ssmmaallll  lliinnee  wwiiddtthh..  SSoo  tthhiiss  eexxcceeeeddiinnggllyy  nnaarrrrooww  lliinnee  

wwiiddtthh  ccoonnttaaiinnss  ssmmaallll  sspprreeaadd  ooff  ffrreeqquueenncciieess..    HHeennccee  eevveenn  tthhee  ssiinnggllee  mmooddee  ooppeerraattiinngg  llaasseerr  ccaann  nnoott  

pprroodduuccee  tthhee  aabbssoolluuttee  mmoonnoocchhrroommaattiicc  rraaddiiaattiioonn  wwiitthh  ∆∆νν  ==  00..MMoonnoocchhrroommaattiicciittyy  iiss  aa  rreellaattiivvee  

ppaarraammeetteerr  ttoo  tthhee  eemmiissssiioonn  cchhaarraacctteerriissttiiccss  ooff  vvaarriioouuss  ssoouurrcceess  iinn  ssppeeccttrroossccooppyy..      TThhee  qquuaalliittaattiivvee  

ccoommppaarriissoonn  iiss  sshhoowwnn  iinn  ffiigg22..11..33  ((aa))  aanndd  ((bb))  

  

  

  

  

  

  

  

  

  

  

  

II  

↑↑  

λλ→→  

FFiigg::  22..11..22  

II  

νν→→  
((aa))  

δδxx  SSiinnggllee  

MMooddee  LLiinnee  

wwiiddtthh  

νν→→  
((bb))  

  

∆∆xx  LLiinnee  

wwiiddtthh  

FFiigg  ::  22..22..33  
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        II  ==  iinntteennssiittyy                  

        νν  ==  ffrreeqquueennccyy  

            aa))  tthheeoorreettiiccaall  mmoonnoocchhrroommaattiicciittyy        

            bb))  ∆∆νν  lliinnee--wwiiddtthh  ––  11550000  MMHHzz    ((FFWWHHMM))}}  ffoorr  llaasseerrss  

                    δδνν  ssiinnggllee  mmooddee  lliinneewwiiddtthh  ≈≈  550000  HHzz  

  

22..11..44..IInntteennssiittyy::  --  

  
  GGeenneerraall  ssoouurrcceess  eemmiitt  rraaddiiaattiioonn  iinn  aallll  ddiirreeccttiioonnss  uunniiffoorrmmllyy..    SSoo  aa  ssmmaallll  ppoorrttiioonn  ooff  ppoowweerr  ooff  

tthhee  llaammpp  eenntteerrss  iinnttoo  eeyyee..    IInn  aa  llaasseerr  bbeeaamm  tthhee  eenneerrggyy  ccoonncceennttrraatteedd  iinn  ssmmaallll  rreeggiioonn  ssppeecciiffiiccaallllyy  aanndd  

ssppaattiiaallllyy  aaccccoouunnttss  ffoorr  iittss  llaarrggee  iinntteennssiittyy..    TThhuuss  eevveenn  11mmWW  llaasseerr  wwoouulldd  aappppeeaarr  mmoorree  iinntteennssee  tthhaann  

110000  wwaatttt  llaammpp..  

  

  TThhee  mmeeaassuurreemmeenntt  ooff  eelleeccttrroommaaggnneettiicc  rraaddiiaattiioonn  iiss  kknnoowwnn  aass  rraaddiioommeettrryy  ttrreeaattiinngg  aallll  

wwaavveelleennggtthhss  eeqquuaallllyy..  RRaaddiiaanntt  eenneerrggyy  aanndd  ppoowweerr  aarree  mmeeaassuurreedd  iinn  jjoouulleess  aanndd  wwaattttss  rreessppeeccttiivveellyy..    AA  

ssuubbddiivviissiioonn  ooff  rraaddiioommeettrryy  kknnoowwnn  aass  pphhoottoommeettrryy  iiss  ccoonnffiinneedd  ttoo  tthhee  mmeeaassuurreemmeenntt  ooff  vviissiibbllee  

rraaddiiaattiioonn..    IInn  mmoosstt  ooff  tthhee  ccaasseess,,  rraaddiioommeettrriicc  uunniittss  aarree  uusseedd  ffoorr  ccoommppaarriinngg  iinntteennssiittiieess  ooff  vvaarriioouuss  

ssoouurrcceess..    TTeerrmmss,,  ssyymmbboollss  uunniittss  aarree  ggiivveenn  iinn  tthhee  TTaabbllee  22..11..11   

                                                                        

TTaabbllee  22..11..11  

  

RRaaddiioommeettrryy  PPhhoottoommeettrryy  

TTeerrmm  SSyymmbbooll  UUnniittss  TTeerrmm  SSyymmbbooll  UUnniittss  

RRaaddiiaanntt  eenneerrggyy  QQee    JJoouullee  LLuummiinnoouuss  eenneerrggyy  QQυυ  TTaallbboott  

RRaaddiiaanntt  ppoowweerr  

((oorr))fflluuxx  
φφee  WWaatttt  

((==  668800  lluummeennss  aatt  

555555  nnmm))  

LLuummiinnoouuss  ppoowweerr  

((oorr))  fflluuxx  
φφνν  LLuummeenn  

IIrrrraaddiiaannccee  EEee,,  II  WWaatttt//mm
22
  IIlllluummiinnaannccee  EEνν  LLuummeenn//mm

22
  

RRaaddiiaanntt  iinntteennssiittyy  IIee  WWaattttss//sstteerraadd  LLuummiinnoouuss  

iinntteennssiittyy  
IIνν  LLuummeennss//  

sstteerraadd  

RRaaddiiaannccee  LLee  WWaattttss//mm
22
--sstteerraadd  LLuummiinnaannccee  

((bbrriigghhttnneessss))  
LLνν  LLuummeennss//  

mm
22
--sstteerraadd  

  

TThhee  rraaddiioommeettrriicc  aanndd  pphhoottoommeettrriicc  uunniittss  aarree  lliinnkkeedd  bbyy  aa  ssttaannddaarrdd  lluummiinnoossiittyy  ccuurrvvee  ddrraawwnn  oonn  

tthhee  bbaassiiss  ooff  hhuummaann  eeyyee  rreessppoonnssee  ttoo  lliigghhtt  ooff  vvaarriioouuss  wwaavveelleennggtthhss..  TThhee  ssyysstteemmss  aarree  ccoonnnneecctteedd  bbyy  aann  
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eeqquuaalliittyy  668800  lluummeennss==11  WWaatttt  aatt  555555  nnmm..    TThhee  iinnffrraarreedd  aanndd  uullttrraavviioolleett  llaasseerr  oouuttppuutt  iiss  mmeeaassuurreedd  iinn  

rraaddiioommeettrriicc  uunniittss..  

  

                                                                                                        
  

  

TThhee  ppoowweerr  iinncciiddeenntt  oonn  aa  uunniitt  aarreeaa,,  ppooppuullaarrllyy  kknnoowwnn  aass  iinntteennssiittyy  ooff  lliigghhtt,,  iiss  ccaalllleedd  iirrrraaddiiaannccee  iinn  

rraaddiioommeettrryy  ((wwaattttss//mm
22
))  aanndd  iilllluummiinnaannccee  iinn  pphhoottoommeettrryy  ((lluummeennss//mm

22
))..  

  

  TThhee  bbrriigghhttnneessss  ooff  ssoouurrcceess  aarree  ccoommppaarreedd  iinn  qquuaannttiittiieess  rraaddiiaannccee  ((wwaattttss//mm
22
  --  sstteerraadd)),,  tthhee  

rraaddiioommeettrriicc  tteerrmm  aanndd  lluummiinnaannccee  ((lluummeenn//mm
22
  ––  sstteerraadd))..    TThhee  bbrriigghhttnneessss  iiss  tthhee  lluummiinnoouuss  ppoowweerr  ppeerr  

uunniitt  aarreeaa  ooff  ssoouurrccee  ppeerr  uunniitt  ssoolliidd  aannggllee  iinnttoo  wwhhiicchh  ssoouurrccee  iiss  rraaddiiaattiinngg..  

TThhee  ssppeeccttrraall  bbrriigghhttnneessss  ooff  ssuunn  ((550000  lluummeennss//mm
22
––sstteerraadd––nnmm))  iiss  ccoommppaarreedd  wwiitthh  11mmww  

HHeelliiuumm––NNeeoonn  llaasseerr  bbrriigghhttnneessss  ((1100
88
  lluummeennss//mm

22
––sstteerraadd  ––  nnmm))  aatt  663333  nnmm..  

  

22..11..55..  CCoohheerreennccee::  --  

  
  AA  hhiigghh  ddeeggrreeee  ooff  oorrddeerr  eexxhhiibbiitteedd  bbyy  llaasseerr  rraaddiiaattiioonn  iinn  rreessppeecctt  ooff  eelleeccttrriicc  ffiieelldd  iiss  nnaammeedd  aass  

ccoohheerreennccee..    IInn  aa  pprrooppaaggaattiinngg  eelleeccttrroommaaggnneettiicc  wwaavvee  tthheerree  iiss  ccoommpplleettee  ccoorrrreellaattiioonn  bbeettwweeeenn  eelleeccttrriicc  

ffiieelldd  vvaarriiaattiioonn  aatt  aannyy  ttwwoo  ppooiinnttss  iinn  ssppaaccee  iinn  tthhee  ddiirreeccttiioonn  ooff  pprrooppaaggaattiioonn..  IItt  iiss  sshhoowwnn  tthhaatt  

mmoonnoocchhrroommaattiicc  wwaavvee  ccaann  bbee  ccoohheerreenntt  iinn  bbootthh  ttiimmee  aanndd  ssppaaccee..    TThhee  eelleeccttrriicc  ffiieelldd  aammpplliittuuddee  hhaass  tthhee  

ffoorrmm    

                                                                  EE((xx,,yy,,zz,,tt))  ==  AA((xx,,yy,,zz,,tt))  [[CCooss  wwtt  ++  θθ((xx,,yy,,zz))]]  

1 watt at 555nm 

equals 680 lumens 

RReellaattiivvee    

sseennssiittiivviittyy  

WWaavveelleennggtthh,,nnmm  

FFiigg::22..11..44  
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wwhheerree  θθ((xxyyzz))  iiss  ssppaaccee––vvaarryyiinngg  ppaarrtt  ooff  tthhee  pphhaassee  eennaabblleess  ttoo  ssppeecciiffyy  tthhee  vvaarriiaattiioonnss  iinn  tthhee  ffiieelldd  aatt  aannyy  

ppooiinntt  ooff  ttiimmee  ‘‘tt’’  ffrroomm  tthhee  kknnoowwlleeddggee  ooff  AA  aanndd  θθ..  

MMeeaassuurreemmeenntt  ooff  CCoohheerreennccee::  

  IInn  ggeenneerraall  tthhee  lliigghhtt  ssoouurrcceess  aarree  ccllaassssiiffiieedd  iinnttoo        

11))  CCoohheerreenntt        

22))  PPaarrttiiaallllyy  ccoohheerreenntt      

33))  IInnccoohheerreenntt  

bbaasseedd  oonn  tthhee  ddeeggrreeee  ooff  ccoohheerreennccee  ssttuuddiieedd  bbyy  uussiinngg  iinntteerrffeerroommeetteerrss..  TThhee  mmeeaassuurreemmeenntt  ooff  ccoohheerreennccee  

iiss  mmaaddee  ffrroomm  yyoouunngg’’ss  eexxppeerriimmeenntt,,  iinn  wwhhiicchh  tthhee  ttwwoo  ppiinnhhoolleess  aarree  iilllluummiinnaatteedd  aanndd  tthhee  iinntteerrffeerreennccee  

ppaatttteerrnn  ccoonnssiissttiinngg  ooff  ddaarrkk  aanndd  bbrriigghhtt  bbaannddss  iiss  oobbsseerrvveedd  oonn  aa  ssccrreeeenn  aatt  ssoommee  ddiissttaannccee  ffrroomm  ppiinnhhoolleess..    

FFrriinnggee  ccoonnttrraasstt  iiss  mmeeaassuurreedd  iinn  tteerrmmss  ooff  vviissiibbiilliittyy  ffaaccttoorr  ((VV..FF..))    

  

  

WWhheerree    
MinMax

MinMax

II

II
VF

+

−
=       

  

                                                II  MMaaxx  ==  MMaaxxiimmuumm  iinntteennssiittyy  ooff  bbrriigghhtt  bbaanndd  

  

                                                II  MMiinn  ==  MMiinniimmuumm  iinntteennssiittyy  ooff  ddaarrkk  bbaanndd  

  

  

  VVFF  aassssuummeess  aa  mmaaxxiimmuumm  vvaalluuee  ooff  uunniittyy  aanndd  aa  mmiinniimmuumm  vvaalluuee  ooff  zzeerroo..  SSiinnccee  iirrrraaddiiaannccee  iiss  aa  nnoonn--

nneeggaattiivvee  qquuaannttiittyy,,  VVFF  iiss  aa  ddiirreecctt  mmeeaassuurree  ooff  ddeeggrreeee  ooff  ccoohheerreennccee  ooff  tthhee  lliigghhtt  uusseedd  ttoo  iilllluummiinnaattee  tthhee  

ttwwoo  ppiinnhhoolleess..    LLeett  II11  aanndd  II22  bbee  tthhee  iirrrraaddiiaanncceess  tthhaatt  rreessuulltt  oonn  tthhee  ssccrreeeenn  ffrroomm  eeaacchh  ooff  tthhee  ppiinnhhoolleess  

sseeppaarraatteellyy..  IIff    II11==II22,,tthhee  ffrriinnggee  VVFF  iiss  eeqquuaall  ttoo  tthhee  ddeeggrreeee  ooff  ccoohheerreennccee  ooff  lliigghhtt  aatt  tthhee  ttwwoo  ppiinn  hhoolleess..  

  

TThhee  lliigghhtt  uusseedd,,  iiss  ccllaassssiiffiieedd  oonn  tthhee  bbaassiiss  ooff  tthhee  vvaalluuee  ooff  VVFF  wwhheenn  ((II11==II22))    

  

IIff  VVFF==11,,  ssoouurrcceess  aarree  ppeerrffeeccttllyy  ccoohheerreenntt  ––  eelleeccttrriicc  ffiieellddss  aarree  ccoommpplleetteellyy  ccoorrrreellaatteedd,,  

                  ==00,,  ssoouurrcceess  aarree  iinnccoohheerreenntt,,  eelleeccttrriicc  ffiieellddss  aarree  ccoommpplleetteellyy  iinnccoohheerreenntt,,  

                  ==11>>xx>>00,,  ssoouurrcceess  aarree  ppaarrttiiaallllyy  ccoohheerreenntt..  

PPhhyyssiiccaall  rreeaalliittyy  iiss  tthhee  eexxiisstteennccee  ooff  ppaarrttiiaallllyy  ccoohheerreenntt  ssoouurrcceess  oonnllyy..  ((ii..ee..  VVFF  aassssuummeess  oonnllyy  aa  vvaalluuee  

bbeettwweeeenn  00  aanndd  11))  
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TThhee  llaasseerr  bbeeaamm  eexxhhiibbiittss  ttwwoo  ttyyppeess  ooff  ccoohheerreennccee::  

11))  SSppaattiiaall  ccoohheerreennccee  oorr  ttrraannssvveerrssee  ccoohheerreennccee  

22))  TTeemmppoorraall  ccoohheerreennccee  oorr  lloonnggiittuuddiinnaall  ccoohheerreennccee..  

22..11..66  SSppaattiiaall  CCoohheerreennccee::  

  
  WWhheenn  aa  wwaavveeffrroonntt  ffaallllss  oonn  tthhee  ttwwoo  hhoolleess  SS11  aanndd  SS22  wwhhoossee  sseeppaarraattiioonn  ccaann  bbee  vvaarriieedd,,  

pprroodduucceess  aann  iinntteerrffeerreennccee  ppaatttteerrnn  oonn  tthhee  ssccrreeeenn  ppllaacceedd  aatt  aa  ssmmaallll  ddiissttaannccee..  BByy  vvaarryyiinngg  tthhee  

sseeppaarraattiioonn  ooff  SS11  aanndd  SS22  tthhee  vviissiibbiilliittyy  ffaaccttoorr  ooff  tthhee  ppaatttteerrnn  aallssoo  vvaarriieess  aaccccoorrddiinnggllyy..  TThhee  aarreeaa  ooff  tthhee  

wwaavveeffrroonntt,,  oovveerr  wwhhiicchh  tthhee  ppiinnhhoolleess  aarree  mmoovveedd  ttoo  ffrroomm  tthhee  ffrriinnggeess,,  iiss  ccaalllleedd  aass  ccoohheerreennccee  aarreeaa  ooff  

tthhee  bbeeaamm..  TThhiiss  aarreeaa  iiss  aa  mmeeaassuurree  ooff  tthhee  ssppaattiiaall  ccoohheerreennccee  oorr  ttrraannssvveerrssee  ccoohheerreennccee..    TThhiiss  pprroodduucceess  

tthhee  ssppaattiiaall  vvaarriiaattiioonn  ooff  ccoohheerreennccee  aaccrroossss  tthhee  wwaavveeffrroonntt  iinn  tthhee  ddiirreeccttiioonn  ttrraavveerrssee  ttoo  tthhee  pprrooppaaggaattiioonn  

ddiirreeccttiioonn..  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

22..11..77..  TTeemmppoorraall  CCoohheerreennccee::  

  TTeemmppoorraall  CCoohheerreennccee  oorr  lloonnggiittuuddiinnaall  ccoohheerreennccee  iiss  tthhee  pprrooppeerrttyy  mmaaiinnttaaiinneedd  ((rreettaaiinneedd))  aalloonngg  

tthhee  lleennggtthh  ooff  tthhee  bbeeaamm..    TThhiiss  iiss  ssttuuddiieedd  bbyy  ccoonnssiiddeerriinngg  tthhee  ffiieelldd  EE  ooff  tthhee  bbeeaamm  aatt  aa  ppooiinntt  aatt  ttiimmee  ttAA  

((EE  xx,,yy,,zz,,  ttAA))  aanndd  tthhee  ffiieelldd  aafftteerr  ssoommee  ttiimmee  ttBB  iiss  EE((xx,,yy,,zz,,  ttBB))  aatt  tthhee  ssaammee  ppooiinntt..  TThhiiss  iiss  ssttuuddiieedd  bbyy  

aarrrraannggiinngg  tthhee  eexxppeerriimmeennttaall  sseettuupp  aass  sshhoowwnn  iinn  ffiigg..22..11..66..  

  

  

  

  

WWaavvee  

ffrroonntt  HHoollee  

aappeerrttuurree  

ssccrreeeenn  

SS11  

SS22  

FFiigg::22..11..55  
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ff  

  

  

  

  

  

  

  

  

  

  

        

  

  

SSeeppaarraattiioonn  ooff  ttiimmee  ((ttBB  ––  ttAA))  iinn  tthhee  wwaavvee  ffiieelldd  ccoorrrreessppoonnddss  ttoo  aa  ddiissttaannccee  ttrraavveelleedd  bbyy  bbeeaamm  

dduurriinngg  tthhaatt  ttiimmee  iinn  tthhee  ddiirreeccttiioonn  ooff  pprrooppaaggaattiioonn..    LLeett  ‘‘cc’’  bbee  tthhee  vveelloocciittyy  ooff  lliigghhtt  aanndd  tthhee  ddiissttaannccee  

ttrraavveelleedd    ∆∆ZZ==  ((ttBB  --  ttAA))cc..  

SSoouurrccee  bbeeaamm  ffrroomm  aa  ppiinnhhoollee  iiss  sspplliitt  iinnttoo  ttwwoo  eeqquuaall  bbeeaammss  bbyy  aa  bbeeaamm  sspplliitttteerr  BBSS11  aanndd  mmaaddee  

tthhee  bbeeaamm  ttoo  ttrraavveell  iinn  ttwwoo  ddiiffffeerreenntt  ppeerrppeennddiiccuullaarr  ddiirreeccttiioonnss..  OOnnee  ppaatthh  AA  ppaasssseess  ssttrraaiigghhtt  iinn  ZZ  

ddiirreeccttiioonn  tthhrroouugghh  BBSS22  oonn  ttoo  tthhee  ssccrreeeenn..    TThhee  ootthheerr  ppaarrtt  ooff  tthhee  bbeeaamm  ttaakkeess  rroouuttee  BBSS11,,  MM11,,  MM22  BBSS22  

aanndd  tthheenn  oonn  ttoo  tthhee  ssccrreeeenn..    

TThhee  ppaatthh  AA  ttaakkeess  ((ZZ11//  ee))  ttiimmee  ttoo  rreeaacchh  tthhee  ssccrreeeenn..  TThhee  ootthheerr  ppaatthh  ttaakkeess  ttiimmee  ((ZZ11  ++  22xxDD))//ee..    

BByy  vvaarryyiinngg  xxDD  tthhrroouugghh  MM11,,  MM22  mmoovveemmeenntt  aass  sshhoowwnn,,  tthhee  ccoorrrreellaattiioonn  ooff  tthhee  bbeeaamm  ppaatttteerrnn  iiss  sseeeenn  aatt  

ddiiffffeerreenntt  ttiimmee  ddeellaayyss..    IItt  iiss  oobbsseerrvveedd  tthhaatt  ffoorr  ssmmaallll  cchhaannggee  iinn  xxDD  tthhee  vviissiibbiilliittyy  ffaaccttoorr  ((VVFF))  rreemmaaiinnss  

ccoonnssttaanntt..    AAss  xxDD  iinnccrreeaasseess,,  tthhee  ffrriinnggee  vviissiibbiilliittyy  ddeeccrreeaasseess  aanndd  uullttiimmaatteellyy  rreeaacchheess  zzeerroo  vviissiibbiilliittyy  aatt  aa  

ppaarrttiiccuullaarr  vvaalluuee..    TThhiiss  eexxttrraa  ppaatthh  ddiissttaannccee  22xxDD  iiss  kknnoowwnn  aass  ccoohheerreennccee  lleennggtthh  llCC  aanndd  tthhee  

ccoorrrreessppoonnddiinngg  ttiimmee  iiss  kknnoowwnn  aass  ttcc==  llcc//cc..  

c

l
t

c
c =   

  

HHoowweevveerr,,  tthheerree  iiss  aa  ddiirreecctt  rreellaattiioonnsshhiipp  bbeettwweeeenn  ccoohheerreennccee  lleennggtthh  aanndd  mmoonnoocchhrroommaattiicciittyy  aass  

v

c
lc

∆
=   

SSccrreeeenn  

LLiigghhtt  

ssoouurrccee  

PPiinn  hhoollee  

MM11  MM22  

ZZ11  

XXPP  

BBSS11  BBSS22  

FFiigg::  22..11..66  
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wwhheerree  ∆∆νν  iiss  tthhee  lliinneewwiiddtthh  ooff  tthhee  ssoouurrccee  rraaddiiaattiioonn  aanndd  

ν∆
=

1
ct   

  

uussuuaallllyy  tthhee  mmeeaassuurreemmeenntt  ooff  ccoohheerreennccee  iiss  eevvaalluuaatteedd  bbyy  uussiinngg  iinntteerrffeerroommeetteerrss..  

  

CCoohheerreennccee  iiss  tthhee  mmaanniiffeessttaattiioonn  ooff  ggrreeaatt  rreegguullaarriittyy..  HHeennccee  tthhee  aammpplliittuuddee  ooff  tthhee  ffiieelldd  aanndd  

ppoollaarriizzaattiioonn  ooff  EEMM  wwaavvee  pprroodduucceedd  bbyy  llaasseerr,,  ccaann  bbee  pprreeddiicctteedd  iinn  ttiimmee  aanndd  ssppaaccee..    IInn  ssuummmmaarryy,,  aallll  

tthhee  pprrooppeerrttiieess  ooff  llaasseerr  rraaddiiaattiioonn  aarree  cclloosseellyy  ccoouupplleedd  wwiitthh  ccoohheerreennccee  pprrooppeerrttyy,,  tthhee  oonnllyy  aassppeecctt  mmoosstt  

cclleeaarrllyy  ddiiffffeerreennttiiaatteess  tthhee  llaasseerr  ffrroomm  aallll  ootthheerr  ssoouurrcceess  ooff  lliigghhtt..  

                                          ZZeerrmmiikkee  ddeeffiinneedd  tthhaatt  tthhee  ddeeggrreeee  ooff  ccoohheerreennccee  iiss  eeqquuaall  ttoo  tthhee  vviissiibbiilliittyy  ooff  ffrriinnggeess  wwhheenn  

ppaatthh  ddiiffffeerreennccee  bbeettwweeeenn  bbeeaammss  iiss  ssmmaallll  aanndd  aammpplliittuuddeess  II11==II22..TThhee  ddeeggrreeee  ooff  ccoohheerreennccee  ooff  lliigghhtt,,  

eexxhhiibbiitteedd  aatt  tthhee  ttwwoo  ppiinn  hhoolleess  iiss  ttaakkeenn  aass  vviissiibbiilliittyy..    IIff  tthhee  vviissiibbiilliittyy  iiss  >>00..8855,,  tthhee  lliigghhtt  aatt  tthhee  ttwwoo  

sseeccoonnddaarryy  ssoouurrcceess  iiss  mmoonnoocchhrroommaattiicc  aanndd  hhiigghhllyy  ccoohheerreenntt  iinn  ttiimmee  aanndd  ssppaaccee..  TThhee  mmoonnoocchhrroommaattiicc  

rraaddiiaattiioonn  iiss  cchhaarraacctteerriizzeedd  bbyy  cceennttrree  ffrreeqquueennccyy  νν00  aanndd  lliinneewwiiddtthh  ∆∆νν  iinn  tthhee  iinntteerrvvaall  bbeettwweeeenn    

((νν00  --  ∆∆νν//22  ))ttoo  ((νν00++  ∆∆νν//22))..  TThhee  aavveerraaggee  ttiimmee  dduurriinngg  wwhhiicchh  tthhee  ssiinnuussooiiddaall  eemmiissssiioonn  eexxiissttss  iiss  ccaalllleedd  

ccoohheerreennccee  ttiimmee  ttcc  aanndd  tthhee  ccoorrrreessppoonnddiinngg  lleennggtthh  ooff  tthhee  wwaavvee  iiss  ccaalllleedd  ccoohheerreennccee  lleennggtthh  llcc  ==  ccttcc..,,    

AAfftteerr  ttcc  tthhee  ccoorrrreellaattiioonn  bbeettwweeeenn  tthhee  pphhaassee  ooff  tthhee  wwaavveess  cceeaasseess..  

  

22..11..88..  RReellaattiioonn  bbeettwweeeenn  tthhee  ccoohheerreennccee  ooff  tthhee  ffiieelldd  aanndd  ssiizzee  ooff  tthhee  ssoouurrccee::  --  

  
LLeett  SS  bbee  aann  eexxtteennddeedd  ssoouurrccee,,  oonn  wwhhiicchh  SS11  aanndd  SS22  aarree  ttwwoo  ppooiinnttss  rraaddiiaatteess  iinnccoohheerreennttllyy  ((SS11SS22  ==  xx  ))..  

TThhee  ddiissttuurrbbaanncceess  aatt  SS11  aanndd  SS22  aarree  rreepprreesseenntteedd  bbyy..  

  

    ff((SS11))  ==  eexxpp  [[iiωωtt++φφ((SS11))]]  

                                                ff((SS22))  ==  eexxpp  [[iiωωtt++φφ((SS22))]]  

WWhheerree    φφ  ((  SS11))  aanndd  φφ  ((SS22))  fflluuccttuuaattee    iirrrreegguullaarrllyy  wwiitthh  ttiimmee  
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TThhee  ddiissttuurrbbaannccee  EEpp  aatt  pp  oonn  oobbsseerrvvaabbllee  ppllaannee  dduuee  ttoo  SS11  aanndd  SS22  iiss  

  

                                                        EEPP      ==    ff((SS11))  eexxpp--iikk((SS11PP))    ++    ff((SS22))  eexxpp--iikk((SS22PP))  

                                                                    ==    eexxpp  iiωωtt{{  eexxpp  [[φφ((SS11))--iikk((SS11PP))]]++eexxpp  [[φφ((SS22))  --  iikk((SS22PP))]]  }}  

TThhee  ccoorrrreessppoonnddiinngg  eexxpprreessssiioonn  ffoorr  ddiissttuurrbbaannccee  aatt  QQ  iiss  EEQQ  iinn  tthhee  ppllaannee  

                                                  EEQQ  ==  eexxpp  iiωωtt{{  eexxpp  [[φφ((SS11  ))  --iikk((SS11QQ))]]    ++    eexxpp  [[φφ((SS22))  --iikk((SS22QQ))]]  }}  

IIff    PP  aanndd  QQ  ccooiinncciiddee,,  EEPP  aanndd  EEQQ  aarree  eeqquuaall  aanndd  ccoohheerreenntt..  

              ∴∴      iikk  ((SS11))  PP    ==    iikk    ((SS11QQ))  aanndd    iikk    ((SS22PP  ))  ==    iikk    ((SS22QQ))    

LLeett  uuss  sseeee  hhooww  ffaarr  PP  aanndd  QQ  ccaann  bbee  sseeppaarraatteedd  bbeeffoorree  ccoohheerreennccee  ddiissaappppeeaarrss..  

LLeett  PPQQ  ==  22ZZ  aanndd  LL  tthhee  sseeppaarraattiioonn  ooff  ssoouurrccee  aanndd  ssccrreeeenn  iiss  tthhee  llaarrggee  ccoommppaarreedd  ttoo  PPQQ  aanndd  XX..  

  MM  aanndd  NN  aarree  ffeeeett  ooff  tthhee  ppeerrppeennddiiccuullaarrss  ffrroomm  SS11  oonn  SS22  PP  aanndd  SS22  QQ  rreessppeeccttiivveellyy..  

                                                          SS11PP  --  SS22  PP  ≈≈  SS22  MM      SS11  QQ  ––  SS22  QQ  ≈≈  SS22  NN  

                                                                SS22MM--SS22NN  ≈≈  XXθθ    XX≈≈  LLαα  ;;          θ≈
L

Z2
  

SS11  

SS22  

αα  

SS  

22zz  

NN  

MM  

θθ  

PP  

LL  

QQ  

θθ  

θθ  
αα  

FFIIGG..  22..11..77::DDeeppeennddeennccee  ooff  ccoohheerreennccee  oonn  tthhee  

ssiizzee  ooff  tthhee  ssoouurrccee  

xx  
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θθ  aanndd  αα  aarree  aass  sshhoowwnn  iinn  tthhee  ffiigguurree  

                                                            αα Z
L

Z
LNSMS 2

2
22 =≈−   

FFoorr  aa  cclleeaarr  ffrriinnggee  ssyysstteemm  ttoo  aappppeeaarr,,  tthhee  ppaatthh  ddiiffffeerreennccee  mmuusstt  bbee  lleessss  tthhaann  λλ..  

  

  

  CCoohheerreennccee  ddiissaappppeeaarrss  wwhheenn  

    22ααZZ  ==  λλ  

    oorr  
α
λ

=PQ   

  

IItt  iiss  aa  ggoooodd  mmeeaassuurree  ooff  ssppaattiiaall  ccoohheerreennccee..  
  

wwaavvee  tthhee  eelleeccttrriicc  ffiieelldd  iinn  ssppaaccee  aanndd  ttiimmee  ppooiinnttss  iinn  ppaarrttiiccuullaarr  ddiirreeccttiioonn  aapppprrooxxiimmaatteellyy  

ddeessccrriibbeedd  bbyy  aa  vveeccttoorr  EE  ppeerrppeennddiiccuullaarr  ttoo  bbootthh  pprrooppaaggaattiioonn  VVeeccttoorr  ‘‘KK’’  wwhhiicchh  ddeessccrriibbee  tthhee  ddiirreeccttiioonn  

ooff  ttrraavveell  ooff  tthhee  wwaavvee  aanndd  ttoo  tthhee  iinnssttaannttaanneeoouuss  ddiirreeccttiioonn  ooff  mmaaggnneettiicc  ffiieelldd  ooff  tthhee  wwaavvee  ‘‘HH’’..  TThhee  

ddiirreeccttiioonn  ooff  tthhee  eelleeccttrriicc  ffiieelldd  vveeccttoorr  iiss  tthhee  ddiirreeccttiioonn  ooff  ppoollaarriizzaattiioonn  ooff  lliigghhtt..  

  

TThhee  lliigghhtt  ffrroomm  ggeenneerraall  ssoouurrcceess  ggeenneerraallllyy  rreeffeerrrreedd,,  aass  uunnppoollaarriizzeedd  oorr  rraannddoommllyy  ppoollaarriizzeedd,,  

ssiinnccee  eelleeccttrriicc  ffiieelldd  vveeccttoorr  hhaass  nnoo  pprreeffeerrrreedd  ddiirreeccttiioonn  ooff  oorriieennttaattiioonn..    CCeerrttaaiinn  ssoouurrcceess  lliikkee  ssoommee  

llaasseerrss,,  pprroodduuccee  lliigghhtt  wwaavveess  ooff  hhiigghhllyy  ddiirreeccttiioonn  oorriieenntteedd  eelleeccttrriicc  ffiieellddss..  SSuucchh  ssoouurrcceess  aarree  rreeffeerrrreedd  aass  

ppoollaarriizzeedd  ssoouurrcceess..  

  

  TThhee  oouuttppuutt  ooff  mmaannyy  llaasseerrss  iiss  lliinneeaarrllyy  ppoollaarriizzeedd  aass  rreessuullttss  ooff  BBrreewwsstteerr  ssuurrffaaccee  wwiitthh--iinn  tthhee  

llaasseerr..    CCuuttttiinngg  tthhee  eennddss  ooff  llaasseerr  rroodd  oorr  mmoouunnttiinngg  wwiinnddoowwss  ooff  ggaass  llaasseerr  ttuubbee  aatt  tthhee  BBrreewwsstteerr  aannggllee,,  

aassssuurreess  tthhaatt  lliigghhtt  ooff  oonnee  ppoollaarriizzaattiioonn  ddiirreeccttiioonn  iiss  ttrraannssmmiitttteedd  oouutt  ooff  tthhee  llaassiinngg  mmeeddiiuumm  ttoo  tthhee  

rreefflleeccttiinngg  mmiirrrroorrss  aanndd  bbaacckk  iinnttoo  llaassiinngg  mmeeddiiuumm  wwiitthh  nnoo  lloossss..  TThheenn  tthhee  aanngglleedd--ccuutt  ssuurrffaacceess  aanndd  

wwiinnddoowwss  aarree  ccaalllleedd  BBrreewwsstteerr  ccuuttss  oorr  BBrreewwsstteerr  wwiinnddoowwss..    FFoorr  lliigghhtt  ppoollaarriizzeedd  ppeerrppeennddiiccuullaarr  ttoo  tthhee  

ppllaannee  ooff  iinncciiddeennccee,,  tthheerree  iiss  aa  llaarrggee  lloossss  aatt  BBrreewwsstteerr  ssuurrffaaccee  dduuee  ttoo  rreeffrraaccttiioonn  oouutt  ooff  tthhee  llaassiinngg  

mmeeddiiuumm..    UUssuuaallllyy  tthhiiss  lloossss  mmaakkeess  iitt  iimmppoossssiibbllee  ffoorr  lliigghhtt  ooff  tthhiiss  ppoollaarriizzaattiioonn  ttoo  llaassee..    AAss  tthhee  

pprreeffeerrrreedd  ppoollaarriizzaattiioonn  ccaann  oonnllyy  llaassee,,  tthhee  oouuttppuutt  iiss  ooff  hhiigghh  ddeeggrreeee  ooff  ppoollaarriizzaattiioonn..  
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22..11..1100..  SSuummmmaarryy::  --  

  
  TThhee  cchhaarraacctteerriissttiicc  pprrooppeerrttiieess  ooff  llaasseerr  rraaddiiaattiioonn  lliikkee  ddiirreeccttiioonnaalliittyy;;  mmoonnoocchhrroommaattiicciittyy,,  

iinntteennssiittyy  aanndd  ssppaattiiaall  aanndd  tteemmppoorraall  ccoohheerreennccee  aarree  ddeessccrriibbeedd  iinn  aa  ddeettaaiilleedd  mmaannnneerr..  EExxppeerriimmeennttaall  

tteecchhnniiqquueess  ttoo  ddeetteerrmmiinnee  ccoohheerreennccee  ppaarraammeetteerrss  lliikkee  ccoohheerreennccee  lleennggtthh,,  ccoohheerreennccee  aarreeaa  aarree  ddeessccrriibbeedd..  

  

22..11..1111..  KKeeyy  tteerrmmiinnoollooggyy::  --  

  LLaasseerr--lliinneewwiiddtthh--ddiirreeccttiioonnaalliittyy--mmoonnoocchhrroommaattiicciittyy--ssppaattiiaallccoohheerreennccee--tteemmppoorraallccoohheerreennccee  --

vviissiibbiilliittyy  ffaaccttoorr--rraaddiioommeettrryy  aanndd  pphhoottoommeettrryy--ppoollaarriizzaattiioonn--BBrreewwsstteerr  aannggllee  wwiinnddoowwss  aanndd  ccuuttss..  

  

22..11..1122..SSeellff  aasssseessssmmeenntt  qquueessttiioonnss::  --  

11..DDiissttiinngguuiisshh  bbeettwweeeenn  ccoonnvveennttiioonnaall  ssoouurrcceess  aanndd  llaasseerrss..  

22..DDeessccrriibbee  tthhee  cchhaarraacctteerriissttiicc  pprrooppeerrttiieess  ooff  llaasseerr..  

33..EExxppllaaiinn  tthhee  tteecchhnniiqquuee  ttoo  ddeetteerrmmiinnee  ccoohheerreennccee  lleennggtthh..  

44..DDeessccrriibbee  uunniittss  uusseedd  iinn  rraaddiioommeettrryy  aanndd  pphhoottoommeettrryy..  

  

22..11..1133..RReeffeerreennccee  bbooookkss::--  

11..IInnttrroodduuccttiioonn  ttoo  llaasseerrss  aanndd  tthheeiirr  aapppplliiccaattiioonnss    DD..CC..  OOsshheeaa,,  WW..RR..CCaalllleenn  aanndd  WW..TT..  RRhhooddeess..  

22..LLaasseerrss  aanndd  NNoonn--lliinneeaarr  ooppttiiccss  bbyy  BB..BB..LLaauudd  

33..LLaasseerrss  TThheeoorryy  aanndd  aapppplliiccaattiioonnss  bbyy  KK..TThhyyaaggaarraajjaann  aanndd    AA..KK..GGhhaattaakk..        



  

  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  11  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

UUnniitt  IIII  

LLEESSSSOONN--22  

BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss  
  

OObbjjeeccttiivvee::  --  TToo  pprreesseenntt  tthhee  ddeessccrriippttiioonn  ooff  bbaassiicc  rreeqquuiirreemmeennttss  ffoorr  llaassiinngg  aanndd  tthhee  iimmppoorrttaannccee  ooff  EEiinnsstteeiinn  

ccooeeffffiicciieennttss..  TToo  oobbttaaiinn  tthhee  nneecceessssaarryy  ccoonnddiittiioonn  ffoorr  aammpplliiffiiccaattiioonn  ooff  aa  ssiiggnnaall  iinn  aa  mmeeddiiuumm..    TToo  ssttuuddyy  ooff  

vvaarriioouuss  llaasseerr  sscchheemmeess  aanndd  ttoo  ddiissccuussss  tthheeiirr  ppoowweerr  rreeqquuiirreemmeennttss..  

  

SSttrruuccttuurree::  

  

22..22..11..    BBaassiicc  rreeqquuiirreemmeennttss  ffoorr  llaassiinngg  

22..22..22..    AAccttiivvee  MMeeddiiuumm  

22..22..33..    QQuuaannttuumm  nnuummbbeerrss  

22..22..44..    AAbbssoorrppttiioonn  

22..22..55..  EEmmiissssiioonn  

22..22..66..    PPooppuullaattiioonn  iinnvveerrssiioonn  

22..22..77..    SSttiimmuullaattiinngg  RRaaddiiaattiioonn  

22..22..88..    DDiissttiinnccttiioonn  bbeettwweeeenn  ssppoonnttaanneeoouuss  eemmiissssiioonn  aanndd  ssttiimmuullaatteedd  eemmiissssiioonn  

22..22..99..    FFeeeeddbbaacckk  MMeecchhaanniissmm  

22..22..1100..EEiinnsstteeiinn  RReellaattiioonnss  

22..22..1111  AAmmpplliiffiiccaattiioonn  iinn  aa  mmeeddiiuumm  

22..22..1122  LLaasseerr  ppuummppiinngg  

22..22..1133  BBoollttzzmmaannnn’’ss  pprriinncciippllee  aanndd  tthhee  ppooppuullaattiioonn  ooff  eenneerrggyy  lleevveellss  

22..22..1144  AAttttaaiinnmmeenntt  ooff  ppooppuullaattiioonn  iinnvveerrssiioonn  

22..22..1155  TTwwoo  lleevveell  ppuummppiinngg  

22..22..1166  OOppttiiccaall  ppuummppiinngg::  tthhrreeee  aanndd  ffoouurr  lleevveell  sscchheemmeess  

22..22..1177  SSuummmmaarryy  

22..22..1188  KKeeyy  tteerrmmiinnoollooggyy  

22..22..1199  SSeellff  aasssseessssmmeenntt  qquueessttiioonnss  

22..22..2200  TTeexxtt  aanndd  RReeffeerreennccee  bbooookkss  

  

  



  

  

MM..SScc..  PPhhyyssiiccss  22  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

  

22..22..11..BBaassiicc  rreeqquuiirreemmeennttss  ffoorr  llaassiinngg::  

  
                  TThhee  bbaassiicc  rreeqquuiirreemmeennttss  ffoorr  ssttiimmuullaatteedd  eemmiissssiioonn  ooff  rraaddiiaattiioonn  aarree    

  

                  11))  AAccttiivvee  MMeeddiiuumm  

                  22))  PPooppuullaattiioonn  iinnvveerrssiioonn  

                  33))  OOppttiiccaall  ffeeeeddbbaacckk  ssyysstteemm  ((RReessoonnaattoorr))..  

  

                  TThhee  pprriinncciipplleess  iinnvvoollvveedd  iinn  tthheessee  ccoonnddiittiioonnss  aarree  ddiissccuusssseedd..  

  

22..22..22..AAccttiivvee  MMeeddiiuumm::  

  

                              IItt  wwaass  ffoouunndd  tthhaatt  ggaass  ddiisscchhaarrggee  ttuubbeess  eemmiitt  lliigghhtt  aatt  ddiissccrreettee  wwaavveelleennggtthhss  iinn  tthhee                                          

ffoorrmm  ooff  lliinnee  ssppeeccttrraa,,  aass  cchhaarraacctteerriissttiiccss  ooff  aann  eemmiitttteerr..  IItt  wwaass  aallssoo  ffoouunndd  tthhee  ggaasssseess  aabbssoorrbb  ddiissccrreettee  

wwaavveelleennggtthhss  oonn  iirrrraaddiiaattiioonn  ffrroomm  wwhhiittee  lliigghhtt  oorr  aa  ccoonnttiinnuuoouuss  ssppeeccttrraall  ssoouurrccee..  IItt  wwaass  sshhoowwnn  tthhaatt  eeaacchh  

aattoommiicc  eelleemmeenntt  hhaadd  iittss  ssiiggnnaattuurreess  iinn  tthhee  ffoorrmm  ooff  cchhaarraacctteerriissttiicc  iiddeennttiiffiiaabbllee  lliinnee  ssppeeccttrraa  iinn  bbootthh  eemmiissssiioonn  

aanndd  aabbssoorrppttiioonn..  LLaatteerr  iitt  wwaass  sshhoowwnn  tthhaatt  mmoolleeccuulleess  aallssoo  hhaadd  ssiimmiillaarr  cchhaarraacctteerriissttiicc  bbaanndd  ssppeeccttrraa  iinn  

mmiiccrroowwaavvee,,  iinnffrraarreedd  aanndd  vviissiibbllee  rreeggiioonnss..                                                                      

  

  NNeeiill’’ss  BBoohhrr  ddeevveellooppeedd  aa  tthheeoorryy  tthhaatt  aattoommss  ccaann  eexxiisstt  iinn  cceerrttaaiinn  ddiissccrreettee      eenneerrggyy  ssttaatteess  aanndd  

ppoossttuullaatteedd  tthhaatt  eemmiissssiioonn  oorr  aabbssoorrppttiioonn  ooff  lliigghhtt  ooccccuurrss  dduuee  ttoo  cceerrttaaiinn  aalllloowweedd  aattoommiicc  ttrraannssiittiioonnss  iinn  

bbeettwweeeenn  tthhee  ddiissccrreettee  eenneerrggyy  ssttaatteess  ooff  tthhee  ssaammee  ssyysstteemm..  TThhee  ffrreeqquueennccyy  ooff  tthhee  eemmiitttteedd  oorr  aabbssoorrbbeedd  

rraaddiiaattiioonn  iiss  rreellaatteedd  ttoo  tthhee  eenneerrggyy  ddiiffffeerreennccee  ooff  tthhee  ttwwoo  ppaarrttiicciippaattiinngg  ssttaatteess  iinn  tthhee  ttrraannssiittiioonn..  

                  

                                                                        EE22--EE11==  ∆∆EE  ==hhνν    

    

                              wwhheerree  ‘‘hh’’  iiss  tthhee  PPllaannkkss  ccoonnssttaanntt  ==  66..662255xx1100
--3344

  jjoouullee--sseecc  

                              ‘‘  νν’’  iiss  tthhee  ffrreeqquueennccyy  ooff  rraaddiiaattiioonn..  

        aanndd  ‘‘EE11’’  aanndd  EE22’’  aarree  tthhee  eenneerrggiieess  ooff  rreessppeeccttiivvee  ssttaatteess..    

  

                      TThhee  ccoonncceeppttss  ooff  ssttaabbllee  eenneerrggyy  ssttaatteess  aanndd  rraaddiiaattiivvee  ttrraannssiittiioonnss  aarree  vvaalliidd  aass  ppeerr  tthhee      hhiigghhllyy  

ddeevveellooppeedd  qquuaannttuumm  tthheeoorryy..  AAnn  aattoomm  iinn  ssoommee  aarrbbiittrraarryy  eenneerrggyy  ssttaattee  EEii  ccaann  bbee    iinndduucceedd  bbyy  rraaddiiaattiioonn  aatt  
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ffrreeqquueennccyy  ‘‘ννiijj’’    ttoo    uunnddeerrggoo  aa  ttrraannssiittiioonn  ttoo  hhiigghheerr  eenneerrggyy  ssttaattee  EEjj    iiff  ννiijj  ==  ((EEjj--EEii))//  hh,,  iinn  aabbssoorrppttiioonn  pprroocceessss..  

TThhee  eemmiissssiioonn  iiss  tthhee  rreevveerrssee  ooff  tthhiiss  pprroocceessss  iinn      wwhhiicchh  aa  pphhoottoonn  ooff  eenneerrggyy  ‘‘hhννiijj’’iiss  eemmiitttteedd..  

  

22..22..33..QQuuaannttuumm  nnuummbbeerrss::  

  

          EEaacchh  qquuaannttuumm  ssttaattee  ffoorr  oonnee  eelleeccttrroonn  aattoommiicc  ssyysstteemm  iiss  cchhaarraacctteerriizzeedd  bbyy  aa  uunniiqquuee  sseett        ooff  qquuaannttuumm  

nnuummbbeerrss..  

  

nn  ––pprriinncciippllee  qquuaannttuumm  nnuummbbeerr  rreepprreesseennttss  ssiizzee  ooff  tthhee  eelleeccttrroonn  oorrbbiitt..  

ll--oorrbbiittaall  qquuaannttuumm  nnuummbbeerr  rreepprreesseennttss  aanngguullaarr  mmoommeennttuumm  ((ll  hh))  

mm--mmaaggnneettiicc  qquuaannttuumm  nnuummbbeerr  rreepprreesseennttss  zz--ccoommppoonneenntt  ooff  aanngguullaarr  mmoommeennttuumm  ((mmhh))                                

ss--ssppiinn  qquuaannttuumm  nnuummbbeerr  rreepprreesseennttss  eelleeccttrroonn  ssppiinn  aanngguullaarr  mmoommeennttuumm((sshh))..  

  

    TThhee  eelleeccttrroonn  ssppiinn  ddeessiiggnnaatteedd  bbyy  ‘‘ss’’  ccaann  ccoonnttrriibbuuttee  ttoo  tthhee  eenneerrggyy  ooff  tthhee  aattoomm  wwhheenn  tthhee  eelleeccttrroonn  iiss  

iinn  aa  mmaaggnneettiicc  ffiieelldd..  AAttoommss  wwiitthh  ssaammee  vvaalluueess  ooff  ‘‘nn’’  aanndd  ‘‘ll’’  wwiitthh  ddiiffffeerreenntt  vvaalluueess  ooff‘‘mm’’  aanndd  ‘‘ss’’  oofftteenn  hhaavvee  

tthhee  ssaammee  ttoottaall  eenneerrggyy..  SSuucchh  qquuaannttuumm  ssttaatteess  aarree  ddeessccrriibbeedd  aass  ddeeggeenneerraattee  eenneerrggyy  ssttaatteess..  WWhheenn  aattoommss  iinn  

tthheessee  ssttaatteess  iinn  aa  mmaaggnneettiicc  ffiieelldd,,  tthhee  eenneerrggyy  ooff  eeaacchh  ddeeggeenneerraattee  ssttaattee  iinnccrreeaasseess  oorr  ddeeccrreeaasseess  bbyy  aann  aammoouunntt  

tthhaatt  ddeeppeennddss  oonn  tthhee  vvaalluueess  ooff  ‘‘mm’’  aanndd  ‘‘ss’’..  TThhee  ddeeggeenneerraaccyy  iiss  rreemmoovveedd  bbyy  tthhee  pprreesseennccee  ooff  tthhee  ffiieelldd..  IInn  

mmuullttii--eelleeccttrroonn  aattoommss  eeaacchh  eelleeccttrroonn  iiss  aassssoocciiaatteedd  wwiitthh  aa  sseett  ooff  qquuaannttuumm  nnuummbbeerrss  aaccccoorrddiinngg  ttoo  PPaauullii’’ss  

eexxcclluussiioonn  pprriinncciippllee..  

  

    TThhee  cchhaannggee  ooff  aattoommiicc  eenneerrggyy  ssttaattee  dduurriinngg  aabbssoorrppttiioonn  oorr  eemmiissssiioonn  iiss  ccaalllleedd  aann  aattoommiicc  

ttrraannssiittiioonn..TThhee  aalllloowweedd  ttrraannssiittiioonn  aass  ppeerr  sseelleeccttiioonn  rruulleess  aarree  ccaalllleedd  aass  aalllloowweedd  ttrraannssiittiioonn  wwhhiillee  tthhee  hhiigghhllyy  

iimmpprroobbaabbllee  ttrraannssiittiioonnss  aarree  ccaalllleedd  ffoorrbbiiddddeenn  ttrraannssiittiioonnss..  

  

  TThhee  sseelleeccttiioonn  rruulleess  ∆∆SS==00  aanndd      ∆∆LL==00,,++11,,--11  tteellll  tthhaatt  ttrraannssiittiioonnss  bbeettwweeeenn  ssiinngglleett  ttoo  ssiinngglleett  oorr  

ttrriipplleett  ttoo  ttrriipplleett  ssttaatteess  aarree  aalllloowweedd  bbuutt  nnoott  ffrroomm  aa  ssiinngglleett  ttoo  ttrriipplleett  ssttaatteess..  

  

  TThhee  ttrraannssiittiioonn  lliiffee  ttiimmee  iiss  aa  mmeeaassuurree  ooff  pprroobbaabbiilliittyy  ooff  aa  ttrraannssiittiioonn  ii..ee..  tthhee  ttiimmee  dduurriinngg  wwhhiicchh  tthhee  

ttrraannssiittiioonn  ((eeiitthheerr  eemmiissssiioonn  oorr  aabbssoorrppttiioonn))  ttaakkeess  ppllaaccee..  TThhee  aalllloowweedd  ttrraannssiittiioonnss  ttaakkee  ppllaaccee  oovveerr  aa  ttiimmee  

vvaarryyiinngg  ffrroomm  mmiiccrroosseeccoonndd  ttoo  nnaannoosseeccoonnddss..  SSoommee  aattoommiicc  ssyysstteemmss  rreemmaaiinnss  iinn  uuppppeerr  ssttaattee  ooff  aa  ffoorrbbiiddddeenn  

ttrraannssiittiioonn  mmuucchh  lloonnggeerr  ppeerriiooddss  ii..ee..,,  mmiilllliisseeccoonnddss..  SSuucchh  ssttaatteess  aarree  ccaalllleedd  mmeettaassttaabbllee  ssttaatteess..  TThhee  
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mmeettaassttaabbllee  ssttaatteess  ffoouunndd  iinn  aattoommss  aanndd  mmoolleeccuulleess  aarree  ooff  ggrreeaatt  iimmppoorrttaannccee  iinn  tthhee  ddeevveellooppmmeenntt  ooff  vvaarriioouuss  

llaasseerr  ssyysstteemmss..  

                                        

22..22..44..AAbbssoorrppttiioonn::  

  

  AAbbssoorrppttiioonn  aanndd  eemmiissssiioonn  pprroocceesssseess  ooccccuurr  iinn  aa    ccoolllleeccttiioonn  ooff  aattoommss  oorr  mmoolleeccuulleess  bbyy  vviirrttuuee  ooff  

aalllloowweedd  ttrraannssiittiioonnss  iinn  bbeettwweeeenn  tthhee  qquuaannttuumm  ssttaatteess..  

  

                        CCoonnssiiddeerr  aann  aabbssoorrppttiioonn  ssppeeccttrroommeetteerr    ccoonnssiissttiinngg  ooff  aa  cceellll  wwiitthh  wwiinnddoowwss,,  ttoo  hhoolldd  tthhee  aattoommiicc  ggaass  

cchhaarraacctteerriizzeedd  bbyy  iittss  eenneerrggyy  iinn  ggrroouunndd  ssttaattee  EEoo  aanndd  aann  eexxiitteedd  ssttaattee  EE11  ((EE11>>EEoo))..  AA  ccoolllliimmaatteedd  bbeeaamm  ffrroomm  aa  

ssoouurrccee  ooff  ccoonnttiinnuuoouuss  ssppeeccttrruumm  iiss  aalllloowweedd  ttoo  ppaassss  tthhrroouugghh  tthhee  cceellll  aanndd  ddiissppeerrsseedd  bbyy  aa  pprriissmm..  SSppeeccttrraa  aarree  

ttaakkeenn  wwiitthh  oouutt  ggaass  aanndd  wwiitthh  ggaass  iinn  tthhee  aabbssoorrppttiioonn  cceellll..  TTwwoo  ddiissttiinncctt  ttyyppeess  ooff  ccoonnttiinnuuoouuss  ssppeeccttrraa  wwiitthh  aa  

ssmmooootthh  vvaarriiaattiioonn  iinn  ccoolloouurrss  wwiitthh  oouutt  ggaass  iinn  tthhee  cceellll  aanndd  tthhee  ootthheerr  wwiitthh  ddaarrkk  lliinneess  aatt  ddiissccrreettee  wwaavveelleennggtthhss  

oonn  bbrriigghhtt  bbaacckkggrroouunndd  wwiitthh  ggaass  iinn  tthhee  cceellll,,  aarree  rreeccoorrddeedd..  TThhee  ffrreeqquueennccyy  ooff  tthhee  aabbssoorrppttiioonn  lliinneess  iiss  rreellaatteedd  

bbyy  ffaammoouuss  qquuaannttuumm  ccoonnddiittiioonnss..  

  

  TThhee  eexxppeerriimmeennttaall  oobbsseerrvvaattiioonn  ooff  ddaarrkk  lliinneess  aatt  cceerrttaaiinn  ffrreeqquueenncciieess  lliikkee  νν1100  eettcc,,  iiss  aann  iinnddiiccaattiioonn  tthhaatt  

cceerrttaaiinn  ffrreeqquueenncciieess  aarree  ttoottaallllyy  aabbssoorrbbeedd  uunnddeerr  ssuuiittaabbllee  qquuaannttuumm  ccoonnddiittiioonnss..  HHeennccee  tthhee  iinntteennssiittyy  lloossss  aatt  

cceerrttaaiinn  ffrreeqquueenncciieess  ccoorrrreessppoonnddss  ttoo  cchhaarraacctteerriissttiicc,,  aabbssoorrppttiioonn  ssppeeccttrraa  ooff  tthhee  aattoommiicc  ggaass..  TThhee  eexxcciitteedd  

aattoommss  wwiillll  eemmiitt  aatt  tthhee  ssaammee  ffrreeqquueenncciieess  ppaarrttiiaallllyy  ssoommeettiimmeess  oorr  tthhee  eexxcciitteedd  eenneerrggyy  mmaayy  bbee  ddiissssiippaatteedd..                

  

TThhee  FFrraauunnhhooffffeerr  lliinnee  ssppeeccttrruumm  iiss  aann  iiddeeaall  eexxaammppllee  ooff  aabbssoorrppttiioonn  ssppeeccttrraa..  

  

        ((EE11--EEoo))//hh  ==  νν1100    ((ffrreeqquueennccyy  iinn  HHzz))..  

  

  TThhee  ddaarrkk  lliinneess  aatt  ddiissccrreettee  wwaavveelleennggtthhss  aarree  ccaalllleedd  cchhaarraacctteerriissttiicc  aabbssoorrppttiioonn  ssppeeccttrruumm  ooff  tthhee  

aattoommiicc  ggaass  iinn  tthhee  cceellll..  TThhiiss  iiss  dduuee  ttoo  aabbssoorrppttiioonn  ooff  tthhee  qquuaannttuumm  ooff  rraaddiiaattiioonn  ((hhνν1100))..  TThhee  ggrroouunndd  ssttaattee  

aattoommss  aarree  ssttiimmuullaatteedd  ttoo  aabbssoorrbb  tthhiiss  ddiissccrreettee  qquuaannttuumm  ooff  eenneerrggyy  ffrroomm  iinncciiddeenntt  rraaddiiaattiioonn..  HHeennccee  tthhiiss  

ttrraannssiittiioonn  iinndduucceedd  bbyy  tthhee  iinncciiddeenntt  rraaddiiaattiioonn  iiss  oofftteenn  rreeffeerrrreedd  aass  ssttiimmuullaatteedd  aabbssoorrppttiioonn..  TThhiiss  pprroocceessss  ooff  

ssttiimmuullaatteedd  aabbssoorrppttiioonn  iiss  nnoott  aalllloowweedd  eennddlleessssllyy  ttiillll  tthhee  ggrroouunndd  ssttaattee  ppooppuullaattiioonn  iiss  eexxhhaauusstteedd,,  ssiinnccee  tthhee  

eemmiissssiioonn  pprroocceesssseess  ooccccuurr  ffrroomm  tthhee  eexxcciitteedd  ssppeecciieess  rreessuullttiinngg  tthhee  eexxcciitteedd  aattoomm  ttoo  ccoommee  ttoo  tthhee  ggrroouunndd  

ssttaattee..  TThhee  eemmiissssiioonn  pprroocceessss  mmaakkeess  tthhee  eexxcciitteedd  aattoommss  ttoo  ccoommee  ttoo  tthhee  ggrroouunndd  ssttaattee  iinn  aa  ffrraaccttiioonn  ooff  

nnaannoosseeccoonnddss  ttiimmee  rreessuullttiinngg  aa  pphhoottoonn  ooff  eenneerrggyy  ((hhνν1100))..  
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22..22..55..EEmmiissssiioonn::  

  

            EEmmiissssiioonn  pprroocceessss  iiss  ooff  ttwwoo  ttyyppeess..    

11))  SSppoonnttaanneeoouuss  eemmiissssiioonn    

22))  SSttiimmuullaatteedd  eemmiissssiioonn..  

TThhee  pphhoottoonn  ooff  eenneerrggyy  hhνν1100  iiss  eemmiitttteedd  ffrroomm  tthhee  eexxcciitteedd  aattoommss  ssppoonnttaanneeoouussllyy  iinn  rraannddoomm  ddiirreeccttiioonn..  TThhee  

pphhoottoonnss  aarree  eemmiitttteedd  ffrroomm  vvaarriioouuss  eexxcciitteedd  aattoommss  aarree  iinnddeeppeennddeenntt  iinn  ddiirreeccttiioonn  aanndd  pphhaassee..  UUnnddeerr  cceerrttaaiinn  

ccoonnddiittiioonnss  tthheessee  eexxcciitteedd  ssppeecciieess  aarree  aallssoo  iinndduucceedd  ttoo  uunnddeerrggoo  iinndduucceedd  eemmiissssiioonn  oorr  ssttiimmuullaatteedd  eemmiissssiioonn  iinn  

wwhhiicchh  tthhee  eemmiitttteedd  pphhoottoonnss  aarree  iinn  pphhaassee  aanndd  uunniiddiirreeccttiioonnaall  wwiitthh  tthhee  ssttiimmuullaatteedd  pphhoottoonn..  TThhiiss  ssttiimmuullaatteedd  

eemmiissssiioonn  ooccccuurrss  wwhheenn  tthhee  mmeeddiiuumm  iiss  pprroovviiddeedd  wwiitthh::                                  

  

11))  PPooppuullaattiioonn  IInnvveerrssiioonn  

22))  SSttiimmuullaattiinngg  RRaaddiiaattiioonn  

33))  FFeeeeddbbaacckk  mmeecchhaanniissmm    

  

  

  

  

  

  

  

  

  

  

  

                                    

EE11  

EE00  

hhυυ1100  

FFiigg::  22..22..11((aa))  

AAbbssoorrppttiioonn  

EE11  

EE00  

hhυυ1100  

FFiigg  22..22..11((bb))  EEmmiissssiioonn  

EE11  

EE00  

hhυυ1100  
22hhυυ1100  SSttiimmuullaatteedd  

PPhhoottoonnss  

FFiigg  22..22..22..  SSttiimmuullaatteedd  EEmmiissssiioonn  

NN11  

NN00  
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  TThhiiss  ssttiimmuullaatteedd  eemmiissssiioonn  pprroocceessss  iiss  eesssseennttiiaallllyy  ppaarrtt  ooff  ooppeerraattiioonn  ooff  LLAASSEERR  ((LLiigghhtt  AAmmpplliiffiiccaattiioonn  

bbyy  SSttiimmuullaatteedd  EEmmiissssiioonn  ooff  RRaaddiiaattiioonn))..  TThhee  pphhoottoonnss  eemmiitttteedd  iinn  pphhaassee  iinnccrreeaassee  tthhee  aammpplliittuuddee  oonn  

ccoonnssttrruuccttiivvee  bbaassiiss  rreessuullttiinngg  hhiigghh  iinntteennssiittyy  ooff  LLAASSEERR  rraaddiiaattiioonn  ((II  ==  NN
22
aa

22
))  wwhheerree    

  II  ==  iinntteennssiittyy,,  NN==  nnuummbbeerr  ooff  pphhoottoonnss,,  aa  ==  aammpplliittuuddee  ooff  tthhee  ffiieelldd..  

  

22..22..66..  PPooppuullaattiioonn  iinnvveerrssiioonn::  

  

                                                          TThhee  ppooppuullaattiioonn  ooff  tthhee  eexxcciitteedd  ssttaattee  ((NN11))  sshhoouulldd  bbee  mmoorree  tthhaann  tthhee  ppooppuullaattiioonn  ooff  tthhee  

ffiinnaall  ssttaattee  ooff  tthhee  ttrraannssiittiioonn  ((ggrroouunndd  ssttaattee  iinn  tthhIIss  ccaassee))  ii..ee..  NN11>>NN00,,  TThhiiss  iiss  ccrreeaatteedd  iinn  tthhee  mmeeddiiuumm  bbyy  

mmeeaannss  ooff  ppuummppiinngg  mmeecchhaanniissmm  uussiinngg  ooppttiiccaall,,  eelleeccttrriiccaall,,  cchheemmiiccaall  eettcc..  tteecchhnniiqquueess..  

  

22..22..77..  SSttiimmuullaattiinngg  RRaaddiiaattiioonn::  

  

                                                        SSoommee  ooff  tthhee  eexxcciitteedd  ssppeecciieess  eemmiitt  ssppoonnttaanneeoouuss  eemmiissssiioonn  ooff  rraaddiiaattiioonn  ooff  eenneerrggyy  hhνν1100  

wwhhiicchh  iiss  aavvaaiillaabbllee  iinn  tthhee  mmeeddiiuumm  iittsseellff..  TThhuuss  aa  ssppoonnttaanneeoouuss  pphhoottoonn  ooff  eenneerrggyy  hhνν1100  wwiillll  aacctt  aass  aa  

ssttiimmuullaattiinngg  pphhoottoonn  iinn  llaassiinngg  aaccttiioonn  iinn  aann  iinnvveerrtteedd  mmeeddiiuumm..  

  

                                TThhee  iimmppoorrttaanntt  ccoonnddiittiioonn  iiss  tthhaatt  tthhee  eenneerrggyy  ooff  tthhee  ssttiimmuullaattiinngg  pphhoottoonn  mmuusstt  bbee  eeqquuaall  ttoo  tthhee  

eenneerrggyy  ddiiffffeerreennccee  ooff  tthhee  lleevveellss  ppaarrttiicciippaattiinngg  iinn  tthhee  ttrraannssiittiioonn  rreessuullttiinngg  ssttiimmuullaatteedd  eemmiissssiioonn..  

  

AA  ccoommppaarriissoonn  iiss  mmaaddee  bbeettwweeeenn  ssppoonnttaanneeoouuss  eemmiissssiioonn  aanndd  ssttiimmuullaatteedd  eemmiissssiioonn  ooff  rraaddiiaattiioonn..  

  

  22..22..88..DDiissttiinnccttiioonn  bbeettwweeeenn  ssppoonnttaanneeoouuss  eemmiissssiioonn  aanndd  ssttiimmuullaatteedd  eemmiissssiioonn  

  

SSppoonnttaanneeoouuss  eemmiissssiioonn                                                                SSttiimmuullaatteedd  eemmiissssiioonn  

11..  PPrrooppoorrttiioonnaall  ttoo  ppooppuullaattiioonn  ooff  tthhee                  11..  PPrrooppoorrttiioonnaall  ttoo  tthhee  ppooppuullaattiioonn  ooff  tthhee  lleevveell      

        uuppppeerr  lleevveell  ppaarrttiicciippaattiinngg  iinn  aa                                        ppaarrttiicciippaattiinngg  iinn  ssttiimmuullaatteedd  pprroocceessss  ‘‘NN’’                                                                      

          ppaarrttiiccuullaarr  ttrraannssiittiioonn  ((NNUU))    

                                              

22..  NNoo  nneeeedd  ooff  eexxtteerrnnaall  ssttiimmuullaanntt                            22..EExxtteerrnnaall  ssttiimmuullaattiinngg  pphhoottoonn  ooff  hhaavviinngg  ssaammee          

        ((eexxcceepptt  tthhee  eexxcciittaattiioonn  ssoouurrccee))                            eenneerrggyy  ((hhννuull))aass  tthhaatt  ooff  tthhee  EEuu--EEll,,  iiss  eesssseennttiiaall..  

  

33..  PPrrooppoorrttiioonnaall  ttoo  ssppoonnttaanneeoouuss  eemmiissss--          33..  PPrrooppoorrttiioonnaall  ttoo  ssttiimmuullaatteedd  ccooeeffffiicciieenntt..   

        iioonn  rraattee//  pprroobbaabbiilliittyy..  ((AAuull))                                                BBuull  oorr  BBlluu  

        

44..  NNoo  nneeeedd  ooff  ppooppuullaattiioonn  iinnvveerrssiioonn..                  44..  PPooppuullaattiioonn  iinnvveerrssiioonn  iiss  rreeqquuiirreedd  eesssseennttiiaallllyy..  

                                                                                                                                                              NNuu  ––  NNll  ==  ppoossiittiivvee  ((∆∆NNuull))  

  



  

  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  77  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

55..  NNoo  nneeeedd  ooff  eexxtteerrnnaall  aaggeennccyy..                                  55..  PPrrooppoorrttiioonnaall  ttoo  tthhee  ddeennssiittyy  ooff  ssttiimmuullaattiinngg                

                                                                                                                                            eenneerrggyy  ddeennssiittyy.. )}({ νω   

  

66..  IItt  iiss  aa  mmuullttii--ddiirreeccttiioonnaall  pprroocceessss..                      66..  IItt  iiss    uunniiddiirreeccttiioonnaall  eemmiissssiioonn..  

  

77..  NNoo  pphhaassee  rreellaattiioonn  bbeettwweeeenn  eemmiitttteedd            77..  SSttiimmuullaattiinngg  aanndd  ssttiimmuullaatteedd  pphhoottoonnss  wwiillll  bbee  

      pphhoottoonnss..                                                                                                          iinn  pphhaassee..  

  

88..  OOccccuurrss  ffrroomm  tthhee  lleevveellss  eexxcciitteedd                          88..  LLeevveellss  wwiitthh  lloonngg  lliiffee--ttiimmeess  aarree  tthhee  bbeesstt  

        ssppoonnttaanneeoouussllyy  ((nnaannoo--sseecc  pprroocceessss))..                      ccaannddiiddaatteess..  

  

99..  SSiimmppllee  eexxcciittaattiioonn  iiss  ssuuffffiicciieenntt..                          99..  PPuummppiinngg  tteecchhnniiqquuee  iiss  rreeqquuiirreedd  ttoo  ccrreeaattee    

                                                                                                                                            ppooppuullaattiioonn  iinnvveerrssiioonn..  

  

1100..  PPhhoottoonnss  ooff  sshhoorrtt  dduurraattiioonn  aarree                        1100..  LLoonngg  ccoohheerreenntt  bbeeaammss  aarree  oobbttaaiinneedd  wwiitthh    

            eemmiitttteedd  ((iinnccoohheerreenntt  rraaddiiaattiioonn))..                              tteemmppoorraall  ccoohheerreennccee..  

  

1111..  NNoo  nneeeedd  ooff  ffeeeeddbbaacckk  mmeecchhaanniissmm..          1111..  FFeeeeddbbaacckk  mmeecchhaanniissmm  ((rreessoonnaattoorr))  iiss  nneeeeddeedd..  

  

1122..  TTwwoo  lleevveellss  aarree  ssuuffffiicciieenntt  aallwwaayyss..            1122..  GGeenneerraallllyy  mmoorree  lleevveellss  aarree  nneeeeddeedd  ((aatt  lleeaasstt))  

                                                                                                                                              ffoorr  aann  eeffffiicciieenntt  ooppeerraattiioonn..  IInn  cceerrttaaiinn  ccaasseess                          

                                                                                                                                              ttwwoo  lleevveellss  aarree  ssuuffffiicciieenntt..  

22..22..99..  FFeeeeddbbaacckk  MMeecchhaanniissmm::--  

  

  AA  ccoommbbiinnaattiioonn  ooff  ttwwoo  mmiirrrroorrss  ppllaannee  oorr  ccuurrvveedd  oorr  ccoommbbiinnaattiioonn  wwiitthh  ddiiffffeerreenntt  rreefflleeccttiivviittiieess    

((110000%%  aanndd  9955%%))  ppllaacceedd  aatt  tthhee  eenndd  ooff  tthhee  cceellll  ccoonnttaaiinniinngg  tthhee  mmeeddiiuumm  ttoo  pprroovviiddee  ffeeeeddbbaacckk  mmeecchhaanniissmm,,  

TThhiiss  ccoommbbiinnaattiioonn  iiss  ccaalllleedd  aass  ““rreessoonnaattoorr””..  

  

  

22..22..1100..EEiinnsstteeiinn  RReellaattiioonnss::  

  

                                                        IInn  11991177,,  AAllbbeerrtt  EEiinnsstteeiinn  sshhoowweedd  tthhaatt  tthhee  tthhrreeee  pprroocceesssseess  ––  ssttiimmuullaatteedd  aabbssoorrppttiioonn,,  

ssppoonnttaanneeoouuss  eemmiissssiioonn  aanndd  ssttiimmuullaatteedd  eemmiissssiioonn  ooccccuurr  iinn  aa  ccoolllleeccttiioonn  ooff  aattoommss  iinn  aann  iinntteerraaccttiioonn  wwiitthh  

ssuuiittaabbllee  eelleeccttrroommaaggnneettiicc  rraaddiiaattiioonn..  IInn  aa  qquuaannttiiffiieedd  ssttuuddyy,,  mmaatthheemmaattiiccaall  rreellaattiioonn  hhaass  bbeeeenn  eessttaabblliisshheedd  

bbeettwweeeenn  tthheessee  tthhrreeee  pprroocceesssseess..  

  

                                                        CCoonnssiiddeerriinngg  oonnllyy  aann  eexxcciitteedd  ssttaattee  wwiitthh  EE11  eenneerrggyy  aanndd  tthhee  ootthheerr  ggrroouunndd  ssttaattee  aatt  eenneerrggyy  

EE00  aanndd  tthhee  rreessppeeccttiivvee  ppooppuullaattiioonn  iinn  tthheessee  ssttaatteess  NN11  &&  NN00,,  tthhee  rraattee  aatt  wwhhiicchh  tthhee  aattoommss  ssppoonnttaanneeoouussllyy  

ddrrooppss  ttoo  tthhee  lloowweerr  ssttaattee  iiss  ddeessiiggnnaatteedd  bbyy  aa  ccoonnssttaanntt  AA1100..  



  

  

MM..SScc..  PPhhyyssiiccss  88  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

  TThhiiss  iiss  ccaalllleedd  aass  EEiinnsstteeiinn  ccooeeffffiicciieenntt  ffoorr  ssppoonnttaanneeoouuss  eemmiissssiioonn  aanndd  tthhee  rreecciipprrooccaall  ooff  AA1100    

iiss  tthhee  ttiimmee  ffoorr  tthhee  ttrraannssiittiioonn  11→→  00  ttoo  ooccccuurr..  HHeennccee  tthhiiss  iiss  tthhee  ttrraannssiittiioonn  lliiffee  ttiimmee  ooff  tthhee  ssttaattee  TT1100  

((TT1100==11//AA1100))..  

  

                          TThhee  nnuummbbeerr  ooff  aattoommss  uunnddeerrggoo  ssppoonnttaanneeoouuss  eemmiissssiioonn  iiss  ggiivveenn  aass  NN11AA1100..  

                        

  FFoorr  ssttiimmuullaatteedd  aabbssoorrppttiioonn  aanndd  eemmiissssiioonn  iinndduucceedd  rraaddiiaattiioonn  sshhoouulldd  bbee  aavvaaiillaabbllee..  LLeett  tthhiiss  ssppeeccttrraall  

ddeennssiittyy  ooff  rraaddiiaattiioonn  eenneerrggyy  bbee  ρρνν  ((jjoouulleess--sseecc//mm
33
))  aatt  tthhee  ttrraannssiittiioonn  ffrreeqquueennccyy  νν1100..  

  

                                                          TThhee  ssttiimmuullaatteedd  aabbssoorrppttiioonn  ttrraannssiittiioonn  rraattee  ==  NN00  ρρνν  BB0011..  

  

WWhheerree  BB1100  iiss  tthhee  ccoonnssttaanntt  ooff  pprrooppoorrttiioonnaalliittyy  ccaalllleedd  ‘‘EEiinnsstteeiinn  ccooeeffffiicciieenntt  ffoorr  ssttiimmuullaatteedd  aabbssoorrppttiioonn’’..  

  

                                                          SSiimmiillaarrllyy  tthhee  ssttiimmuullaatteedd  eemmiissssiioonn  ttrraannssiittiioonnss  ttaakkee  ppllaaccee  ppeerr  sseeccoonndd    

ii..ee..  

    

SSttiimmuullaatteedd  eemmiissssiioonn  ttrraannssiittiioonn  rraattee..==  NN11  ρρνν  BB1100  ((wwhheerree  BB1100  iiss  ssttiimmuullaatteedd  eemmiissssiioonn  ccooeeffffiicciieenntt  ffoorr  lleevveell  

‘‘11’’  ttoo  ggrroouunndd  ssttaattee  ‘‘00’’))..  

  

AAtt  ccoonnddiittiioonnss  ooff  tthheerrmmaall  eeqquuiilliibbrriiuumm  

  

                11..  TThhee  nnuummbbeerr  ooff  uuppwwaarrdd  ttrraannssiittiioonnss  iiss  eeqquuaall  ttoo  ddoowwnnwwaarrdd  ttrraannssiittiioonnss..  

                22..  TThhee  ccooeeffffiicciieenntt  ooff  ssttiimmuullaatteedd  aabbssoorrppttiioonn  aanndd  ssttiimmuullaatteedd  eemmiissssiioonn  aarree  eeqquuaall    

                              ((  BB0011  ==  BB1100  ))          

  

                                                          TThhee  eeffffeeccttiivvee  ssppeeccttrraall  rraaddiiaattiioonn  eenneerrggyy  ddeennssiittyy  aassssoocciiaatteedd  wwiitthh  lliigghhtt  bbeeaamm  iiss  rreellaatteedd  ttoo  

ssppeeccttrraall  iirrrraaddiiaannccee  ooff  tthhee  bbeeaamm  bbyy  ρρνν==IIνν//cc..  

  

OOnn  ssuubbssttiittuuttiioonn  iitt  ccaann  bbee  sshhoowwnn  tthhaatt  

  

NN00  ((IIνν//cc))  BB0011==NN11  AA1100++NN11((  II  νν//cc))  BB1100..              

  

  

  

  

  

  

  

  

  

  

  

  

                                                            

AAbbssoorrppttiioonn  SSppoonnttaanneeoouuss  

eemmiissssiioonn  

SSttiimmuullaatteedd  

EEmmiissssiioonn  

NN11  

NN00  

EE11  

EE00  

FFiigg  22..22..33..  



  

  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  99  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

TThhee  EEiinnsstteeiinn  ccooeeffffiicciieenntt  AA1100  aanndd  BB1100  aarree  rreellaatteedd  aass    

  

                            AA1100  ==  ((88ππhhνν1100  
33
//  cc

33
  ))  BB1100..  

  

                  TThhee  ccooeeffffiicciieenntt  ooff  ssppoonnttaanneeoouuss  eemmiissssiioonn  rraaddiiaattiioonn  AA1100  iiss  pprrooppoorrttiioonnaall  ttoo  νν33
  

ttiimmeess  BB1100..    TThhiiss  ccuubbiicc  ddeeppeennddeennccyy  oonn  νν  aaccccoouunnttss  ffoorr  tthhee  ddiiffffiiccuullttyy  ooff  aattttaaiinniinngg  llaasseerr  aaccttiioonn  ((ssttiimmuullaatteedd  

eemmiissssiioonn))  aatt  hhiigghh  ffrreeqquueenncciieess  ooff  eelleeccttrroommaaggnneettiicc  ssppeeccttrruumm  ii..ee..  aatt  XX--  rraayyss  aanndd  ϒϒ  --rraayyss..  HHeennccee  aann  aatttteemmpptt  

hhaass  bbeeeenn  mmaaddee  bbyy  CC..HH..TToowwnneess  ffrroomm  MMIITT  iinn  11995544  ttoo  ddeemmoonnssttrraattee  ssttiimmuullaatteedd  eemmiissssiioonn  ffrroomm  aammmmoonniiaa  

mmaasseerr  ssuucccceessssffuullllyy  aatt  mmiiccrroowwaavvee  ffrreeqquueenncciieess..  

                      

22..22..1111  AAmmpplliiffiiccaattiioonn  iinn  aa  mmeeddiiuumm  

  

                                        IInn  aann  eelleeccttrroommaaggnneettiicc  iinntteerraaccttiioonn  iinn  aa  mmeeddiiuumm,,  tthhee  aammpplliiffiiccaattiioonn  oorr  aabbssoorrppttiioonn  ooff  aa  ssiiggnnaall  

ddeeppeennddss  uuppoonn  tthhee  ggaaiinn  ccooeeffffiicciieennttss..  

  

                                        CCoonnssiiddeerr  oonnllyy  aa  ssiinnggllee  rraaddiiaattiivvee  ttrraannssiittiioonn  bbeettwweeeenn  ttwwoo  eenneerrggyy  ssttaatteess  EEii  aanndd  EEjj  ((EEjj>>EEii))  aanndd  

tthhee  iinncciiddeenntt  rraaddiiaattiioonn  bbee  mmoonnoocchhrroommaattiicc  aatt  tthhee  ttrraannssiittiioonn  ffrreeqquueennccyy    

ννiijj  ==  EEjj--EEii//hh..  TThhee  iirrrraaddiiaannccee  iinn  tthhee  bbeeaamm  iiss  aa  ffuunnccttiioonn  ooff  ppoossiittiioonn  aalloonngg  zz  aaxxiiss  ..CCoonnssiiddeerr  tthhee  cchhaannggee  II((zz))  

aafftteerr  ttrraavveerrssiinngg    aa  ssmmaallll  ddiissttaannccee  ddzz  iinn  bbeettwweeeenn  tthhee  ppllaanneess  aatt  zz  aanndd  zz++∆∆zz  iinn  tthhee  ggaass..  

  

                                              ∆∆IIzz((zz))  ==  II  ((zz  ++∆∆zz  ))  ––  II((zz))    ----------------((  11  ))  

  

                      LLeett  tthhee  ccoonnssttaanntt  ooff  pprrooppoorrttiioonnaalliittyy  iiss  aabbssoorrppttiioonn  ccooeeffffiicciieenntt    

  

                                                  ∆∆IIzz  ==  --αα  IIzz  ∆∆zz--------------------  ((22))  

  

                        TThhee  nneeggaattiivvee  ssiiggnn  iinnddiiccaatteess  tthhee  rreedduuccttiioonn  iinn  iirrrraaddiiaannccee  dduuee  ttoo  aabbssoorrppttiioonn  ssiinnccee  ‘‘αα’’  iiss  aa  ppoossiittiivvee  

qquuaannttiittyy    

  

                      IInn  ddiiffffeerreennttiiaall  eeqquuaattiioonn  ffoorrmm    

  

                                    ddII((zz))  //  ddzz  ==  --αα  II((zz))  ----------------------((  33  ))  

  

                      SSoollvviinngg  tthhee  eeqquuaattiioonn,,  

  

                                    II((zz))  ==  II00  ee
--ααzz

      --------------------------------((44))        



  

  

MM..SScc..  PPhhyyssiiccss  1100  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

  

                      TThhiiss  iiss  kknnoowwnn  aass  BBeeeerr’’ss  llaaww..    

  

                      II  ((00))  iiss  tthhee  iirrrraaddiiaannccee  ooff  tthhee  bbeeaamm  aatt  tthhee  iinnppuutt  ppllaannee..  

  

                            ∆∆II  iiss  uussuuaallllyy  nneeggaattiivvee  dduuee  ttoo  nnoorrmmaall  aatttteennuuaattiioonn  ooff  tthhee  iinncciiddeenntt  bbeeaamm..  BBuutt  uunnddeerr  cceerrttaaiinn  

cciirrccuummssttaanncceess  ∆∆II  mmaayy  bbee  ppoossiittiivvee  ii..ee..  tthhee  iinncciiddeenntt  bbeeaamm  aatt  cceerrttaaiinn  ffrreeqquueennccyy  ccaann  bbee  aammpplliiffiieedd  aass  iitt  

ttrraavveellss  tthhrroouugghh  tthhee  mmeeddiiuumm..    TThhiiss  iiss  ppoossssiibbllee  oonnllyy  wwhheenn  mmoorree  nnuummbbeerr  ooff  aattoommss  iinn  tthhee  eelleemmeenntt  aarree  iinn  tthhee  

eexxcciitteedd  ssttaattee  EEjj..  HHeennccee  nnoo  aabbssoorrppttiioonn  bbuutt  ssttiimmuullaatteedd  eemmiissssiioonn  bbee  ppoossssiibbllee  wwhheenn  tthhee  iinncciiddeenntt  rraaddiiaattiioonn  iiss  

ooff  tthhee  ffrreeqquueennccyy  ννiijj..  DDuuee  ttoo  ssttiimmuullaatteedd  eemmiissssiioonn  tthhee  eenneerrggyy  iiss  rraaddiiaatteedd  aatt  tthhee  ssaammee  ffrreeqquueennccyy  ννiijj  aanndd  aallssoo  

iinn  pphhaassee  wwiitthh  tthhee  iinncciiddeenntt  rraaddiiaattiioonn..  TThhuuss  tthhee  aammpplliiffiiccaattiioonn  iiss  rreessppoonnssiibbllee  iinn  llaassiinngg  aaccttiioonn..  

  

  

  

  

  

  

  

  

  

  

  

    

  

                        

      LLeett  nniijj  ooff  eenneerrggyy  qquuaannttaa  ((pphhoottoonnss))  lloosstt  ppeerr  sseeccoonndd  ttoo  tthhee  ccoolllliimmaatteedd  bbeeaamm  aass  iitt  ttrraavveellss  aa  vvoolluummee  

eelleemmeenntt  ooff  tthhiicckknneessss  ∆∆zz    
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c

I
NNB Z

jiij )( −=         --------  --------------------------------((66))  

                                                                    

wwhheerree  NNii  aanndd  NNjj  aarree  tthhee  nnuummbbeerr  ooff  aattoommss  iinn  tthhee  lloowweerr  aanndd  uuppppeerr  eenneerrggyy  ssttaatteess  rreessppeeccttiivveellyy  iinn  tthhee  

vvoolluummee  eelleemmeenntt..  BBiijj  aanndd  BBjjii  aarree  ssttiimmuullaatteedd  aabbssoorrppttiioonn  aanndd  eemmiissssiioonn  ccooeeffffiicciieennttss  rreessppeeccttiivveellyy..  

              

IIzz  

FFiigg::  22..22..44..  IIrrrraaddiiaannccee  cchhaannggee    

II((ZZ++∆∆ZZ))

II00  



  

  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  1111  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

                                IIggnnoorriinngg  ssccaatttteerriinngg  aanndd  ssppoonnttaanneeoouuss  eemmiissssiioonn  lloossss,,  tthhee  pphhoottoonn  lloossss  iinn  tteerrmmss  ooff  tthhee  bbeeaamm  

iirrrraaddiiaannccee  aatt  ZZ  aanndd  ZZ++∆∆ZZ  iiss  eeqquuaatteedd  ttoo  tthhee  ddiiffffeerreennccee  ooff  ppooppuullaattiioonnss  aanndd  tthhee  aabbssoorrppttiioonn  ccooeeffffiicciieennttss  aass    

                                --  ddnniijj  //  ddtt  ==  [[  II((zz))  ––II  ((zz++  ∆∆zz))  ]]  AA  //  hhννiijj  ==BBiijj  [[NNii  ––  NNjj]]  II((zz))  //cc  --------------------------((77))  

    

  AA  ==  aarreeaa  ooff  ccrroossss--sseeccttiioonn  ooff  tthhee  bbeeaamm,,  II((zz))  aanndd  II((zz++∆∆zz))  aarree  bbeeaamm  iirrrraaddiiaanncceess    aatt  ZZ  aanndd  ZZ++∆∆ZZ  

ppoossiittiioonnss..  

  

                                    IIff  ∆∆zz  iiss  ssuuffffiicciieennttllyy  ssmmaallll,,  tthhee  aabboovvee  eeqquuaattiioonn  ccaann  bbee  wwrriitttteenn  aass    

  

                                              ((--  ddII((zz  ))  //  ddzz  ))  ∆∆zz  [[  AA//  hhννiijj]]  ==  BBiijj  ((  NNii  ––  NNjj  ))  II((zz))  //  cc    ----------------------((88))  

  

                                          SSuubbssttiittuuttiinngg  ffoorr  αα  ffrroomm  eeqquu..  ((33))  aanndd  ddiivviiddiinngg  bbyy  II  ((zz))    

  

            αα  ==  [[  BBiijj  ((  NNii  ––NNjj  ))  //  AA  ∆∆zz  ]]    [[  hhννiijj  //cc  ]]  ≈≈  BBiijj  ((NNii  ––  NNjj))  hhννiijj  //  cc  ----------------------  ((99))  

                                                                                                                              
                    

LLeett  ((NNii  //  AA  ∆∆zz))  aanndd  ((NNjj  //  AA  ∆∆zz))  rreepprreesseenntt  nnuummbbeerr  ooff  aattoommss  ppeerr  uunniitt  vvoolluummee  oorr  aattoommiicc  ppooppuullaattiioonn  

ddeennssiittiieess  ooff  ttwwoo  eenneerrggyy  ssttaatteess..  

  

TThhee  eeqquuaattiioonn  pprroovviiddeess  tthhee  lliinnkk  bbeettwweeeenn  aabbssoorrppttiioonn  ccooeeffffiicciieenntt  ‘‘αα’’  aanndd  ppooppuullaattiioonn  ddiiffffeerreennccee  ooff  ttwwoo  

ssttaatteess..  NNoorrmmaallllyy  NNii  iiss  ggrreeaatteerr  tthhaann  NNjj  aanndd  αα  iiss  ppoossiittiivvee  qquuaannttiittyy,,  aabbssoorrppttiioonn  iiss  eexxppeecctteedd..  

IInn  ccaassee  NNjj  >>  NNii,,  tthheenn  αα  iiss  nneeggaattiivvee,,  tthhee  qquuaannttiittyy  ((--ααzz))  ii..ee..  eexxppoonneenntt  iinn  tthhee  eeqquuaattiioonn  iiss  ppoossiittiivvee..  HHeennccee  tthhee  

iirrrraaddiiaannccee  ooff  tthhee  bbeeaamm  ggrroowwss  wwiitthh  ddiissttaannccee  aass  ppeerr  tthhee  rreellaattiioonn  

  

                                              II((zz))  ==  IIoo  ee
ββzz        

--------------------------------------((1100))  
        

  

WWhheerree  ββ  iiss  ssoo  ccaalllleedd  ssmmaallll  ssiiggnnaall  ggaaiinn  ccooeeffffiicciieenntt..  

  

                                            ββ  ==  --αα                      ,,  αα  <<  00  

  

                                            ββ  ==  ββiijj  ((  NNjj  ––  NNii  ))  hhννiijj  //  cc        ----------------------------------((1111))  

  

UUnnddeerr  tthhiiss  ccoonnddiittiioonn  ((NNjj  ––  NNii))  tthhee  bbeeaamm  iiss  aammpplliiffiieedd  iinnsstteeaadd  ooff  tthhee  eexxppeecctteedd  aatttteennuuaattiioonn..  

TThhiiss  iiss  aacchhiieevveedd  bbyy  aa  pprroocceessss  kknnoowwnn  aass  ‘‘ppuummppiinngg’’  ttoo  rreevveerrssee  tthhee  ssiittuuaattiioonn..  TThhiiss  aattttaaiinnmmeenntt  ooff  tthhiiss  

ccoonnddiittiioonn,,  kknnoowwnn  aass  ‘‘ppooppuullaattiioonn  iinnvveerrssiioonn’’  iiss  rreeqquuiirreedd  ffoorr  lliigghhtt  aammpplliiffiiccaattiioonn..  

  



  

  

MM..SScc..  PPhhyyssiiccss  1122  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

22..22..1122..  LLaasseerr  ppuummppiinngg::  PPuummppiinngg  iiss  tthhee  tteecchhnniiqquuee  uusseedd  ttoo  ccrreeaattee  ppooppuullaattiioonn  iinnvveerrssiioonn  aammoonngg  tthhee  eenneerrggyy  

lleevveellss  ppaarrttiicciippaattiinngg  iinn  llaasseerr  ttrraannssiittiioonn  iinn  aa  mmeeddiiuumm..  UUssuuaallllyy  tthhee  ddiissttrriibbuuttiioonn  ooff  ppooppuullaattiioonn  ooff  aattoommss  

aammoonngg  vvaarriioouuss  eenneerrggyy  lleevveellss  iiss  ggoovveerrnneedd  bbyy  BBoollttzzmmaannnn’’ss  pprriinncciippllee  iinn  tthheerrmmaall  eeqquuiilliibbrriiuumm..    

  

22..22..1133..  BBoollttzzmmaannnn’’ss  pprriinncciippllee  aanndd  tthhee  ppooppuullaattiioonn  ooff  eenneerrggyy  lleevveellss::  

  

                                                                  AAtt  rroooomm  tteemmppeerraattuurree  tthhee  aattoommss  ooff  aa  ggaass  iinn  tthheerrmmaall  eeqquuiilliibbrriiuumm,,  mmaajjoorriittyy    

ooff  aattoommss  rreemmaaiinn  iinn  tthhee  ggrroouunndd  ssttaattee  ccoonnffiigguurraattiioonn  aanndd  aa  ssmmaallll  ffrraaccttiioonn  wwiillll  bbee  iinn  tthhee  eexxcciitteedd  ssttaatteess  dduuee  ttoo  

tthhee  aavvaaiillaabbllee  tthheerrmmaall  eenneerrggyy..  BByy  iinnccrreeaassiinngg  tteemmppeerraattuurree  ssoommee  mmoorree  aattoommss  aarree  mmaaddee  ttoo  ooccccuuppyy  hhiigghheerr  

eexxcciitteedd  eenneerrggyy  ssttaatteess..    

  

  BBoollttzzmmaannnn’’ss  pprriinncciippllee  ssttaatteess  tthhaatt  tthhee  ppooppuullaattiioonn  ooff  aattoommss  iinn  aann  hhiigghheerr  eenneerrggyy  lleevveell  NNii  iiss  eeqquuaall  ttoo  

                          

  NNii  ==  NN00  ee
--EEii  //  kkTT  

  

WWhheerree                    

  

                NN00  iiss  tthhee  nnuummbbeerr  ooff  aattoommss  iinn  tthhee  ggrroouunndd  ssttaattee..  

                EEii  ==  eenneerrggyy  mmeeaassuurreedd  rreellaattiivvee  ttoo  ggrroouunndd  ssttaattee  

                TT    ==  tteemmppeerraattuurree  iinn  aabbssoolluuttee  ssccaallee  ((KKeellvviinn))  iinn  ddeeggrreeeess  

                kk    ==  BBoollttzzmmaannnn’’ss  ccoonnssttaanntt    11..3388  xx  1100
--2233

      jjoouullee//kk..  

                              

TThhiiss  rreellaattiioonnsshhiipp  iiss  ccaalllleedd  BBoollttzzmmaannnn’’ss  rraattiioo..                                  

                                            NNjj  //  NNii  ==  ee  
––  ((  EEjj  ––  EEii  ))  //  kkTT

    ==    ee  
––  ∆∆EEjjii  //  kkTT                                      

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  EE00  

EE11  

EE22  

EE55  

EE33  

EE66  

NN00  

NN11  

NN22  

NN33  

NN44  

NN55  

BBoollttzzmmaannnn  ddiissttrriibbuuttiioonn  ffoorr  sseevveerraall  

eenneerrggyy  

EE  

FFiigg::  22..22..55  



  

  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  1133  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

          TThhee  EE00,,  EE11,,  EE22,,  EE33,,  EE44,,  EE55  aarree  eenneerrggyy  lleevveellss  wwiitthh  rreessppeeccttiivvee  ppooppuullaattiioonnss  NN00,,  NN11,,NN22,,  NN33,,  NN44,,  NN55..  

WWhheerree  ∆∆EE  ==  kkTT,,  tthhee  BBoollttzzmmaannnn’’ss  rraattiioo  iiss  11//ee..  

                        hhννiijj  ==  kkTT  

  AAtt  rroooomm  tteemmppeerraattuurree  TT  ==  330000kk,,  tthhee  ccoorrrreessppoonnddiinngg  ffrreeqquueennccyy  iiss  66xx1100
1122

  HHzz  iinn  ffaarr  iinnffrraa  rreedd  ppaarrtt  ooff  

tthhee  ssppeeccttrruumm  ((λλ  ==  5500  µµmm))..  AAss  tthhee  tteemmppeerraattuurree  iinnccrreeaasseess  ttoo  hhiigghh  vvaalluuee,,  tthhee  ggrreeaatteerr  ooccccuuppaannccyy  ooff  hhiigghheerr  

eenneerrggyy  lleevveellss  iiss  rreessppoonnssiibbllee  ffoorr  nneeww  lliinneess  iinn  tthhee  aabbssoorrppttiioonn  ssppeeccttrruumm..  

  

22..22..1144..  AAttttaaiinnmmeenntt  ooff  ppooppuullaattiioonn  iinnvveerrssiioonn  

  

  UUnnddeerr  tthheerrmmaall  eeqquuiilliibbrriiuumm  ccoonnddiittiioonnss  tthhee  ppooppuullaattiioonn  ooff  hhiigghheerr  eenneerrggyy  ssttaatteess  ccaann  nneevveerr  eexxcceeeedd  

tthhee  lloowweerr  eenneerrggyy  ssttaattee  ((ii..ee  NNjj  ≤≤  NNii  ))..  TThhee  eesssseennttiiaall  ccoonnddiittiioonn  ffoorr  llaassiinngg  iiss  ppooppuullaattiioonn  iinnvveerrssiioonn  oobbttaaiinneedd  iinn  

tthhee  mmeeddiiuumm  tthhrroouugghh  aapppplliiccaattiioonn  ooff  eexxtteerrnnaall  ssoouurrccee  ooff  eenneerrggyy..  VVaarriioouuss  ppuummppiinngg  tteecchhnniiqquueess  aarree  iinn  vvoogguuee  

ttoo  ccrreeaattee  ppooppuullaattiioonn  iinnvveerrssiioonn  aammoonngg  tthhee  eenneerrggyy  ssttaatteess  rreessppoonnssiibbllee  ffoorr  ssttiimmuullaattiinngg  eemmiissssiioonn  ooff  rraaddiiaattiioonn..  

TThhee  tthhrreeee  ggeenneerraall  sscchheemmeess  aaddoopptteedd  aarree    

  

11..  TTwwoo--lleevveell  ppuummppiinngg  sscchheemmeess  ooff  aammmmoonniiaa  mmaasseerr    

  

22..  TThhrreeee  oorr  ffoouurr  lleevveell  ooppttiiccaall  ppuummppiinngg  uusseedd  iinn  ssoolliidd  ssttaattee  llaasseerrss  ((RRuubbyy  aanndd  NNDD::YYAAGG  llaasseerr))  

  

22..22..1155..  TTwwoo  lleevveell  ppuummppiinngg::  

  

                      TThhiiss  sscchheemmee  iiss  uunniiqquuee  ttoo  aammmmoonniiaa  ((NNHH33))  bbeeaamm  mmaasseerr..  MMaasseerr  iiss  aann  aaccrroonnyymm  ffoorr  MMiiccrroowwaavvee  

AAmmpplliiffiiccaattiioonn  bbyy  SSttiimmuullaatteedd  EEmmiissssiioonn  ooff  RRaaddiiaattiioonn..  TThhiiss  wwaass  tthhee  ffiirrsstt  ssuucccceessssffuull  ddeemmoonnssttrraattiioonn  ooff  

aammpplliiffiiccaattiioonn  ooff  eelleeccttrroommaaggnneettiicc  rraaddiiaattiioonn  ((mmiiccrroowwaavveess))  bbyy  ssttiimmuullaatteedd  eemmiissssiioonn  ooff  rraaddiiaattiioonn((11995544))  bbyy  

GGoorrddoonn,,  ZZeeiiggeerr  aanndd  TToowwnneess  aatt  CCoolluummbbiiaa  UUnniivveerrssiittyy..  

    

  IInn  NNHH33  mmaasseerr,,  tthhee  rreessoonnaannccee  ttrraannssiittiioonn  ooccccuurrss  bbeettwweeeenn  ttwwoo  qquuaannttiizzeedd  lleevveellss  ooff  ppaarrttiiccuullaarr  mmooddee  

ooff  vviibbrraattiioonn  ooff  tthhee  mmoolleeccuullee  aatt  ffrreeqquueennccyy  2244  GGHHzz((2244××1100
99
  HHzz))  iinn  mmiiccrroowwaavvee  rreeggiioonn..  AAtt  rroooomm  

tteemmppeerraattuurree  ,,hhυυ//kkTT<<<<11  ffoorr  υυ==2244  GGHHzz..  TThhee  BBoollttzzmmaannnn  rraattiioo  iiss  nneeaarr  uunniittyy  iiee  tthhee  nnuummbbeerr  ooff  mmoolleeccuulleess  iinn  

hhiigghheerr  eenneerrggyy  ssttaatteess  nneeaarrllyy  eeqquuaallss  bbuutt  nneevveerr  eexxcceeeedd  tthhee  nnuummbbeerr  iinn  tthhee  lloowweerr  ssttaattee..  TThhee  ppooppuullaattiioonn  



  

  

MM..SScc..  PPhhyyssiiccss  1144  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

iinnvveerrssiioonn  oonn  tthhiiss  ttrraannssiittiioonn  iiss  aacchhiieevveedd  bbyy  pphhyyssiiccaall  sseeppaarraattiioonn  ooff  hhiigghheerr  eenneerrggyy  mmoolleeccuulleess  ffrroomm  lloowweerr  

eenneerrggyy  mmoolleeccuulleess  iinn  aann  eelleeccttrriicc  ffiieelldd  ggrraaddiieenntt  pprroodduucceedd  bbyy  uussiinngg  aa  qquuaaddrruuppoollee  ffooccuussiinngg  ssyysstteemm  aass  sshhoowwnn  

iinn  tthhee  ffiigguurree  22..22..66..  

  
  

  

  

  

  

    

                        TThhee  mmoolleeccuulleess  iinn  hhiigghheerr  eenneerrggyy  ssttaattee  eexxppeerriieennccee  aa  nneett  ffoorrccee  iinn  tthhee  ddiirreeccttiioonn  ooff  zzeerroo  eelleeccttrriicc  ffiieelldd  

iiee  ttoowwaarrddss  tthhee  aaxxiiss  ooff  ffooccuusseerr..  TThhee  mmoolleeccuulleess  iinn  lloowweerr  eenneerrggyy  ssttaattee  eexxppeerriieennccee  aa  nneett  ffoorrccee  aawwaayy  ffrroomm  tthhee  

aaxxiiss..  TThhuuss  tthhee  lloowweerr  eenneerrggyy  mmoolleeccuulleess  ccoonnddeennssee  oonn  tthhee  ccooooll  wwaallllss  ooff  tthhee  ffooccuusseerr  aanndd  aarree  eeffffeeccttiivveellyy  

rreemmoovveedd..  TThhee  mmaajjoorriittyy  ooff  mmoolleeccuulleess  rreemmaaiinn  iinn  tthhee  bbeeaamm  aarree  ooff  hhiigghheerr  eenneerrggyy  ssttaattee  eenntteerr  tthhee  mmiiccrroowwaavvee  

2244GGHHzz  

MMiiccrroowwaavvee    

oouutt  

FFiigg::22..22..66..NNHH33  llaasseerr  ppuummppiinngg  



  

  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  1155  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

ccaavviittyy  rreessoonnaanntt  aatt  ttrraannssiittiioonn  ffrreeqquueennccyy..  AAss  ppooppuullaattiioonn  iinnvveerrssiioonn  eexxiissttss  iinn  tthhee  ccaavviittyy,,  aannyy  ssmmaallll  ssiiggnnaall  aatt  

ttrraannssiittiioonn  ffrreeqquueennccyy  iiss  aammpplliiffiieedd  bbyy  ssttiimmuullaatteedd  eemmiissssiioonn..  TThhiiss  aammpplliiffiieedd  ddiissttuurrbbaannccee  bbuuiillddss  ttoo  aa  

ssuussttaaiinneedd  oosscciillllaattiioonn  wwiitthh  aa  nnaarrrrooww  lliinneewwiiddtthh  ooff  NNHH33  ttrraannssiittiioonn  ((66000000HHzz))..  HHeennccee  tthhiiss  iiss  uusseedd  aass  aa  

ffrreeqquueennccyy  ssttaannddaarrdd  iinn  mmiiccrroowwaavvee  ssppeeccttrruumm..  

    

  IInn  tthhiiss  ttwwoo--lleevveell  eexxppeerriimmeenntt  ppooppuullaattiioonn  iinnvveerrssiioonn  iiss  ppoossssiibbllee  bbyy  pphhyyssiiccaall  sseeppaarraattiioonn  ooff  mmoolleeccuulleess  

oonn  tthhee  bbaassiiss  ooff  eenneerrggyy  ccoonntteenntt..  BByy  ccoonnvveennttiioonnaall  tteecchhnniiqquuee  ooff  ssttiimmuullaatteedd  aabbssoorrppttiioonn  uussiinngg  2244GGHHzz  

((ooppttiiccaall  ppuummppiinngg)),,  iitt  iiss  nnoott  ppoossssiibbllee  ttoo  aacchhiieevvee  ppooppuullaattiioonn  iinnvveerrssiioonn  ssiinnccee  tthhee  ggaass  ccaann  aabbssoorrbb  oonnllyy  ttiillll  tthhee  

ppooppuullaattiioonn  iinn  tthhee  ttwwoo  ssttaatteess  aarree  eeqquuaall..  

  

22..22..1166  OOppttiiccaall  ppuummppiinngg::  tthhrreeee  aanndd  ffoouurr  lleevveell  sscchheemmeess  

  

  TThhee  tthhrreeee  lleevveell  aanndd  ffoouurr  lleevveell  sscchheemmeess  aarree  uusseedd  iinn  ooppttiiccaallllyy--ppuummppeedd,,  ddooppeedd  ssoolliidd  ssttaattee  llaasseerrss  ttoo  

ccrreeaattee  ppooppuullaattiioonn  iinnvveerrssiioonn  iinn  tthhee  aaccttiivvee  mmeeddiiuumm  iinnddiirreeccttllyy  ttoo  tthhee  uuppppeerr  ssttaattee  ooff  tthhee  ttrraannssiittiioonn  iinnvvoollvveedd..  

  

TThhrreeee--lleevveell  sscchheemmee::--  TThhiiss  wwaass  pprrooppoosseedd  bbyy  BBllooeemmbbeerrggeenn  iinn  11995566  aatt  HHaarrvvaarrdd  UUnniivveerrssiittyy..  CCoonnssiiddeerr  aa  

tthhrreeee  lleevveell  ssyysstteemm  ccoonnssiissttiinngg  ooff  eenneerrggyy  lleevveellss  EE11,,  EE22  aanndd  EE33  ((11,,22,,33))  wwiitthh  tthhee  rreessppeeccttiivvee  ppooppuullaattiioonnss  NN11,,  

NN22,,  aanndd  NN33..  TThhee  ppuummpp  iiss  aapppplliieedd  bbeettwweeeenn  11  aanndd  33((11��33  ttrraannssiittiioonn))  aanndd  llaassiinngg  ttrraannssiittiioonn  iiss  22  →→  11..  TThhee  

ppuummpp  lliiffttss  ffrroomm  lleevveell  11  ttoo  lleevveell  33  ffrroomm  wwhhiicchh  tthheeyy  ddeeccaayy  ttoo  lleevveell  22tthhrroouugghh  nnoonn--rraaddiiaattiivvee  ffaasstt  ddeeccaayy..  

TThhuuss  ppuummpp  eeffffeeccttiivveellyy  ttrraannssffeerrss  aattoommss  ffrroomm  lleevveell  11  ttoo  lleevveell  22  vviiaa  lleevveell  33..  SSiinnccee  lleevveell  11  iiss  tthhee  ggrroouunndd  

ssttaattee  ,,  mmoorree  tthhaann  5500%%  ooff  tthhee  aattoommss  ooff  lleevveell  11  hhaavvee  ttoo  bbee  lliifftteedd  ttoo  lleevveell  22  ttoo  ccrreeaattee  iinnvveerrssiioonn..  

  

  

  

  

  

  

  

  

  

  

  

  

  

PPuummppiinngg  

EE

EE

NN22  

FFiigg  ::  22..22..77  TThhrreeee  lleevveell  ssyysstteemm  

NN11  

NN00  

EE

LLaasseerr  



  

  

MM..SScc..  PPhhyyssiiccss  1166  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

  

  LLeett  NN  ==  NN11  ++  NN22  ++  NN33    ------------((11))      

  

bbee  tthhee  nnuummbbeerr  ooff  aattoommss  ppeerr  uunniitt  vvoolluummee  iinn  lleevveellss  EE11,,  EE22,,  aanndd  EE33..  

  

CChhaannggee  iinn  tthhee  ppooppuullaattiioonn  ooff  lleevveell  33  iiss  ddeessccrriibbeedd  bbyy  tthhee  eeqquuaattiioonn  

  

                                        ddNN33  ==  WWpp  ((NN11  ––  NN33))  ––  NN33  TT3322  ------------------------  ((22))  

                                            ddtt  

  

wwhheerree  WWppNN11  rreepprreesseennttss  tthhee  nnuummbbeerr  ooff  iinndduucceedd  ttrraannssiittiioonnss  ppeerr  uunniitt  ttiimmee  ppeerr  uunniitt  vvoolluummee  rreessuullttiinngg  11  →→  33  

ttrraannssiittiioonn..  SSiimmiillaarrllyy  WWppNN33  rreepprreesseennttss  nnuummbbeerr  ooff  ssttiimmuullaatteedd  ttrraannssiittiioonnss  ppeerr  uunniitt  ttiimmee  wwiitthh  33  →→  11  

ttrraannssiittiioonn..  NN33TT3322  tteerrmm  rreepprreesseennttss  eexxttrreemmeellyy  ffaasstt  nnoonn--rraaddiiaattiivvee  pprroocceessss..    

  

FFuurrtthheerr    

  

                                        TT3322  ==  AA3322  ++  SS3322            ----------------------------------------------------  ((33))    

                      WWhheerree  AA3322  iiss  EEiinnsstteeiinn  CCooeeffffiicciieenntt  ccoorrrreessppoonnddiinngg  ttoo  rraaddiiaattiivvee  ttrraannssiittiioonn  aanndd    

                        SS3322  iiss  nnoonn--rraaddiiaattiivvee  ttrraannssiittiioonn  rraattee  ffrroomm  33  ttoo  lleevveell  22  

  

TThhee  rraattee  ooff  cchhaannggee  ooff  ppooppuullaattiioonn  ooff  lleevveell  22  

  

                                      ddNN22  ==  WWll  ((NN11  ––  NN22))  ––  NN33  TT3322    ––  NN22TT2211    ------------------------  ((44))  

                                        ddtt  

  

  FFiirrsstt  tteerrmm  rreepprreesseennttss  ssttiimmuullaatteedd  ttrraannssiittiioonnss  bbeettwweeeenn  11  aanndd  22,,  sseeccoonndd  tteerrmm  rreepprreesseennttss  ssppoonnttaanneeoouuss  

ttrraannssiittiioonnss  ((  33  →→  22))  aanndd  tthhiirrdd  tteerrmm  rreepprreesseennttss  ssppoonnttaanneeoouuss  ttrraannssiittiioonnss  ((22  →→11))                WWll  iiss  pprrooppoorrttiioonnaall  ttoo  

BB2211EEiinnsstteeiinn  ccooeeffffiicciieenntt  ffoorr  ssttiimmuullaatteedd  eemmiissssiioonn..  

                          

              AA2211  ==  TT2211                              --------------------------------------------------  ((55))  

  

SSiimmiillaarrllyy    

  

                                    ddNN11  ==  WWpp  ((NN33  ––  NN11))  ++  WWll  ((NN22  ––  NN11))  ++  NN22TT2211    ------------------------  ((66))  

                                        ddtt  

  



  

  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  1177  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

                                      0
321
=++

dt

dN

dt

dN

dt

dN
    ccoonnssiisstteenntt  wwiitthh  tthhee  eeqquuaattiioonn  ((11))  ----------------  ((77))  

  

oonn  ssiimmpplliiffiiccaattiioonn  

  

                                                                  
21

2112

TWp

TWp

N

NN
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=
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            ----------------------------------  ((88))  

  

  WWpp  >>  TT2211  aanndd  ppooppuullaattiioonn  iinnvveerrssiioonn  iiss  iinnddeeppeennddeenntt  ooff  llaasseerr  ttrraannssiittiioonn  eenneerrggyy  

  

                                    WWpp  >>  TT2211  ==  AA2211  ==  
spt

1
          ------------------------------------------  ((99))  

TThhee  mmiinniimmuumm  ppoowweerr  PP  ttoo  bbee  ssppeenntt  iiss  
sp

p

t

νhN2
  ppeerr  uunniitt  vvoolluummee  

                                          
sp

p

t

hN
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FFoorr  RRuubbyy  llaasseerr  →→  PPtt  ≈≈  11110000  WW//ccmm
33
  

  

AAddvvaannttaaggeess  ooff  RRuubbyy  ::--  

  

                                      AAbbssoorrppttiioonn  bbaanndd  ooff  rruubbyy  ccrryyssttaall  iiss  vveerryy  wweellll  mmaattcchheedd  ttoo  ppuummpp  llaammppss..  AAllll  mmoosstt  aallll  tthhee  aattoommss  

ppuummppeedd  ttoo  33  ddrroopp  ddoowwnn  ttoo  lleevveell  ffoorr  rraaddiiaattiivvee  ttrraannssiittiioonn..  LLiinnee  wwiiddtthh  ooff  rraaddiiaattiioonn  iiss  vveerryy  nnaarrrrooww..  TThhiiss  

sscchheemmee  iiss  uusseedd  iinn  tthhee  ooppeerraattiioonn  ooff  rruubbyy  llaasseerr..  TThhiiss  rreeqquuiirreess  vveerryy  hhiigghh  ppuummpp  ppoowweerrss  ssiinnccee  tthhee  tteerrmmiinnaall  

lleevveell  ooff  llaassiinngg  ttrraannssiittiioonn  iinnvvoollvveess  tthhee  ggrroouunndd  ssttaattee,,  mmoorree  tthhaann  hhaallff  ooff  tthhee  ggrroouunndd  ssttaattee  aattoommss  mmuusstt  bbee  

ppuummppeedd  ttoo  tthhee  uuppppeerr  ssttaattee  ttoo  aacchhiieevvee  ppooppuullaattiioonn  iinnvveerrssiioonn..  HHoowweevveerr,,  tthhiiss  iinntteennssee  ppuummppiinngg  rreeqquuiirreemmeenntt  

iiss  ggrreeaattllyy  rreedduucceedd  iinn  ffoouurr  lleevveell  ppuummppiinngg  sscchheemmee..    

  

TThhee  FFoouurr  lleevveell  SSyysstteemm  ::  AAttoommss  ffrroomm  lleevveell  11  ggrroouunndd  ssttaattee    aarree  eexxcciitteedd  ttoo  lleevveell  44  bbyy  ppuummpp  lliigghhtt..  FFrroomm  

lleevveell  44  eexxcciitteedd  aattoommss  ddeeccaayy  ttoo  lleevveell  33  tthhrroouugghhtt  nnoonn--rraaddiiaattiivvee  ttrraannssiittiioonn..  LLeevveell  33  bbeeiinngg  mmeettaassttaabbllee  ((lliiffee  

ttiimmee  1100
--33

sseecc))  ffoorrmmss  tthhee  uuppppeerr  lleevveell  aanndd  lleevveell  22  ffoorrmmss  tthhee  lloowweerr  ((ffiinnaall))  lleevveell  ooff  llaasseerr  ttrraannssiittiioonn  wwiitthh  vveerryy  

sshhoorrtt  lliiffee  ttiimmee  ssoo  tthhaatt  aattoommss  rreellaaxx  ddoowwnn  iimmmmeeddiiaatteellyy  ttoo  lleevveell  11..  IIff  tthhee  rraattee  ooff  rreellaaxxaattiioonn  ffrroomm  22  ttoo  11  iiss  

ffaasstteerr,,  ppooppuullaattiioonn  ccaann  eeaassiillyy  bbee  ddeevveellooppeedd  wwiitthh  ssmmaallll  ppuummppiinngg  rraattee..  IIff  lleevveell  44  iiss  bbrrooaadd,,  llaarrggee  aammoouunntt  ooff  

eenneerrggyy  ffrroomm  ppuummpp  lliigghhtt  ccaann  bbee  uuttiilliizzeedd  ffoorr  llaassiinngg  aaccttiioonn..  



  

  

MM..SScc..  PPhhyyssiiccss  1188  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  TThhee  uuppppeerr  llaasseerr  lleevveell  ((33))  mmuusstt  bbee  nnaarrrrooww  aanndd  llaasseerr  lleevveell  ((22))  mmuusstt  aallssoo  bbee  ssuuffffiicciieennttllyy  aabboovvee  lleevveell  

((11))  ssoo  tthhaatt  tthhee  ppooppuullaattiioonn  iinn  lleevveell  ((22))  iiss  nneegglliiggiibbllee  aatt  ooppeerraattiinngg  tteemmppeerraattuurree..  

  

                        TThhee  rraattee  eeqquuaattiioonnss  ffoorr  tthhee  ffoouurr  lleevveell  ssyysstteemm  aarree  
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                        WWhheerree  WWpp  iiss  ppuummpp  rraattee  ;;  TT’’ss  rreepprreesseenntt  ttoottaall  rreellaaxxaattiioonn  ttiimmee..  
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FFiigg  22..22..88  FFoouurr  lleevveell  
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AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVRRSSIITTYY  1199  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

    

wwhhiicchh  iiss  ccoonnssiisstteenntt  wwiitthh  rreeqquuiirreemmeenntt  tthhaatt  ttoottaall  nnuummbbeerr  ooff  aattoommss  

  

                                                      NN  ==  NN11  ++  NN22  ++  NN33  ++  NN44  ----------------------((88))  

mmuusstt  bbee  ccoonnssttaanntt..  

  

AAtt  sstteeaaddyy  ssttaattee      0
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FFoorr  ggoooodd  llaasseerr  aaccttiioonn  ::  TT33  <<<<  TT4433  aanndd  TT2211  >>>>  TT3322  aanndd  aallssoo  TT44  ==  TT4433  
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TThhee  tthhrreesshhoolldd  ppooppuullaattiioonn  iinnvveerrssiioonn  ddeennssiittyy  iiss  mmuucchh  lleessss  tthhaann  tthhee  ttoottaall  nnuummbbeerr  ooff  aattoommss  ppeerr  uunniitt  vvoolluummee  

  

                                          NNN t <<− )( 23Q         --------------------((1111))  

  

  

IInn  tthhee  ccaassee  ooff  NNdd::YYAAGG  LLaasseerr                3
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TThhiiss  iiss  mmuucchh  ssmmaalllleerr  tthhaann  tthhaatt  iiss  rreeqquuiirreedd  iinn  tthhee  ccaassee  ooff  rruubbyy  llaasseerr  ((tthhrreeee  lleevveell  ssyysstteemm))  

                                                                          PPtt  ≈≈  55  WW  //  ccmm
33              

  

IInn  tthhee  ccaassee  ooff  HHee--NNee  llaasseerr  PPtt  ==  11..11  xx  1100
--33

  WW  //ccmm
33
  

  

22..22..1177..  SSuummmmaarryy  ooff  lleessssoonn  ::--  BBaassiicc  pphheennoommeennoonn  lliikkee  aabbssoorrppttiioonn,,  ssppoonnttaanneeoouuss  eemmiissssiioonn  aanndd  ssttiimmuullaatteedd  

eemmiissssiioonn  aanndd  tthhee  rreeqquuiirreemmeennttss  ffoorr  llaassiinngg  aaccttiioonn  lliikkee  aaccttiivvee  mmeeddiiuumm,,  ppooppuullaattiioonn  iinnvveerrssiioonn  aanndd  ffeeeeddbbaacckk  

mmeecchhaanniissmm  aarree  ddeessccrriibbeedd..  TThhee  rreellaattiioonn  bbeettwweeeenn  tthhee  EEiinnsstteeiinn  ccooeeffffiicciieennttss  aanndd  tthheeiirr  iimmppoorrttaannccee  hhaavvee  bbeeeenn  

ddiissccuusssseedd..  TThhee  tthhrreeee--lleevveell  aanndd  tthhee  ffoouurr--lleevveell  llaasseerr  sscchheemmeess  hhaavvee  bbeeeenn  ddiissccuusssseedd  iinncclluuddiinngg  tthhee  

ppaarraammeetteerrss  rreessppoonnssiibbllee  ffoorr  tthheeiirr  eeffffiicciieennccyy..  

  

22..22..1188..  KKeeyy  TTeerrmmiinnoollooggyy  ::––  AAbbssoorrppttiioonn--SSppoonnttaanneeoouuss  eemmiissssiioonn--SSttiimmuullaatteedd  eemmiissssiioonn--AAccttiivvee                        

mmeeddiiuumm--PPooppuullaattiioonn  iinnvveerrssiioonn--RReessoonnaattoorr--EEiinnsstteeiinn  ccooeeffffiicciieennttss--  BBoollttzzmmaannnn  rraattiioo--  TThhrreeee--lleevveell  aanndd  FFoouurr--

lleevveell  llaasseerr  ssyysstteemmss..  

  

  

  

  



  

  

MM..SScc..  PPhhyyssiiccss  2200  BBaassiicc  pprriinncciipplleess  ooff  llaasseerrss              

  

22..22..1199..  SSeellff  aasssseessssmmeenntt  qquueessttiioonnss::--  

11..DDiissttiinngguuiisshh  bbeettwweeeenn  SSppoonnttaanneeoouuss  aanndd  SSttiimmuullaatteedd  eemmiissssiioonn..  

22..OObbttaaiinn  tthhee  rreellaattiioonn  bbeettwweeeenn  EEiinnsstteeiinn  ccooeeffffiicciieennttss  aanndd  ddiissccuussss  tthheeiirr  iimmppoorrttaannccee..  

33..WWhhaatt  iiss  BBoollttzzmmaannnn  RRaattiioo??  DDiissccuussss  tthhee  ssiittuuaattiioonn  wwhheenn  ∆∆EE  ==  kkTT..  

44..CCoommppaarree  tthhee  ppoowweerr  rreeqquuiirreemmeennttss  iinn  aa  tthhrreeee--lleevveell  aanndd  ffoouurr--lleevveell  llaasseerr  ssyysstteemmss..  

55..OObbttaaiinn  tthhee  ccoonnddiittiioonn  ffoorr  aann  aammpplliiffiiccaattiioonn  ooff  tthhee  ssiiggnnaall  iinn  aa  mmeeddiiuumm..  

  

22..22..2200..  RReeffeerreennccee  bbooookkss  ::--  

11..  LLaasseerrss  tthheeoorryy  aanndd  aapppplliiccaattiioonnss--  KK..TThhyyaaggaarraajjaann,,  AA..KK..GGhhaattaakk..  

22..  IInnttrroodduuccttiioonn  ttoo  llaasseerrss  aanndd  tthheeiirr  aapppplliiccaattiioonnss  --  DD..CC..  OOsshheeaa  eettaall  

33..  LLaasseerr  aanndd  nnoonn--lliinneeaarr  ooppttiiccss  ––  BB..BB..LLaauudd..  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  11          CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

UUnniitt  IIII  

LLeessssoonn  33  

LLAASSEERR  AAPPPPLLIICCAATTIIOONNSS  
  

  

OObbjjeeccttiivvee::    TThhee  cchhaarraacctteerriissttiicc  ffeeaattuurreess  ooff  llaasseerr  rraaddiiaattiioonn  lliikkee  hhiigghh  ddeeggrreeee  ooff  

mmoonnoocchhrroommaattiicciittyy,,  tteemmppoorraall  aanndd  ssppaattiiaall  ccoohheerreennccee,,  vveerryy  hhiigghh  iinntteennssiittyy,,  ddiirreeccttiioonnaalliittyy  aanndd  

aabboovvee  aallll  tthhee  aavvaaiillaabbiilliittyy  ooff  llaasseerr  ssoouurrcceess  aatt  rreeqquuiirreedd  wwaavveelleennggtthh,,  aarree  rreessppoonnssiibbllee  ffoorr  aann  

eexxcciittiinngg  aapppplliiccaattiioonnss  iinn  sscciieennttiiffiicc,,  iinndduussttrriiaall,,  eennggiinneeeerriinngg  aanndd  mmeeddiiccaall  ffiieellddss..  VVaarriieettyy  ooff  nneeww  

lliinneess  ooff  rreesseeaarrcchh  aanndd  ssttuuddyy  hhaavvee  bbeeeenn  ddeevveellooppeedd  aanndd  ggrroowwnn  ttoo  hheellpp  tthhee  mmaannkkiinndd  iinn  tthheeiirr  

ddaaiillyy  lliiffee..  SSoommee  ooff  tthhee  wwoorrtthh  mmeennttiioonniinngg  ttooppiiccss  aarree  ggiivveenn  bbeellooww  vveerryy  bbrriieeffllyy  ffoorr  aa  ggllaannccee..  

  

SSttrruuccttuurree::  

22..33..11..              AApppplliiccaattiioonnss  aatt  aa  ggllaannccee  

22..33..22..              LLaasseerrss  aarree  aallssoo  uusseedd  iinn  

22..33..33..              TThheerraappeeuuttiicc  aapppplliiccaattiioonnss  ooff  llaasseerrss  

22..33..44..              SSoommee  eexxppeerriimmeennttss  ooff  ffuunnddaammeennttaall  iimmppoorrttaannccee  

22..33..44..11..        SSttuuddyy  ooff  BBrroowwnniiaann  mmoottiioonn  

22..33..44..22..        AAbbssoolluuttee  rroottaattiioonn  ooff  tthhee  eeaarrtthh  

22..33..44..33..        IIssoottooppee  sseeppaarraattiioonn  

22..33..44..44..        LLIISS--pprroocceessss  

22..33..44..55..        SSeeppaarraattiioonn  ooff  sseelleeccttiivvee  pphhoottoo  iioonniizzaattiioonn  oorr  pphhoottoo  ddiissssoocciiaattiioonn  

22..33..44..66..        LLaasseerr  iinndduucceedd  ffuussiioonn  

22..33..44..77..        LLaasseerr  iinndduucceedd  ffuussiioonn  rreeaaccttoorr  

22..33..44..88..        LLaasseerrss  iinn  iinndduussttrryy  

22..33..44..88..11..  LLaasseerr  wweellddiinngg  

22..33..44..88..22..  HHoollee  ddrriilllliinngg  

22..33..44..88..33..  LLaasseerr  ccuuttttiinngg  

22..33..44..99..  LLaasseerr  ttrraacckkiinngg  

22..33..44..1100..  LLIIDDAARR  

22..33..44..1111..  HHeeaatt  ttrreeaattmmeenntt  



  

MM..SScc..  PPhhyyssiiccss  22  AApppplliiccaattiioonnss  ooff  LLaasseerrss  

  

22..33..44..1122..  VVeelloocciittyy  mmeeaassuurreemmeenntt  

22..33..44..1133..  LLaasseerrss  iinn  cchheemmiissttrryy  aanndd  bbiioollooggyy  

22..33..44..1144..  LLooww  ppoowweerr  aapppplliiccaattiioonn  

22..33..55..  SSuummmmaarryy  

22..33..66..  KKeeyy  tteerrmmiinnoollooggyy  

22..33..77..  SSeellff  aasssseessssmmeenntt  qquueessttiioonnss  

22..33..88..  RReeffeerreennccee  bbooookkss  

  

22..33..11..  AApppplliiccaattiioonnss  aatt  aa  ggllaannccee::  

          II..  IInn  ssppaattiiaall  ffrreeqquueennccyy  ffiilltteerriinngg  aanndd  HHoollooggrraapphhyy,,   tthhee  aapppplliiccaattiioonnss  aarree::  

11..  TToo  ffiilltteerr  oouutt  hhiigghh  ffrreeqquueennccyy  aanndd  llooww  ffrreeqquueennccyy  ccoommppoonneennttss  iinn  tthhee  oobbjjeecctt..  

22..TToo  eennhhaannccee  ccoonnttrraasstt  iinn  tthhee  iimmaaggee  

33..TToo  ddeetteecctt  nnoonn--ppeerriiooddiicc  eerrrroorrss  iinn  aa  ppeerriiooddiicc  ssttrruuccttuurree..  

44..IInn  cchhaarraacctteerr  rreeccooggnniittiioonn  pprroobblleemmss  iinn  aann  ooppttiiccaall  iimmaaggee..  

55..TToo  oobbsseerrvvee  tthhee  ddeepptthh  ccoonncceepptt  iinn  aann  iimmaaggee  ((TThhiirrdd  ddiimmeennssiioonn))  

66..TToo  aannaallyyzzee  ssttrraaiinn  ppaatttteerrnnss  iinn  aa  mmooddeell  bbyy  uussiinngg  iinntteerrffeerroommeettrriicc  aanndd  ssppeecckkllee  tteecchhnniiqquueess..  

77..TToo  uussee  iinn  nnoonn--ddeessttrruuccttiivvee  tteessttiinngg  tteecchhnniiqquueess..  

          IIII..  TToo  ddeessiiggnn  aa  tthheerrmmoonnuucclleeaarr  rreeaaccttoorr  bbaasseedd  oonn  llaasseerr  iinndduucceedd  ffuussiioonn..  

        IIIIII..  LLiigghhtt  wwaavvee  ccoommmmuunniiccaattiioonnss  tthhrroouugghh  ffiibbeerr  ooppttiiccss  

        IIVV..  TToo  ggeenneerraattee  hhaarrmmoonniiccss,,  ssttiimmuullaatteedd  RRaammaann  eemmiissssiioonn  aanndd  sseellff  ffooccuussiinngg  

          VV..  TToo  ttrriiggggeerr  cchheemmiiccaall  aanndd  pphhoottoocchheemmiiccaall  pphheennoommeennoonn  rreeaaccttiioonnss..  

        VVII..  TToo  sseeppaarraattee  iissoottooppeess..  

      VVIIII..TToo  ssttuuddyy  aabbssoolluuttee  rroottaattiioonn  ooff  eeaarrtthh  aanndd  eetthheerr  ddrriifftt..  

    VVIIIIII..  LLaasseerrss  iinn  iinndduussttrryy  ffoorr  

11..LLaasseerr  wweellddiinngg  

22..HHoollee  ddrriilllliinngg  

33..LLaasseerr  ccuuttttiinngg  

44..VVaappoorriizzaattiioonn  aanndd  ssuubbsseeqquueenntt  ddeeppoossiittiioonn  oonn  aa  ssuubbssttaannccee..  

55..LLaasseerr  TTrraacckkiinngg--  LLIIDDAARR  ––ddeevveellooppmmeenntt  

66..DDeevveellooppiinngg  pprreecciissiioonn  iinn  lleennggtthh  mmeeaassuurreemmeenntt  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  33          CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

77..VVeelloocciittyy  mmeeaassuurreemmeenntt  

        IIXX..  TToo  pprroodduuccee  tthhee  bbeesstt  aavvaaiillaabbllee  cclloocckk  oorr  ttiimmee  ssttaannddaarrdd..  

XX..TToo  ddeevveelloopp  nnoonnlliinneeaarr  ooppttiiccaall  tteecchhnniiqquueess  

          XXII..  IInn  mmeeddiicciinnee--ddiiaaggnnoossttiiccss  aanndd  ttrreeaattmmeenntt  aanndd  ccoossmmeettiicc  ttooooll..  

  

22..33..22..LLaasseerrss  aarree  aallssoo  uusseedd  iinn  ::  

    

PPhhoottootthheerraappyy  ooff  tthhee  eeyyee,,  llaasseerr  pprriinntteerrss,,  cceellll  ccyyttoommeettrryy  sstteerreeoo  lliitthhooggrraapphhyy,,  fflluuoorreesscceennccee  

aannaallyyssiiss,,  iinnssppeeccttiioonn  ooff  eelleeccttrroonniicc  cciirrccuuiitt  bbooaarrddss  ccoommppaacctt  ddiisskk,,  llaasseerr  ddiisskk,,  CC..DD--RRoomm  mmaasstteerriinngg,,  

llaarrggee  iimmaaggee  pprroojjeeccttiioonn  tteelleevviissiioonn,,  mmaatteerriiaall  pprroocceessssiinngg,,  ssttrroobboossccooppiicc  iilllluummiinnaattiioonn  ooff  vvaarriioouuss  rraappiiddllyy  

mmoovviinngg  oobbjjeeccttss  lliikkee  bbuulllleettss,,  AAbbllaattiioonn  ooff  mmaatteerriiaallss  pphhoottooddyynnaammiicc  tthheerraappyy  iinn  ttrreeaattiinngg  ssoommee  ttyyppeess  ooff  

ccaanncceerr..  

  AAnnnneeaalliinngg,,  hhaarrddeenniinngg,,  ccuuttttiinngg  aanndd  ccaauutteerriizzaattiioonn,,  llaasseerr  ssuurrggeerryy  aanndd  ccoorrnneeaall  ssccaallppiinngg..  PPllaassmmaa  

ddiiaaggnnoossttiiccss,,  hheetteerrooddyynnee  ssoouurrcceess  ffoorr  ffaarr  iinnffrraarreedd  aassttrroonnoommyy,,  ttoo  sshhaatttteerr  kkiiddnneeyy  ssttoonneess  oorr  ggaallll  ssttoonneess  

bbyy  ddiirreeccttiinngg  tthhee  bbeeaamm  tthhrroouugghh  aann  ooppttiiccaall  ffiibbeerr  ccaatthheetteerr,,  ttoo  rreemmoovvee  ttaattttooooss  aanndd  aallssoo  sskkiinn  lleessiioonnss  

rreessuullttiinngg  ffrroomm  eexxcceessss  mmeellaanniinn,,  sseelleeccttiivvee  pphhoottootthheerrmmllyyssiiss,,  ppoolllluuttiioonn  ddeetteeccttiioonn,,  rreemmoottee  sseennssiinngg,,  

ccrryyooggeenniicc  ccoooolliinngg..    SSoouurrcceess  ooff  llooccaall  aarreeaa  nneettwwoorrkkss,,  aavviioonniiccss,,  aanndd  ssaatteelllliittee  nneettwwoorrkkss,,  hhiigghh  

ddeeffiinniittiioonn  tteelleevviissiioonn  eettcc..  

  

22..33..33..  TThheerraappeeuuttiicc  AApppplliiccaattiioonnss  ooff  LLaasseerrss..  

  

SSppeecciiaallttyy      PPrroocceedduurree//ppuurrppoossee      LLaasseerrss  uusseedd  

BBuurrnn  tthheerraappyy    NNaarrccoottiicc  aanndd  iinnffeecctteedd  ttiissssuuee                            CCOO22,,  AArr++,,                  

                                                                              DDeebbrriiddggeemmeenntt                                                                                                              NNdd::  YYAAGG  

      BBuurrnn  EEsscchheerr  EExxcciissiioonn  

  

DDeerrmmaattoollooggyy    pprroottwwiinnee  ssttaaiinn,,  ssttrraawwbbeerrrryy  mmaarrkkss                                                  AArr++,,  

      VVaarriiccoossee  vveeiinn  eexxcciissiioonn                                                                                  NNdd::  YYAAGG                      

      MMeellaannoommaass  aanndd  bbaassaall  cceellll    

      CCaarrcciinnoommaass  

  

GGaassttrrooeenntteerroollooggyy  GGaassttrriicc  bblleeeeddiinngg  hheemmoossttaassiiss                            CCOO22  ,,  AArr++,,                                                                                                                          

                                                                            HHeeppaatteetteeccttoommyy                                                                                                            NNdd::  YYAAGG  

                            GGaallllssttoonnee  rreemmoovvaall  

  

GGyynnaaeeccoollooggyy    FFaallllooppiiaann  ttuubbee  rreeccoonnssttrruuccttiioonn                                                  AArr++,,  CCOO22  ,,  

      FFeerrttiilliittyy  mmiiccrroo  ssuurrggeerryy                                                                                NNdd::  YYAAGG  

      HHyyppeerr  ppllaassttiicc  ddeessttrrooyy  

      VVaaggiinnaall  aaddeennooiiddss  



  

MM..SScc..  PPhhyyssiiccss  44  AApppplliiccaattiioonnss  ooff  LLaasseerrss  

  

  

NNeeuurroossuurrggeerryy    SSppiinnaall  aanndd  bbrraaiinn  ttuummoorr  eexxcciissiioonn                                                  CCOO22,,  AArr
++
                      

                                                      PPhhoottoo  rraaddiiaattiioonn  ooff  ttuummoorrss  DDeebbuullkk                                              NNdd::  YYAAGG  

      LLaarrggee  eexxoopphhyyttiicc  ttuummoorrss  

  

OOpphhtthhaallmmoollooggyy                            PPhhoottooccooaagguullaattiioonn  ooff  rreettiinnaall  bblleeeeddiinngg                            CCOO22  

      RReettiinnaall  ddeettaacchhmmeenntt  ,,lleennss  ccaappssuullee  

      ssuurrggeerryy  

  

OOrrtthhooppeeddiiccss    JJooiinntt  ssuurrggeerryy  lliiggaammeenntt  cchhiippss                                      CCOO22  

      CCaallcciiffiiccaattiioonn  ddeeppoossiittss,,  BBoonnee  

      TTuummoorr  eexxcciissiioonn  

  

OOttoollaarryynnggoollooggyy                            PPoollyypp  eexxcciissiioonn  TTuurrbbiinneeccttoommyy                          CCOO22  

    

PPllaassttiicc  &&  rreeccoonnssttrruuccttiivvee    EEyyee  lliidd  rreeppaaiirr,,  bbrreeaasstt                              CCOO22  

SSuurrggeerryy        rreeccoonnssttrruuccttiioonn,,  ffaattttyy  ttiissssuuee  

      RReemmoovvaall,,  MMaaxxiilllloo  ffaacciiaall    

      SSuurrggeerryy  

  

TThhoorraacciicc  ssuurrggeerryy  LLuunngg  CCaanncceerr  pphhoottoo  rraaddiiaattiioonn                                                  AArr++,,  NNdd::  YYAAGG  

      ((TTrreeaattmmeenntt  &&  DDiiaaggnnoossiiss))                          CCOO22  

      HHeeaarrtt  rreevvaassccuulliizzaattiioonn  

  

UUrroollooggyy    KKiiddnneeyy  ssttoonnee  eexxcciissiioonn                                                    CCOO22,,  AArr++  

      BBllaaddddeerr  ttuummoorr  eexxcciissiioonn    ss                        CCOO22,,  AArr++  

                                                            CCOO22  

  AAfftteerr  hhaavviinngg  ggoonnee  tthhrroouugghh  tthhee  mmuullttiiffaarriioouuss  aapppplliiccaattiioonnss  ooff  llaasseerrss  iinn  sscciieennttiiffiicc  ddiisscciipplliinneess  

ssuucchh  aass  pphhyyssiiccss,,  cchheemmiissttrryy,,  BBiioollooggyy,,  mmeeddiicciinnee  eettcc  oonnee  mmaayy  nnoott  wwoonnddeerr,,  wwhhyy  tthhee  sscciieennttiissttss  ccaalllleedd  

LLAASSEERR  aass  aa  ttooooll  ooff  2200
tthh

  cceennttuurryy..  

AAPPPPLLIICCAATTIIOONN  OOFF  LLAASSEERRSS  

22..33..44..  SSoommee  eexxppeerriimmeennttss  ooff  FFuunnddaammeennttaall  iimmppoorrttaannccee::  

22..33..44..11    SSttuuddyy  ooff  BBrroowwnniiaann  MMoottiioonn::  

  AAnn  eexxppeerriimmeenntt  hhaass  bbeeeenn  ddeessccrriibbeedd  bbyy  CCllaarrkk  eettaall  ffoorr  tthhee  ssttuuddyy  ooff  BBrroowwnniiaann  mmoottiioonn  uussiinngg  

lliigghhtt  ssccaatttteerriinngg  wwiitthh  11mm..ww..,,  ppoowweerr  ooff  HHee--NNee  llaasseerr..    TThhee  llaasseerr  lliigghhtt  iiss  ffooccuusseedd  oonn  ttoo  aa  cceellll  

ccoonnttaaiinniinngg  aa  ddiilluuttee  aaqquueeoouuss  ssoolluuttiioonn  ooff  ppoollyyssttyyrreennee  sspphheerreess  ooff  uunniiffoorrmm  ddiiaammeetteerr..    TThhee  ssccaatttteerreedd  

lliigghhtt  bbyy  eeaacchh  ppaarrttiiccllee  iinn  aa  ssmmaallll  aannggllee  θθ  iiss  ccoolllleecctteedd  oonn  ttoo  aa  pphhoottoo  ssuurrffaaccee  ooff  RRCCAA  993311  pphhoottoo  

mmuullttiipplliieerr  ttuubbee..    AAss  tthhee  ppaarrttiicclleess  mmoovvee  tthhee  iinntteennssiittyy  iiss  ccoonnssttaannttllyy  fflluuccttuuaattiinngg  aarroouunndd  iittss  aavveerraaggee  

vvaalluuee,,  tthhee  ffrreeqquueennccyy  ssppeeccttrruumm  ooff  tthhee  ssccaatttteerreedd  lliigghhtt  pprroovviiddeess  tthhee  ccoonnddiittiioonnaall  pprroobbaabbiilliittyy..      

  PP((  rr,,  tt  ))==((44ΠΠDDtt))
--33//22

  eexxpp((--rr
22
//44DDtt))  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  55          CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

TThhee  ddiiffffuussiioonn  ccoonnssttaanntt  ‘‘DD’’  iiss  ddeetteerrmmiinneedd  aaccccuurraatteellyy  ttoo  oobbttaaiinn  qquuaannttiittaattiivvee  iinnffoorrmmaattiioonn  aabboouutt  tthhee  

mmoottiioonn  ooff  tthhee  ppaarrttiicclleess..  

22..33..44..22..  AAbbssoolluuttee  RRoottaattiioonn  ooff  tthhee  EEaarrtthh::    TToo  ddeetteecctt  tthhee  aabbssoolluuttee  rroottaattiioonn  ooff  eeaarrtthh,,  lliigghhtt  iiss  

mmaaddee  ttoo  ppaassss  iinn  bbootthh  cclloocckkwwiissee  aanndd  aannttii  cclloocckk  wwiissee  ddiirreeccttiioonnss  aarroouunndd  aa  ssqquuaarree  iinn  aa  ffiixxeedd  ppaatthh..    IInn  aa  

ssqquuaarree  ffrraammee  aatt  rreesstt,,  tthhee  lliigghhtt  wwiillll  ttaakkee  ssaammee  ttiimmee  ttoo  ttrraavveell  iinn  bbootthh  ddiirreeccttiioonnss  iinn  bbootthh  bbeeaammss  wwiillll  

hhaavvee  ssoommee  ffrreeqquueennccyy..    WWhheenn  tthhee  ssqquuaarree  ffrraammee  iiss  mmaaddee  ttoo  rroottaattee  aabboouutt  aann  aaxxiiss  ppeerrppeennddiiccuullaarr  ttoo  tthhee  

ppllaannee  ccoonnttaaiinniinngg  tthhee  ssyysstteemm,,  tthhee  ttwwoo  bbeeaammss  wwiillll  hhaavvee  sslliigghhttllyy  ddiiffffeerreenntt  ffrreeqquueenncciieess..  OOnn  

rreeccoommbbiinnaattiioonn  ddeetteecctteedd  bbeeaattss  iinnddiiccaattee  tthhee  rroottaattiioonn  ooff  tthhee  ssqquuaarree..    IInn  aa  ssqquuaarree  ooff  33mm  ssiiddee,,  tthhee  

ddiiffffeerreennccee  iinn  ppaatthh  lleennggtthh  ccrreeaattee  aa  sshhiifftt  ooff  hhuunnddrreedd  tthhoouussaannddtthh  ooff  aa  wwaavveelleennggtthh,,  iiss  pprroodduucceedd..  

  TThhee  ssaammee  eexxppeerriimmeenntt  wwaass  ccoonndduucctteedd  iinn  11991144  bbyy  SSaaggnnaaee  aanndd  tthheenn  bbyy  MMiicchheellssoonn  aanndd  GGaallee  

iinn  11992255  uussiinngg  oorrddiinnaarryy  lliigghhtt..    WWiitthh  ffoouurr  HHee--NNee  llaasseerrss  aarrrraannggeedd  iinn  tthhee  ssiiddeess  ooff  ssqquuaarree  aass  sshhoowwnn  iinn  

ffiigg22..33..11..    TThhee  eexxppeerriimmeenntt  ccaann  bbee  ddoonnee  wwiitthh  mmuucchh  mmoorree  pprreecciissiioonn  aanndd  sseennssiittiivviittyy,,      

  IInn  NNeeww  YYoorrkk  aatt  aa  llaattiittuuddee  ooff  ((111100
00
  4400

11
  NN))  tthhee  eeffffeeccttiivvee  ssppeeeedd  ooff  rroottaattiioonn  iiss  aabboouutt  11//66  ooff  aa  

ddeeggrreeee//mmiinnuuttee,,  wwoouulldd  ccoorrrreessppoonndd  ttoo  bbeeaatt  ffrreeqquueennccyy  ooff  4400HHzz..    HHoowweevveerr,,  nneeww  ddeessiiggnnss  aarree  

ssuuggggeessttiioonnss  ttoo  iinnccrreeaassee  ddiiffffeerreennccee  bbeettwweeeenn  tthhee  bbeeaammss  bbyy  uussiinngg  llooww  lloossss  ooppttiiccaall  ffiibbeerrss  ttoo  iinnccrreeaassee  

tthhee  ppaatthh  lleennggtthh  aanndd  aarreeaa..  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

PPhhoottoo  ddeetteeccttoorr  

PPaarrttiiaallllyy  rreefflleeccttiinngg    

mmiirrrroorr  

GGaass  LLaasseerr  ttuubbee  

FFiigg::22..33..11  AA  rriinngg  llaasseerr  ffoorr  ddeetteeccttiinngg  tthhee  aabbssoolluuttee  rroottaattiioonn  ooff  tthhee  eeaarrtthh  wwhheenn  tthhee  

ssyysstteemm  aatt  rreesstt  ,,  bbootthh  tthhee  cclloocckkwwiissee  aanndd  aannttii--cclloocckkwwiissee  rroottaattiinngg  bbeeaammss  hhaavvee  tthhee  

ssaammee  ffrreeqquueennccyy  ..  WWhheenn  tthhee  ssyysstteemm  iiss  rroottaatteedd  aabboouutt  aann  aaxxiiss  nnoorrmmaall  ttoo  tthhee  ppllaannee  

ccoonnttaaiinniinngg  tthhee  ssyysstteemm,,  tthhee  cclloocckk  wwiissee  rroottaattiinngg  aanndd  tthhee  aannttiicclloocckkwwiissee  rroottaattiinngg  

bbeeaammss  hhaavvee  sslliigghhttllyy  ddiiffffeerreenntt  ffrreeqquueenncciieess..  WWhheenn  tthheeyy  aarree  ccoommbbiinneedd,,  bbeeaattss  aarree  



  

MM..SScc..  PPhhyyssiiccss  66  AApppplliiccaattiioonnss  ooff  LLaasseerrss  

  

22..33..44..33..  LLaasseerrss  iinn  IIssoottooppee  SSeeppaarraattiioonn::--    

  

BByy  uussiinngg  ttuunnaabbllee  llaasseerrss  ((DDyyee  llaasseerrss))  aann  eeffffiicciieenntt  aanndd  eeccoonnoommiiccaall  sseeppaarraattiioonnss  ooff  iissoottooppeess  

ccaann  bbee  aacchhiieevveedd..  TThhiiss  llaasseerr  iissoottooppee  sseeppaarraattiioonn  ((LLIISS))  iiss  uusseedd  ffoorr  llaarrggee  ssccaallee  eennrriicchhmmeenntt  ooff  uurraanniiuumm    

((UU
223355

  ))  ffoorr  nnuucclleeaarr  ppoowweerr  rreeaaccttoorrss..  

    IIssoottooppee  sseeppaarraattiioonn  uussiinngg  llaasseerr  bbeeaamm  iiss  ffuunnddaammeennttaallllyy  aa  ddiiffffeerreenntt  tteecchhnniiqquuee,,  wwhheerree  oonnee  

mmaakkeess  uussee  ooff  tthhee  sslliigghhtt  ddiiffffeerreenncceess  iinn  tthhee  eenneerrggyy  lleevveellss  ooff  aattoommss  ooff  tthhee  iissoottooppeess  dduuee  ttoo  ddiiffffeerreennccee  

iinn  nnuucclleeaarr  mmaassss..  TThhiiss  ddiiffffeerreennccee  iiss  tteerrmmeedd  aass  tthhee  iissoottooppee  sshhiifftt..  AAss  tthhee  eenneerrggyy  lleevveellss  ooff  tthhee  iissoottooppeess  

ooff  tthhee  ssaammee  eelleemmeenntt  aarree  sslliigghhttllyy  ddiiffffeerreenntt,,  pprreecciissee  pphhoottoonn  eenneerrggyy  ((hhνν))  ffrroomm  aa  llaasseerr  ooff  hhiigghh  ddeeggrreeee  

ooff  mmoonnoocchhrroommaattiicciittyy,,  ccaann  bbee  aabbssoorrbbeedd  bbyy  oonnee  iissoottooppee  aanndd  eexxcciitteedd  wwhhiillee  tthhee  ootthheerr  aattoommss  ooff  tthhee  

sseeccoonndd  iissoottooppee  aarree  nnoott  aatt  aallll  eeffffeecctteedd..  TThhuuss  sshhiinnee  ooff  llaasseerr  lliigghhtt  oonn  aa  mmiixxttuurree  ooff  ttwwoo  iissoottooppeess  ccaann  

eexxcciittee  oonnee  ooff  tthhee  iissoottooppeess  aanndd  eeaarrmmaarrkkiinngg  iitt  ffoorr  ssuubbsseeqquueenntt  sseeppaarraattiioonnss  aass  sshhoowwnn  iinn  tthhee  bblloocckk  

ddiiaaggrraammss..  

  

  

  

  

  

  

  

  

  

        

22..33..44..44..  LLIISS  ––  PPrroocceessss  

  

LLIISS  iinnvvoollvveess  tthhee  sseelleeccttiivvee  eexxcciittaattiioonn  ooff  aattoommss  ooff  aann  iissoottooppee  bbyy  iirrrraaddiiaattiioonn..  TThheenn  tthhee  eexxcciitteedd  

aattoommss  aarree  sseeppaarraatteedd  ffrroomm  tthhee  mmiixxttuurree  uussiinngg  rraaddiiaattiioonn  pprreessssuurree..  

OOnn  aabbssoorrppttiioonn  ooff  pphhoottoonn  hhνν,,  tthhee  iissoottooppee  aattoomm  aaccqquuiirreess  mmoommeennttuumm  hhνν//cc  aass  ppeerr  ccoonnsseerrvvaattiioonn  

llaaww..  DDuuee  ttoo  aabbssoorrppttiioonn  tthhee  aattoomm,,  iiss  ppuusshheedd  iinn  tthhee  ddiirreeccttiioonn  ooff  ttrraavveell  ooff  tthhee  iinncciiddeenntt  pphhoottoonn..  TThhee  

eexxcciitteedd  aattoomm  wwiillll  ccoommee  ttoo  ggrroouunndd  ssttaattee  bbyy  eemmiittttiinngg  aa  pphhoottoonn..  IInn  eemmiissssiioonn  aallssoo  iitt  aaccqquuiirreess  eeqquuaall  aanndd  

ooppppoossiittee  mmoommeennttuumm  ttoo  tthhaatt  iitt  aaccqquuiirreedd  dduurriinngg  aabbssoorrppttiioonn..  SSiinnccee  eemmiissssiioonn  ooccccuurrss  iinn  aallll  rraannddoomm  

ddiirreeccttiioonnss,,  tthhee  nneett  eeffffeecctt  ooff  mmaannyy  aabbssoorrppttiioonnss  aanndd  eemmiissssiioonnss  iiss  ttoo  ppuusshh  tthhee  aattoommss  ooff  tthhaatt  iissoottooppee  iinn  

tthhee  ddiirreeccttiioonn  ooff  tthhee  llaasseerr  bbeeaamm..  TThhuuss  tthhee  iissoottooppiicc  aattoommss  ppaarrttiicciippaatteedd  iinn  aabbssoorrppttiioonn  aarree  ddeefflleecctteedd  bbyy  

llaasseerr  bbeeaamm..  SScchheemmee  ooff  tthhiiss  ssoorrtt  hhaass  bbeeeenn  uusseedd  ttoo  sseeppaarraattee  tthhee  iissoottooppeess  ooff  bbaarriiuumm..  

  

Introduction of 

isotopic mixture in 

vapour form  

LLaasseerr  pphhoottoo  

eexxcciittaattiioonn((sseelleeccttiivvee  

aabbssoorrppttiioonn  ooff  hhυυ    

Extraction of selective 

isotope 

FFiigg  22..33..22  ::  BBlloocckk  ddiiaaggrraamm  ooff  aa  ttyyppiiccaall  llaasseerr  iissoottooppee  sseeppaarraattiioonn  pprroocceessss..  AA  llaasseerr  eexxcciitteess  oonnee  ooff  tthhee  

iissoottooppeess  ffrroomm  tthhee  iissoottooppiicc  mmiixxttuurree  tthhrroouugghh  sseelleeccttiivvee  aabbssoorrppttiioonn  aanndd  tthhee  eexxcciitteedd  iissoottooppee  aattoommss  aarree  

sseeppaarraatteedd  uussiinngg  oonnee  ooff  tthhee  mmaannyy  tteecchhnniiqquueess..  
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22..33..44..55..  SSeeppaarraattiioonn  bbyy  sseelleeccttiivvee  pphhoottoo  iioonniizzaattiioonn  oorr  pphhoottoo  ddiissssoocciiaattiioonn::--  

  

  AA  mmoosstt  ppooppuullaarr  aanndd  uunniivveerrssaallllyy  aapppplliiccaabbllee  sscchheemmee  ooff  iissoottooppee  sseeppaarraattiioonn  iiss  tthhee  ttwwoo--sstteepp  

pphhoottoo  iioonniizzaattiioonn  ooff  aattoommss  oorr  tthhee  ttwwoo  sstteepp  ddiissssoocciiaattiioonn  ooff  mmoolleeccuulleess..  TThhee  ffiirrsstt  sstteepp  ccaauusseess  tthhee  

sseelleeccttiivvee  eexxcciittaattiioonn  ffoolllloowweedd  bbyy  sseeccoonndd  eexxcciittaattiioonn  wwhhiicchh  iioonniizzeess  tthhee  eexxcciitteedd  aattoommss  oorr  ddiissssoocciiaatteess  

tthhee  mmoolleeccuulleess..  TThhee  iioonniizzeedd  aattoommss  aarree  sseeppaarraatteedd  bbyy  mmeeaannss  ooff  eelleeccttrriicc  ffiieellddss..  IInn  tthhee  ccaassee  ooff  

mmoolleeccuulleess  tthhee  ddiissssoocciiaattiioonn  pprroodduuccttss  aarree  sseeppaarraatteedd  ffrroomm  ootthheerr  mmoolleeccuulleess  bbyy  mmeeaannss  ooff  cchheemmiiccaall  

rreeaaccttiioonnss..  TThhee  ttwwoo  sstteepp  pphhoottoo  iioonniizzaattiioonn  wwaass  uusseedd  ttoo  ddeemmoonnssttrraattee  tthhee  aapppplliiccaabbiilliittyy  ooff  LLIISS  ffoorr  

uurraanniiuumm  aatt  LLaawwrreennccee  LLiivveerrmmoorree  llaabboorraattoorryy  iinn  UUSSAA..  

  

  AAttoommiicc  uurraanniiuumm  bbeeaamm  ffrroomm  aa  ffuurrnnaaccee  aatt  22110000  
oo
CC..  tteemmppeerraattuurree  wwaass  eexxcciitteedd  bbyy  aa  ttuunnaabbllee  

ddyyee  llaasseerr  bbeeaamm  aanndd  tthheenn  iioonniizzeedd  bbyy  tthhee  lliigghhtt  ooff  hhiigghh  pprreessssuurree  mmeerrccuurryy  llaammpp..  TThhee  
223355

UU  iissoottooppee  

pprreesseenntt  iinn  nnaattuurraall  uurraanniiuumm    aatt  aa  ccoonncceennttrraattiioonn  ooff  00..7711%%  wwaass  eennrriicchheedd  ttoo  6600%%..  

  

  TTwwoo--sstteepp  eexxcciittaattiioonn  ttoo  mmoolleeccuulleess  wwaass  uusseedd  iinn  sseeppaarraattiinngg  tthhee  ttwwoo  iissoottooppeess  
1100

BB  aanndd  
1111

BB..  IInn  

tthhiiss  eexxppeerriimmeenntt  
1111

BBCC33  iissoottooppee  wwaass  sseelleeccttiivveellyy  eexxcciitteedd  bbyy  CCOO22  llaasseerr  rraaddiiaattiioonn  ccoorrrreessppoonnddiinngg  ttoo  

vviibbrraattiioonnaall  ttrraannssiittiioonnss  ooff  1111BBCC33..  TThhee  mmoolleeccuulleess  tthhuuss  eexxcciitteedd  wweerree  ddiissssoocciiaatteedd  bbyy  lliigghhtt  wwiitthh  aa  

wwaavveelleennggtthh  22113300AA
oo
  aanndd  22115500AA

oo
..  TThhee  ffrraaggmmeennttss  ggeenneerraatteedd  bbyy  tthhiiss  ddiissssoocciiaattiioonn  oorriiggiinnaattiinngg  mmaaiinnllyy  

ffrroomm  
1111

BBCC33,,  wweerree  bboouunndd  bbyy  rreeaaccttiioonn  wwiitthh  OO22..  IItt  wwaass  ffoouunndd  tthhaatt  wwiitthh  ffiivvee  lliigghhtt  ppuullsseess  ooff  CCOO22  llaasseerr  

rraaddiiaattiioonn,,  1144%%  iissoottooppiicc  eennrriicchhmmeenntt  ccoouulldd  bbee  oobbttaaiinneedd..  

  LLIISS  hhaass  bbeeeenn  uusseedd  iinn  nnuucclleeaarr  ppoowweerr  iinndduussttrryy  wwhhiicchh  rreeqquuiirreess  uurraanniiuumm  eennrriicchheedd  wwiitthh  iissoottooppee  

mmaassss  nnuummbbeerr  223355((
223355

UU))..  LLIISS  wwaass  aallssoo  uusseedd  ttoo  oobbttaaiinn  iissoottooppeess  uusseedd  aass  ttrraacceess  iinn  mmeeddiicciinnee,,  

aaggrriiccuullttuurree,,  rreesseeaarrcchh  aanndd  iinndduussttrryy..  

Deflected beam 
containing the desired 

isotope 

UUnnddeefflleecctteedd  bbeeaamm  

Atomic or molecular 

beam source 

Isotopically selective Laser 

radiation 

FFiigg  22..33..33    LLaasseerr  iissoottooppee  sseeppaarraattiioonn--DDeefflleeccttiioonn  mmeetthhoodd  



  

MM..SScc..  PPhhyyssiiccss  88  AApppplliiccaattiioonnss  ooff  LLaasseerrss  

  

22..33..44..66..  LLaasseerr--IInndduucceedd  FFuussiioonn::--  

  

  IInn  nnaattuurree  ssuunn  aanndd  ssttaarrss  aarree  rreelleeaassiinngg  eennoorrmmoouuss  aammoouunnttss  ooff  eenneerrggyy  ccoonnttiinnuuoouussllyy  dduuee  ttoo  

tthheerrmmoonnuucclleeaarr  ffuussiioonn  rreeaaccttiioonnss..  DDuurriinngg  tthhee  llaasstt  ffiivvee  ddeeccaaddeess  sscciieennttiissttss  aarree  wwoorrkkiinngg  oonn  vvaarriioouuss  

sscchheemmeess  ttoo  ggeenneerraattee  ffuussiioonn  eenneerrggyy  iinn  aa  ccoonnttrroolllleedd  mmaannnneerr,,  ssoo  aass  ttoo  hhaavvee  aann  aallmmoosstt  iinneexxhhaauussttiibbllee  

ssuuppppllyy  ooff  ppoolllluuttiioonn  ffrreeee  eenneerrggyy..  AA  tthheerrmmoonnuucclleeaarr  rreeaaccttoorr  bbaasseedd  oonn  llaasseerr  iinndduucceedd  ffuussiioonn  iiss  ooff  ggrreeaatt  

pprroommiissee  ffoorr  hhuummaanniittyy..  

  

  IItt  iiss  kknnoowwnn  tthhaatt  nnuucclleeoonnss  aarree  hheelldd  ttooggeetthheerr  iinn  tthhee  nnuucclleeuuss  bbyy  sshhoorrtt--rraannggee  aattttrraaccttiivvee  ffoorrcceess  

ooppeerraattiinngg  aatt  sshhoorrtt  ddiissttaanncceess  ((<<==1100
--1133

  ccmm))..  TToo  sspplliitt  tthhee  nnuucclleeuuss  iinnttoo  iittss  ccoonnssttiittuueenntt  nnuucclleeoonnss  cceerrttaaiinn  

aammoouunntt  ooff  eenneerrggyy  hhaass  ttoo  bbee  ssuupppplliieedd..  TThhiiss  iiss  kknnoowwnn  aass  bbiinnddiinngg  eenneerrggyy  aanndd  iiss  ccaallccuullaatteedd  uussiinngg  tthhee  

ffaammoouuss  EEiinnsstteeiinn  mmaassss--eenneerrggyy  rreellaattiioonn  EE==mmcc
22
..  CCoonnssiiddeerriinngg  tthhee  nnuucclleeaarr  rreeaaccttiioonn  iinn  wwhhiicchh  ttwwoo  

ddeeuutteerroonnss  DD==
11
HH22  rreeaacctt  ttoo  ffoorrmm  aa  ttrriittiiuumm  TT==

11
HH33  nnuucclleeuuss  aanndd  aa  pprroottoonn..  

  

  DD++DD      →→        TT((11..0011  MMeevv))  ++  HH  ((33..0011  MMeevv))  

  

  IInn  tthhiiss  ffuussiioonn  rreeaaccttiioonn,,  ttwwoo  lloooosseellyy  bboouunndd  lliigghhtt  nnuucclleeii  pprroodduuccee  aa  hheeaavviieerr  ttiigghhttllyy  bboouunndd  

nnuucclleeuuss  ggiivviinngg  aa  nneett  ggaaiinn  iinn  bbiinnddiinngg  eenneerrggyy  ooff  aabboouutt  44..0022  MMeevv..  TThhee  ttoottaall  bbiinnddiinngg  eenneerrggyy  ooff  

nnuucclleeuuss  iiss  ccaallccuullaatteedd  ffrroomm    

  

    ∆∆    ==  ((ZZ  mmpp  ++  NN  mmnn  ––  MMaa))  cc
22
  

wwhheerree  mmpp,,  mmnn  aanndd  MMaa  rreepprreesseenntt  tthhee  mmaasssseess  ooff  pprroottoonn,,  nneeuuttrroonn  aanndd  aattoommiicc  nnuucclleeuuss..  TThhee  aannootthheerr    

  

nnuucclleeaarr  ffuussiioonn  rreeaaccttiioonn  ooff  ddeeuutteerriiuumm  aanndd  ttrriittiiuumm..  

    

      DD++TT  →→      αα  ((33..55MMeevv))  ++  nneeuuttrroonn  ((1144..11  MMeevv))  

  

iiss  aallssoo  ooff  ccoonnssiiddeerraabbllee  iimmppoorrttaannccee  aass  aa  ppoossssiibbllee  ssoouurrccee  ooff  tthheerrmmoonnuucclleeaarr  eenneerrggyy  ooff  aabboouutt  1177..66  

MMeevv..  AAss  ttrriittiiuumm  iiss  nnoott  aavvaaiillaabbllee  nnaattuurraallllyy,,  tthhiiss  hhaass  ttoo  bbee  pprroodduucceedd  bbyy  aalllloowwiinngg  tthhee  nneeuuttrroonn  

pprroodduucceedd  iinn  DD--TT  rreeaaccttiioonn,,  ttoo  iinntteerraacctt  wwiitthh  lliitthhiiuumm..  

  33LLii
66
  ++  00nn

11
  →→    TT  ((11HH

33
))  ++  ((22HHee

44
))  ++  44..7799  MMeevv  

  33LLii
77
  ++  00nn

11
  →→    TT  ((]]  HH

33
))  ++  ((22HHee

44
))  ++  00nn

11
  --  22..4466  MMeevv..  

TThhee  eenneerrggyy  rreelleeaasseedd  iinn  DD--TT  rreeaaccttiioonn  iiss  aabboouutt  ffoouurr  ttiimmeess  tthhaatt  ooff  aa  DD--DD  rreeaaccttiioonn..  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  99          CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

  VVeerryy  hhiigghh  tteemmppeerraattuurreess  ((110000  mmiilllliioonn  
oo
kk))  aarree  rreeqquuiirreedd  ffoorr  ffuussiioonn  rreeaaccttiioonnss  ssoo  tthhaatt  hhiigghh  KK..EE  

ooff  nnuucclleeii  ccaann  ddoommiinnaattee  oovveerr  ccoouulloommbb  rreeppuullssiioonn..  AAtt  ssuucchh  hhiigghh  tteemmppeerraattuurreess  tthhee  mmaatttteerr  wwiillll  bbee  iinn  aa  

ffuullllyy  iioonniizzeedd  ssttaattee  iinn  ppllaassmmaa..  TThhee  ttwwoo  mmaajjoorr  pprroobblleemmss  11))  hheeaattiinngg  ppllaassmmaa  ttoo  vveerryy  hhiigghh  tteemmppeerraattuurree..  

22))  ccoonnffiinneemmeenntt  ooff  ppllaassmmaass  ffoorr  ssuuffffiicciieennttllyy  lloonngg  ttiimmee  ffoorr  ffuussiioonn  rreeaaccttiioonn  ttoo  ooccccuurr,,  hhaavvee  bbeeeenn  ssoollvveedd  

wwiitthh  aa  nneeww  iiddeeaa  ooff  ffuussiioonn  uussiinngg  iinntteennssee  llaasseerr  ppuullsseess..  TThhiiss  iiddeeaa  iiss  eesssseennttiiaallllyy  ccoommpprreessssiinngg,,  hheeaattiinngg  

aanndd  ccoonnffiinniinngg  tthheerrmmoonnuucclleeaarr  mmaatteerriiaall  bbyy  wwaayy  ooff  iinntteerraaccttiinngg  wwiitthh  iinntteennssee  llaasseerr  ppuullssee  ooff  eenneerrggyy  ~~  

11..22  XX  1100
55
  JJ..  TThhee  eexxppeecctteedd  ffuussiioonn  eenneerrggyy  yyiieelldd  iiss  ~~  1144  MMJJ..  

  

22..33..44..77..  LLaasseerr  --  iinndduucceedd  FFuussiioonn  rreeaaccttoorr::--  

  

IInntteennssee  llaasseerr  ppuullsseess  aarree  mmaaddee  ttoo  ssttrriikkee  oonn  aa  DD--TT  ppeelllleett  iinn  tthhee  ffoorrmm  ooff  ccrryyooggeenniicc  ssoolliidd  ooff  ppaarrttiiccllee  

ddeennssiittiieess    44  XX  1100
2222

    ccmm
--33

  ffrroomm  aallll  ddiirreeccttiioonnss..  WWiitthhiinn  aa  sshhoorrtt  ttiimmee  tthhee  oouutteerr  ssuurrffaaccee  ooff  tthhee  ppeelllleett  iiss  

hheeaatteedd  aanndd  ggeettss  ccoonnvveerrtteedd  iinnttoo  hhoott  ppllaassmmaa    ((TT  ≈≈  110000  mmiilllliioonn  KK))..  TThhee  aabbllaattiioonn  llaayyeerr  eexxppaannddss  iinnttoo  

vvaaccuuuumm  tthhee  rreeaaccttiioonn  ooff  wwhhiicchh  iiss  aa  ppuusshh  ttoo  tthhee  ppeelllleett  ttoowwaarrddss  tthhee  cceenntteerr  ooff  tthhee  ppeelllleett..  TThhuuss  

iirrrraaddiiaattiioonn  ffrroomm  aallll  ssiiddeess  aass  sshhoowwnn  iinn  tthhee  ffiigg  22..33..44..    bbyy  tthhee  ppuullsseess  ooff  iinntteennssiittyy  1100
1177

  ww//ccmm
22
  aann  

iimmppuullssiioonn  ffrroonntt  ttrraavveelliinngg  ttoowwaarrddss  tthhee  ccoorree  wwiitthh  aann  iinnwwaarrdd  pprreessssuurree  1100
1122

  aattmmoosspphheerreess..  SSuucchh  sshhoocckk  

wwaavveess  lleeaadd  ttoo  vveerryy  hhiigghh  ccoommpprreessssiioonn  ooff  ccoorree  aanndd  ffuussiioonn  eenneerrggyy  iiss  rreelleeaasseedd..  IItt  iiss  sshhoowwnn  tthhaatt  11..0066  

µµmm  rraaddiiaattiioonn  ffrroomm  NNdd::ggllaassss  llaasseerr  ccaann  hheeaatt  DD--TT  ppeelllleett  ffiivvee  ttiimmeess  tthhee  tteemmppeerraattuurree  iinn  oonnee  ffoouurrtthh  ttiimmee  

ccoommppaarreedd  ttoo  1100..66  µµmm  rraaddiiaattiioonn  ffrroomm  CCOO22  llaasseerr..  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

  

  

  

DD--TT  ppeelllleettss  

TToo  hheeaatt  eexxcchhaannggeessrr  

AAnndd  

RReecciirrccuullaattiinngg  

ppuummppss  

LLii  bbllaannkkeett   LLaasseerr  

ppuullsseess  

FFiigg  22..33..44::  DD--tt  ffuussiioonn  rreeaaccttoorr  



  

MM..SScc..  PPhhyyssiiccss  1100  AApppplliiccaattiioonnss  ooff  LLaasseerrss  

  

LLiimmiittaattiioonnss  ::--  

BBuuiillddiinngg  ooff  hhiigghh  ppoowweerr  llaasseerrss  ttoo  aa  ssttaaggee  ooff  ggeettttiinngg  mmoorree  oouuttppuutt  eenneerrggyy  tthheenn  iinnppuutt  eenneerrggyy..  

EExxaacctt  ttiimmee  ddeelliivveerryy  ooff  llaasseerr  eenneerrggyy  oonnttoo  tthhee  ppeelllleett  pprroodduuccttiioonn  ooff  ttaarrggeettss  wwiitthh  eexxttrreemmeellyy  ggoooodd  

ssuurrffaaccee  ffiinniisshh  ttoo  aavvooiidd  uunnssttaabbllee  ccoommpprreessssiioonnss..  

22..33..44..88..  LLaasseerrss  iinn  IInndduussttrryy::--  

  TThhee  eexxttrraaoorrddiinnaarryy  pprrooppeerrttiieess  ooff  llaasseerr  rraaddiiaattiioonn  aarree  uusseedd  iinn  iinndduussttrryy  ffoorr  vvaarriioouuss  aapppplliiccaattiioonnss  

dduuee  ttoo  ffeeaassiibbiilliittyy  ooff  ffooccuussiinngg  iinnttoo  aa  rreeggiioonn  ooff  ‘‘λλ’’  ddiimmeennssiioonnss  rreessuullttiinngg  vveerryy  hhiigghh  ffiieelldd  ssttrreennggtthh  ooff  

tthhee  oorrddeerr  1100
77
  VV//ccmm..  LLeett  λλ  bbee  tthhee  wwaavveelleennggtthh,,  ‘‘aa’’  iiss  tthhee  rraaddiiuuss  ooff  tthhee  bbeeaamm  aanndd  ‘‘  ff  ’’  iiss  ffooccaall  lleennggtthh  

ooff  tthhee  lleennss,,  tthheenn  tthhee  iinnccoommiinngg  bbeeaamm  ccaann  bbee  ffooccuusseedd  iinnttoo  aa  rreeggiioonn  ‘‘bb’’  

    bb  ==  λλ    ff//aa  

IIff  ‘‘pp’’  rreepprreesseennttss  tthhee  ppoowweerr  ooff  tthhee  llaasseerr  bbeeaamm,,  tthheenn  tthhee  iinntteennssiittyy  oobbttaaiinneedd  aatt  tthhee  ffooccuusseedd  rreeggiioonn  bbee    

  II  ==  
22

2

2 f

aP

b

P

λππ
=     

BByy  uussiinngg  bbeeaamm  eexxppaannddeerr  aanndd  uussiinngg  llaasseerrss  ooff  sshhoorrtt  ffooccaall  lleennggtthh,,  vveerryy  hhiigghh  iinntteennssiittiieess  aarree  

pprroodduucceedd  iinn  aa  ssmmaallll  rreeggiioonn..  AAtt  ssuucchh  ssmmaalllleerr  ffooccuusseedd  llaasseerr  ssppoottss,,  tthhee  bbeeaamm  hhaass  llaarrggee  ddiivveerrggeennccee..  

HHeennccee  tthhee  bbeeaamm  eexxppaannddss  aaggaaiinn  wwiitthhiinn  aa  sshhoorrtt  ddiissttaannccee..  TThhiiss  ddiissttaannccee  iiss  ccaalllleedd  tthhee  ddeepptthh  ooff  ffooccuuss..  

TThhuuss  ssmmaalllleerr  ffooccuusseedd  ssppoottss  lleeaadd  ttoo  aa  ssmmaalllleerr  ddeepptthh  ooff  ffooccuuss..  

  

22..33..44..88..11..    LLaasseerr  WWeellddiinngg::--  

    

  HHiigghh  ppoowweerr  llaasseerr  CCOO22  hhaavviinngg  aann  oouuttppuutt  ooff  33..55  KKww  ccaann  wweelldd  ooff  ¼¼””  tthhiicckk  ssttaaiinnlleessss  sstteeeell  aatt  aa  

ssppeeeedd  ooff  22ccmm//sseecc  iinn  tthhee  ffooccaall  lleennggtthh  2255ccmm..  LLaasseerr  wweellddiinngg  hhaass  bbeeeenn  uusseedd  iinn  tthhee  ffiieelldd  ooff  eelleeccttrroonniiccss  

aanndd  mmiiccrrooeelleeccttrroonniiccss  wwhhiicchh  rreeqquuiirree  pprreecciissee  wweellddiinngg  ooff  vveerryy  tthhiinn  wwiirreess..  FFuurrtthheerr,,  wweellddiinngg  iinn  

iinnaacccceessssiibbllee  aarreeaass  lliikkee  iinnssiiddee  tthhee  ggllaassss  eennvveellooppee  ccaann  bbee  ddoonnee  uussiinngg  llaasseerr  bbeeaamm..  OOnnee  ccaann  hhaavvee  

eeffffeeccttiivvee  wweelldd  eevveenn  wwiitthhoouutt  tthhee  rreemmoovvaall  ooff  tthhee  iinnssuullaattiioonn..  LLaasseerr  wweelldd  nnoott  oonnllyy  aacchhiieevveess  wweellddiinngg  

bbeettwweeeenn  ddiissssiimmiillaarr  mmeettaallss  bbuutt  aallssoo  aalllloowwss  pprreecciissee  llooccaattiioonn  ooff  tthhee  wweelldd..  NNdd::  YYAAGG  aanndd  CCOO22  llaasseerrss  

aarree  ttwwoo  iimmppoorrttaanntt  kkiinnddss  ooff  llaasseerrss  uusseedd  ffoorr  wwiiddee--  rraannggiinngg  aapppplliiccaattiioonnss  iinn  wweellddiinngg..  

  

22..33..44..88..22..  HHoollee  ddrriilllliinngg::--    DDrriilllliinngg  ooff  hhoolleess  iinn  vvaarriioouuss  ssuubbssttaanncceess  lliikkee  11mmmm  tthhiicckk  sstteeeell  ppllaattee  ooff  hhoollee  

ooff  rraaddiiuuss  00..11mmmm  aanndd  ffoorr  tthhee  ddrriilllliinngg  ooff  ddiiaammoonndd  ddiieess  uusseedd  ffoorr  ddrraawwiinngg  wwiirreess,,  hhoolleess  ooff  1100µµmm  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  1111          CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

ddiiaammeetteerr  tthhrroouugghh  hhaarrddeesstt  ssuubbssttaanncceess,,  ttoo  ddrriillll  rruubbyy  ssttoonneess  uusseedd  iinn  ttiimmee  ppiieecceess  ccaann  bbee  mmaaddee  bbyy  uussiinngg  

NNdd::YYAAGG  aanndd  rruubbyy  llaasseerrss..  

  

22..33..44..88..33..    LLaasseerr  ccuuttttiinngg::--  HHiigghh  ppoowweerr  CCOO22  iinn  tthhee  mmoosstt  ccoommmmoonn  llaasseerr  uusseedd  iinn  ccuuttttiinngg  pprroocceessss  

wwiitthh  aass  ssmmaallll  aass  ppoossssiibbllee  wwiiddtthh  ooff  tthhee  ccuutt..  LLaasseerr  ccuuttttiinngg  ooff  ssttaaiinnlleessss  sstteeeell,,  nniicckkeell  aallllooyyss  aanndd  ootthheerr  

mmeettaallss  ffiinnddss  wwiiddeesspprreeaadd  aapppplliiccaattiioonn  iinn  aaiirrccrraafftt  aanndd  aauuttoommoobbiillee  iinndduussttrriieess..  LLaasseerr  ccuuttttiinngg  hhaass  aallssoo  

bbeeeenn  uusseedd  iinn  tthhee  tteexxttiillee  iinndduussttrryy  aanndd  aappppaarreell  mmaannuuffaaccttuurriinngg  ffoorr  ccuuttttiinngg  ccllootthh..  

  

22..33..44..99..    LLaasseerr  TTrraacckkiinngg::--  TTrraacckkiinngg  mmeeaannss  eeiitthheerr  tthhee  ddeetteerrmmiinnaattiioonn  ooff  tthhee  ttrraajjeeccttoorryy  ooff  aa  mmoovviinngg  

oobbjjeecctt  lliikkee  aaiirr  ccrraafftt  oorr  rroocckkeett  oorr  ddeetteerrmmiinniinngg  tthhee  ddaaiillyy  ppoossiittiioonnss  ooff  hheeaavveennllyy  oobbjjeecctt  lliikkee  mmoooonn  oorr  

aarrttiiffiicciiaall  ssaatteelllliittee..  

  

PPrriinncciippllee::--  TThhiiss  tteecchhnniiqquuee  iinnvvoollvveess  tthhee  mmeeaassuurreemmeenntt  ooff  ttiimmee  ttaakkeenn  ttoo  ttrraavveell  ttoo  aanndd  ffrroo  ffoorr  aa  sshhaarrpp  

llaasseerr  ppuullssee  sseenntt  aanndd  rreecceeiivveedd  bbaacckk  bbyy  tthhee  oobbsseerrvveerr  uussiinngg  aa  rreettrroo  rreefflleeccttoorr  oonn  tthhee  ttaarrggeett..  IInn  aa  rreettrroo  

rreefflleeccttoorr  tthhee  iinncciiddeenntt  aanndd  rreefflleecctteedd  rraayyss  aarree  ppaarraalllleell  aanndd  ttrraavveell  iinn  ooppppoossiittee  ddiirreeccttiioonnss..  LLaasseerr  

ttrraacckkiinngg  ssyysstteemm  iiss  mmuucchh  ssmmaalllleerr  iinn  ssiizzee  ccoommppaarreedd  ttoo  mmiiccrroowwaavvee  rraaddaarr  ssyysstteemm..  WWhheenn  ffoogg  aanndd  ssnnooww  

aarree  pprreesseenntt  iinn  tthhee  aattmmoosspphheerree  iitt  iiss  ddiiffffiiccuulltt  ttoo  wwoorrkk  aatt  ooppttiiccaall  ffrreeqquueenncciieess  iinn  llaasseerr  ssyysstteemmss..  

  

  NNAASSAA  ,,UUSSAA  llaauunncchheedd  aann  aalluummiinniiuumm  sspphheerree  ccaalllleedd  llaasseerr  ggeeooddyynnaammiicc  ssaatteelllliittee  iinnttoo  oorrbbiitt  aatt  

aann  aallttiittuuddee  ooff  55880000  kkmm  ffoorr  ssttuuddyyiinngg  tthhee  mmoovveemmeennttss  iinn  eeaarrtthh’’ss  ssuurrffaaccee,,  wwhhiicchh  wwoouulldd  bbee  ooff  ggrreeaatt  

hheellpp  iinn  pprreeddiiccttiinngg  tthhee  eeaarrtthhqquuaakkeess..  

  

22..33..44..1100..    LLIIDDAARR::--  

  

  LLiiddaarr  iiss  aann  aaccrroonnyymm  ffoorr  lliigghhtt  ddeetteeccttiioonn  aanndd  rraannggiinngg..  LLaasseerr  ssyysstteemmss  aarree  uusseedd  ttoo  ssttuuddyy  tthhee  

llaasseerr  bbeeaamm  ssccaatttteerreedd  ffrroomm  aattmmoosspphheerree..  LLaasseerr  ppuullsseess  aarree  sseenntt  ffrroomm  ssyysstteemmss  bbaassee  aanndd  tthhee  ssccaatttteerreedd  

rraaddiiaattiioonn  bbyy  vvaarriioouuss  ppaarrttiicclleess  iinn  tthhee  aattmmoosspphheerree  iiss  aannaallyyzzeedd  wwiitthh  sseennssiittiivviittyy  ffaarr  ssuuppeerriioorr  tthhaann  

mmiiccrroowwaavvee  rraaddaarr  tteecchhnniiqquuee..  IInn  ppaarrttiiccuullaarr  tthhiiss  tteecchhnniiqquuee  iiss  uusseedd  ttoo  ssttuuddyy  tthhee  nnaattuurree  ooff  aaeerroossoollss  iinn  

tthhee  aattmmoosspphheerree  bbyy  mmeeaassuurriinngg  tthhee  bbaacckk  ssccaatttteerreedd  llaasseerr  lliigghhtt  uussiinngg  aa  pphhoottoo  ddeetteeccttoorr..  TTiimmee  vvaarriiaattiioonn  

iiss  ccoonnssiiddeerreedd  iinnttoo  hheeiigghhtt  ffrroomm  wwhhiicchh  tthhee  llaasseerr  bbeeaamm  iiss  bbaacckk  ssccaatttteerreedd..  



  

MM..SScc..  PPhhyyssiiccss  1122  AApppplliiccaattiioonnss  ooff  LLaasseerrss  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    FFiigg..    

  

TThhee  pprreesseennccee  ooff  aaeerroossoollss  bbeettwweeeenn  tthhee  hheeiigghhttss  hh11  aanndd  hh22  aarree  rreessppoonnssiibbllee  ffoorr  ggrreeaatteerr  iinntteennssiittyy  ooff  

bbaacckk  ssccaatttteerreedd  rraaddiiaattiioonn  ccoommppaarreedd  ttoo  tthhaatt  ooff  aaeerroossooll  ffrreeee  aattmmoosspphheerree..  TThhee  ssiizzee  aanndd  ccoonncceennttrraattiioonn  

ooff  vvaarriioouuss  ppaarrttiicclleess  iimmppoorrttaanntt  iinn  ppoolllluuttiioonn  ssttuuddiieess  aarree  aallssoo  ddeetteerrmmiinneedd..  LLiiddaarr  tteecchhnniiqquuee  ccaann  aallssoo  bbee  

uusseedd  ttoo  ddeetteerrmmiinnee  vviissiibbiilliittyy  ooff  aattmmoosspphheerree,,  tthhee  ddiiffffuussiioonn  ooff  ppaarrttiiccuullaarr  mmaatteerriiaallss  aanndd  aallssoo  tthhee  ssttuuddyy  

ooff  cclloouuddss,,  ffoogg  eettcc..,,    TThhee  ssttuuddyy  ooff  ttuurrbbuulleennccee  aanndd  wwiinnddss  aanndd  pprroobbiinngg  ooff  ssttrraattoosspphheerree  hhaavvee  aallssoo  bbeeeenn  

ccaarrrriieedd  oouutt  bbyy  lliiddaarr  ssyysstteemmss..  

  

22..33..44..1111..    HHeeaatt  TTrreeaattmmeenntt::        IItt  iiss  ccoommmmoonn  iinn  ttoooolliinngg  aanndd  aauuttoommoottiivvee  iinndduussttrryy  wwhheerree  iinn  aa  ppoorrttiioonn  

ooff  aa  llaarrggeerr  iitteemm  iiss  ttoo  bbee  ttrreeaatteedd  ffoorr  hhaarrddeenniinngg..  TThhiiss  iiss  aacchhiieevveedd  bbyy  ffooccuussiinngg  llaasseerr  bbeeaamm  uussiinngg  

mmiirrrroorr  aarrrraannggeemmeenntt  pprreecciisseellyy  aatt  tthhee  rreeqquuiirreedd  ppoorrttiioonn  wwiitthhoouutt  pprroodduucciinngg  uunnddeessiirraabbllee  cchhaannggeess  oovveerr  

tthhee  eennttiirree  iitteemm..  TThhiiss  pprroocceessss  iiss  hhiigghhllyy  eeffffeeccttiivvee  aanndd  eeccoonnoommiiccaall  iinn  tthhee  ccaassee  ooff  hhaarrddeenniinngg  aa  wweellll--  

ddeeffiinneedd  ppoorrttiioonn  aabboovvee  tthhee  rriinngg  ooff  aann  aauuttoommoobbiillee  ppiissttoonn..  TThhiiss  ccaann  bbee  ddoonnee  eevveenn  iinnttrriiccaattee  ppoorrttiioonnss  

tthhaatt  aarree  nnoott  aacccceessssiibbllee  bbyy  uussuuaall  mmeeaannss..  

  TThhiiss  hheeaatt  ttrreeaattmmeenntt  iiss  aallssoo  uusseedd  ttoo  ffoorrmm  aann  aallllooyy  eennttiirreellyy  ddiiffffeerreenntt  ffrroomm  tthhee  bbuullkk  mmaatteerriiaall,,  

bbyy  aaddddiinngg  pprrooppeerr  eelleemmeennttss  ttoo  tthhee  mmoolltteenn  llaayyeerr..  TThhuuss  aallllooyyiinngg  pprroocceessss  eennaabblleess  ttoo  sseelleeccttiivveellyy  hhaarrddeenn  

tthhee  aarreeaass  ooff  ggrreeaatteesstt  wweeaarr..  

  

22..33..44..1122..    VVeelloocciittyy  MMeeaassuurreemmeenntt::--  TThhee  ffrreeqquueennccyy  ooff  ssccaatttteerreedd  rraaddiiaattiioonn  ffrroomm  aa  mmoovviinngg  oobbjjeecctt  iiss  

ddiiffffeerreenntt  ffrroomm  tthhaatt  ooff  iinncciiddeenntt  ffrreeqquueennccyy..  LLeett  νν  bbee  tthhee  ffrreeqquueennccyy  aanndd  VV  rreepprreesseennttss  vveelloocciittyy  ooff  aa  

BBaacckk  

ssccaatttteerreedd  

llaasseerr  

rraaddiiaannccee  

((aa))RRaannggee((hheeiigghhtt))  

BBaacckk  

ssccaatttteerreedd  

llaasseerr  

rraaddiiaannccee  

((bb))  RRaannggee((hheeiigghhtt))  

xx  

yy  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  1133          CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

mmoovviinngg  oobbjjeecctt  mmoovviinngg  aatt  aann  aannggllee    wwiitthh  rreessppeecctt  ttoo  iinncciiddeenntt  rraaddiiaattiioonn..  TThhee  cchhaannggee  iinn  ffrreeqquueennccyy  νν  

bbeettwweeeenn  tthhee  iinncciiddeenntt  aanndd  ssccaatttteerreedd  bbeeaammss  iiss  ggiivveenn  bbyy    

  

                                            ∆∆νν        ==  22VVccoossθθ  

                                              νν                      cc  

WWhheerree  ‘‘cc’’  rreepprreesseennttss  vveelloocciittyy  ooff  lliigghhtt  iinn  ffrreeee  ssppaaccee..  TThhee  cchhaannggee  iinn    ffrreeqquueennccyy  iiss  ddiirreeccttllyy  

pprrooppoorrttiioonnaall  ttoo  vveelloocciittyy  VV  ooff  tthhee  mmoovviinngg  oobbjjeecctt  iiss  kknnoowwnn  aass  DDoopppplleerr  sshhiifftt..  UUssiinngg  tthhiiss  pprriinncciippllee  

ppoorrttaabbllee  vveelloocciittyy  mmeeaassuurriinngg  mmeetteerrss  hhaavvee  bbeeeenn  ffaabbrriiccaatteedd  ttoo  mmeeaassuurree  tthhee  ssppeeeeddss  ooff  aauuttoommoobbiilleess  oonn  

hhiigghhwwaayyss  aanndd  fflluuiidd  ffllooww  rraatteess  iinn  iinndduussttrryy..  

  

  TThhee  bbeeaamm  ffrroomm  aa  CCWW  HHee--NNee  llaasseerr  iiss  mmaaddee  ttoo  sspplliitt  ffrroomm  aa  bbeeaamm  sspplliitttteerr..  OOnnee  ooff  tthhee  

ccoommppoonneennttss  uunnddeerrggooeess  ssccaatttteerriinngg  ffrroomm  aa  mmoovviinngg  oobbjjeecctt..  TThhee  ssccaatttteerreedd  rraaddiiaattiioonn  aanndd  tthhee  sseeccoonndd  

ccoommppoonneenntt  ooff  tthhee  bbeeaamm  ((νν))  aarree  mmaaddee  ttoo  iinntteerrffeerree..  TThhee  rreessuullttiinngg  bbeeaatt  ffrreeqquueennccyy  iiss  aa  ddiirreecctt  mmeeaassuurree  

ooff  tthhee  vveelloocciittyy  ooff  tthhee  oobbjjeecctt..  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

LLaasseerr  
BBeeaamm  

sspplliitttteerr  oobbjjeecctt  

υυ
11  

υυ  

υυ  

υυ  

υυ

FFiigg  22..33..66..  SScchheemmaattiicc  ooff  aann  aarrrraannggeemmeenntt  ffoorr  mmeeaassuurriinngg  tthhee  vveelloocciittyy  ooff  aa  mmoovviinngg  

oobbjjeecctt  uussiinngg  DDoopppplleerr  sshhiifftt  

PPhhoottoo  

ddeetteeccttoorr  



  

MM..SScc..  PPhhyyssiiccss  1144  AApppplliiccaattiioonnss  ooff  LLaasseerrss  

  

22..33..44..1133..    LLaasseerrss  iinn  cchheemmiissttrryy  aanndd  BBiioollooggyy::--  TThhee  pprroodduuccttiioonn  ccaappaabbiilliittyy  ooff  hhiigghh  tteemmppeerraattuurree  aanndd  

eelleeccttrriicc  ffiieellddss  ooff  tthhee  oorrddeerr  1100
99
  vv//ccmm  aatt  tthhee  ffooccuuss  ooff  llaasseerr  bbeeaamm  iiss  ccoonnssiiddeerreedd  ttoo  bbee  aann  eexxcceelllleenntt  ttooooll  

ffoorr  ttrriiggggeerriinngg  cchheemmiiccaall  aanndd  pphhoottoocchheemmiiccaall  rreeaaccttiioonnss..  TThhee  aannaallyyssiiss  ooff  ttrraaccee  mmeettaallss  pprreesseenntt  iinn  

vvaarriioouuss  ttiissssuueess  iiss  ccaarrrriieedd  oouutt  tthhrroouugghh  ssppeeccttrraall  mmiiccrrooaannaallyyssiiss  uussiinngg  llaasseerr  aattttaacchheedd  mmiiccrroossccooppeess..  TThhee  

eexxttrreemmeellyy  hhiigghh  mmoonnoocchhrroommaattiicciittyy  ooff  llaasseerr  iiss  uusseedd  ffoorr  sseelleeccttiivvee  eexxcciittaattiioonn  ooff  bbaannddss  iinn  aa  mmoolleeccuullee  ttoo  

pprroodduuccee  nneeww  cchheemmiiccaall  ssppeecciieess  iinn  cceerrttaaiinn  cchheemmiiccaall  rreeaaccttiioonnss..  TThhee  ppiiccoosseeccoonndd  llaasseerr  ppuullsseess  eennaabblleedd  

ttoo  ssttuuddyy  uullttrraa  ffaasstt  cchheemmiiccaall  pprroocceessss  wwiitthh  uunnpprreecceeddeenntteedd  ttiimmee  rreessoolluuttiioonn..    

  BBrriilllloouuiinn  ssppeeccttrraall  mmeeaassuurreemmeennttss  ooff  bbiioollooggiiccaall  ffiibbeerrss,,  ccoollllaaggeenn  aanndd  kkeerraattiinn,,  ssyynntthheettiicc  

ppoollyyppeeppttiiddeess  aanndd  mmaatteerriiaall  ffrroomm  tthhee  lleennss  aanndd  ccoorrnneeaa  ooff  tthhee  eeyyee,,  ccoouupplleedd  wwiitthh  ddeennssiittyy  

mmeeaassuurreemmeennttss,,  vvaalluueess  ooff  eellaassttiicc  mmoodduullii  aarree  ddeetteerrmmiinneedd..  

  LLaasseerrss  aarree  uusseedd  iinn  eeyyee  ssuurrggeerryy  ttoo  rreeaattttaacchh  aa  ddeettaacchheedd  rreettiinnaa..  LLaasseerrss  aarree  uusseedd  ffoorr  ttrreeaattmmeenntt  ooff  

GGlluuccoommaa  iinn  tthhee  eeyyee..  NNeeww  ttyyppeess  ooff  ssuurrggeerryy  wwiitthh  uullttrraavviioolleett  eexxcciimmeerr  llaasseerrss  aanndd  hhiigghh  ppoowweerr  ppuullsseedd  

nneeooddyymmiiuumm  llaasseerr  eenneerrggyy  tthhrroouugghh  ooppttiiccaall  ffiibbeerr  iiss  nnooww  uusseedd  iinn  tthhee  ttrreeaattmmeenntt  ooff  lliivveerr  ccaanncceerr..  

22..33..44..1144..      LLooww  ppoowweerr  aapppplliiccaattiioonnss::--  TThhee  ffiirrsstt  llaasseerr--bbaasseedd  ddeevviiccee  ttoo  bbee  uusseedd  bbyy  ppuubblliicc  aatt  llaarrggee,,  iiss  

tthhee  ppooiinntt  ooff  ssaallee  ddeevviiccee  ((PPOOSSDD))    ttoo  pprriiccee  tthhee  iitteemmss  iinn  ssuuppeerr  mmaarrkkeettss..  TThhiiss  iiss  bbyy  rreeaaddiinngg  tthhee  llaabbeell  

pprriinntteedd  iinn  tthhee  ffoorrmm  ooff  ppaarraalllleell  bbaarrss  ooff  vvaarryyiinngg  wwiiddtthh  uusseedd  ttoo  eennccooddee  nnuummeerriiccaall  iinnffoorrmmaattiioonn  iinn  

uunniivveerrssaall  pprroodduucctt  ccooddee  UUPPCC  bbyy  tthhee  mmaannuuffaaccttuurreerr..  TThhee  ddeevviiccee  ssccaannss  aa  ffooccuusseedd  llaasseerr  bbeeaamm  bbaacckk  aanndd  

ffoorrtthh  aaccrroossss  tthhee  llaabbeell  mmaannyy  ttiimmeess  eeaacchh  sseeccoonndd  iinn  aann  iinnttrriiccaattee  ddeessiiggnn..  DDeetteeccttoorrss  sseennssiittiivvee  oonnllyy  ttoo  

llaasseerr  wwaavveelleennggtthh,,  ddeetteeccttss  tthhee  vvaarriiaattiioonnss  iinn  tthhee  rreefflleecctteedd  lliigghhtt  ffrroomm  ddaarrkk  aanndd  bbrriigghhtt  bbaannddss  ooff  tthhee  

llaabbeell  aanndd  ccoonnvveerrttss  tthheemm  iinnttoo  eelleeccttrriiccaall  ssiiggnnaallss..  TThhee  pprriiccee  ooff  tthhee  iitteemm,,  ppoosstteedd  aatt  tthhee  sshheellff  aanndd  ssttoorreedd  

iinn  tthhee  ccoommppuutteerr  iiss  aaddddeedd  ttoo  tthhee  bbiillll..  TThhuuss  mmaann  ppoowweerr  ccoossttss  aarree  rreedduucceedd  aanndd  iinnccrreeaassee  cchheecckk  oouutt  

ttiimmeess  aanndd  pprroovviiddeess  uuppttoo  ddaattee  iinnvveennttoorryy  ccoonnttrrooll..  

  

  LLaasseerr  iiss  iinnttrroodduucceedd  iinn  vviiddeeooddiisscc  ssyysstteemm..  TThhee  rreeaaddoouutt  uussiinngg  aa  ffooccuusseedd  llaasseerr  bbeeaamm  hhoollddss  

sseevveerraall  aaddvvaannttaaggeess  ssiinnccee  tthheerree  iiss  nnoo  ccoonnttaacctt  wwiitthh  ddiisscc  ssuurrffaaccee,,  tthhee  wweeaarr  aanndd  tteeaarr  pprroobblleemmss  aarree  

ttoottaallllyy  eelliimmiinnaatteedd..  

              

22..33..55..  SSuummmmaarryy  ::    LLaasseerr  aapppplliiccaattiioonnss  iinn  vvaarriieettyy  ffiieellddss  aarree  ggiivveenn  ffoorr  aa  ggllaannccee  ssttuuddyy..  DDeettaaiilleedd  

eexxppeerriimmeennttss  ooff  ffuunnddaammeennttaall  iimmppoorrttaannccee  iinn    pphhyyssiiccss,,  iinndduussttrryy  aanndd    cchheemmiissttrryy  aarree  ddeessccrriibbeedd..  
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22..33..66..    KKeeyy  tteerrmmiinnoollooggyy::    LLaasseerr  iinndduucceedd  ffuussiioonn  ––  LLIIDDAARR  ––  HHaarrmmoonniiccss  ––    SSttiimmuullaatteedd  RRaammaann  

eemmiissssiioonn  ––  LLaasseerr  iissoottooppee  sseeppaarraattiioonn  ––  VVeelloocciittyy  mmeetteerr  ––  MMeeddiiccaall  ddiiaaggnnoossttiiccss  aanndd  ttrreeaattmmeenntt  ––  SStteerreeoo  

lliitthhooggrraapphhyy  ––  LLaasseerr--ddiisskk  ––  PPoolllluuttaannttss  ddeetteeccttiioonn  AAeerroossooll  SSttuuddyy  ––  AAvviioonniiccss  eettcc..  

  

22..33..77..  SSeellff  aasssseessssmmeenntt  qquueessttiioonnss::--  

11..DDeessccrriibbee  bbrriieeffllyy  tthhee  aapppplliiccaattiioonnss  ooff  llaasseerr..  

22..EExxppllaaiinn  llaasseerr  iissoottooppee  sseeppaarraattiioonn..  

33..DDiissccuussss  llaasseerr  iinndduucceedd  ffuussiioonn..  

44..MMeennttiioonn  tthhee  aapppplliiccaattiioonnss  ooff  llaasseerr  iinn  mmeeddiiccaall  ffiieelldd..  

  

22..33..88..    RReeffeerreennccee  BBooookkss::--  

11..LLaasseerrss  aanndd  nnoonn--lliinneeaarr  ooppttiiccss  ––  BB..BB  LLaauudd,,  WWiilleeyy  EEaasstteerrnn  LLttdd..  

22..LLaasseerrss  tthheeoorryy  aanndd  aapppplliiccaattiioonnss  ––  KK..  TThhyyaaggaarraajjaann,,  AA..KK..  GGhhaattaakk,,  MMaaccmmiillllaann  IInnddiiaa  llttdd..  

33..LLaasseerrss  ffuunnddaammeennttaallss  --  WWiilllliiaamm  TT..  SSiillffvvaasstt,,  CCaammbbrriiddggee  uunniivveerrssiittyy  PPrreessss..  

44..  IInnttrroodduuccttiioonn  ttoo  llaasseerrss  aanndd  tthheeiirr  aapppplliiccaattiioonnss    DD..CC..  OOsshheeaa,,  WW..RR..CCaalllleenn  aanndd  WW..TT..  RRhhooddeess  
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Unit II 

LESSON – 4 

  

OOPPTTIICCAALL  FFEEEEDDBBAACCKK  

  

OObbjjeeccttiivvee::    

TToo  eexxppllaaiinn  tthhee  mmeecchhaanniissmm  ooff  ffeeeeddbbaacckk  iinn  llaassiinngg  aaccttiioonn  aanndd  ttoo  ddiissccuussss  tthhee  nneecceessssaarryy  ccoonnddiittiioonnss  

ffoorr  ssttaabbiilliittyy  ooff  aa  rreessoonnaattoorr  ccoonnffiigguurraattiioonn..  

SSttrruuccttuurree::  

22..44..11..IInnttrroodduuccttiioonn  

22..44..22..RRoouunndd  ttrriipp  ppoowweerr  ggaaiinn  aanndd  tthhrreesshhoolldd  ccoonnddiittiioonn  

22..44..33..TThhee  eeffffiicciieennccyy  ooff  aa  llaasseerr  

22..44..44..CCoonnffiinneemmeenntt  ooff  tthhee  bbeeaamm  wwiitthhiinn  tthhee  RReessoonnaattoorr  ::  TThhee  ssttaabbiilliittyy  ccoonnddiittiioonn  

22..44..55..SSuummmmaarryy  ooff  tthhee  lleessssoonn  

22..44..66..KKeeyytteerrmmiinnoollooggyy  

22..44..77..SSeellff  aasssseessssmmeenntt  qquueessttiioonnss  

22..44..88..RReeffeerreennccee  bbooookkss  

  

TTHHEE  OOPPTTIICCAALL  RREESSOONNAATTOORR  

22..44..11..IInnttrroodduuccttiioonn  ::  

AA  ccoommbbiinnaattiioonn  ooff  ttwwoo  mmiirrrroorrss  MM11  &&  MM22  wwiitthh  110000%%  aanndd  9955%%  rreefflleeccttiivviittiieess  ((RR11  aanndd  RR22))  rreessppeeccttiivveellyy  

ppllaacceedd  oonn  oonnee  aaxxiiss  aatt  tthhee  ttwwoo  eennddss  ooff  aaccttiivvee  mmeeddiiuumm  iiss  ccaalllleedd  aann  ooppttiiccaall  rreessoonnaattoorr..  PPhhoottoonnss  ggeenneerraatteedd  

bbyy  ssttiimmuullaatteedd  eemmiissssiioonn  ooff  rraaddiiaattiioonn  wwiillll  hhaavvee  aa  lloonngg  ppaatthh  dduuee  ttoo  mmuullttiippllee  rreefflleeccttiioonnss  iinn  bbeettwweeeenn  tthhee  



  

  

MM..SScc..  PPhhyyssiiccss  22  OOppttiiccaall  ffeeeeddbbaacckk    

  

  

ttwwoo  mmiirrrroorrss  tthhrroouugghh  tthhee  iinnvveerrtteedd  mmeeddiiuumm  ssoo  aass  ttoo  rreeaacchh  ssuuffffiicciieenntt  iinntteennssiittyy  bbyy  vviirrttuuee  ooff  ccoonnttiinnuuoouuss  

aammpplliiffiiccaattiioonn..  LLaasseerr  ssyysstteemmss  ooppeerraattee  wwiitthh  oonnllyy  iinnvveerrtteedd  mmeeddiiuumm  wwiitthhoouutt  mmiirrrroorrss  ffoorr  mmuullttiippllee  

rreefflleeccttiioonnss,,  aarree  rreeffeerrrreedd  aass  ssuuppeerr--rraaddiiaanntt..  SSuucchh  ssyysstteemmss  aarree  rreeffeerrrreedd  aass  lliigghhtt  aammpplliiffiieerrss  rraatthheerr  tthhaann  

llaasseerrss..  

22..44..22..RRoouunndd  ttrriipp  ppoowweerr  ggaaiinn  aanndd  tthhrreesshhoolldd  ccoonnddiittiioonn  

  

  

  

  

  

  

                                                                                                                                                                                                                                                      

LLaasseerrss  wwiitthh  hhiigghhllyy  rreefflleeccttiinngg  mmiirrrroorrss  aatt  tthhee  eennddss  aarree  nnoott  oonnllyy  aammpplliiffiieerrss  bbuutt  aallssoo  oosscciillllaattoorrss    OOppttiiccaall  

rreessoonnaattoorr  ssuuppppoorrttss  ccoonnttiinnuuoouuss  EElleeccttrroommaaggnneettiicc  oosscciillllaattiioonnss  aatt  llaasseerr  ttrraannssiittiioonn  ffrreeqquueennccyy..  AA  ssmmaallll  

ssiiggnnaall  pprroovviiddeedd  bbyy  ssppoonnttaanneeoouuss  eemmiissssiioonn  uunnddeerrggooeess  ccoonnttiinnuuoouuss  aammpplliiffiiccaattiioonn  bbyy  ssttiimmuullaatteedd  eemmiissssiioonn  

uunnttiill  ssoommee  sstteeaaddyy  ssttaattee  lleevveell  ooff  oosscciillllaattiioonn  iiss  rreeaacchheedd..  TThhoouugghh  tthhee  aammpplliiffiiccaattiioonn  iiss  ccoonnttiinnuuoouuss,,  

ssiimmuullttaanneeoouussllyy  tthhee  pphhoottoonnss  lloossee  ppaarrtt  ooff  tthheeiirr  eenneerrggyy  ttoo  oovveerrccoommee  vvaarriioouuss  lloossssyy  mmeecchhaanniissmmss  ssuucchh  aass  

ssccaatttteerriinngg,,  aabbssoorrppttiioonn  rreefflleeccttiioonnss  aanndd  tthhee  oouuttppuutt  ooff  tthhee  bbeeaamm  eettcc..,,..  IInn  oorrddeerr  ttoo  oovveerrccoommee  tthheessee  lloosssseess,,  

mmiinniimmuumm  ggaaiinn  ccooeeffffiicciieenntt  ccaalllleedd  tthhrreesshhoolldd  ggaaiinn  ββtthh  iiss  rreeqquuiirreedd  ttoo  iinniittiiaattee  aanndd  ssuussttaaiinn  llaasseerr  oosscciillllaattiioonn  ..    

TThhiiss  tthhrreesshhoolldd  ggaaiinn  iinn  ttuurrnn  ssppeecciiffiieess  tthhee  mmiinniimmuumm  ppooppuullaattiioonn  iinnvveerrssiioonn  

  rreeqquuiirreedd  ffoorr  llaassiinngg                  ..        

                                

  

AAccttiivvee  mmeeddiiuumm  

RR11  

MM11((110000%%))  MM22((9955%%))  

RR22  

OOuuttppuutt  

FFiigg::  22..44..11::  RReessoonnaattoorr  
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AAssssuummiinngg  tthhaatt  aaccttiivvee  mmeeddiiuumm  iiss  ccoommpplleetteellyy  ffiilllleedd  tthhee  vvoolluummee  iinn  bbeettwweeeenn  tthhee  mmiirrrroorrss  

aanndd  tthhee  ppuummppiinngg  eexxcciittaattiioonn  iiss  uunniiffoorrmm,,  tthhee  iirrrraaddiiaannccee  ooff  tthhee  bbeeaamm  II  iiss  ggiivveenn  bbyy    

  

                                                                                  
L

eII
)(

0
1αβ −=   

WWhheerree  LL  iiss  tthhee  sseeppaarraattiioonn  ooff  mmiirrrroorrss,,  

ββ  ==  ssmmaallll  ssiiggnnaall  ggaaiinn  ccooeeffffiicciieenntt  

αα11  ==  lloossss  ppeerr  uunniitt  ddiissttaannccee  

AAfftteerr  aa  rroouunndd  ttrriipp  ooff  tthhee  bbeeaamm  dduuee  ttoo  rreefflleeccttiioonnss  aatt  MM11  &&  MM22,,  

tthhee  bbeeaamm  iirrrraaddiiaannccee  iiss  ggiivveenn  bbyy  

                    

                          GG  == ])(2exp[ 121 LRR αβ−           

  

                  
triproundofstarttheatirradianceBeam

triproundofendtheatirradianceBeam
=   

  

wwhheerree  GG  ==  nneett  rroouunndd  ttrriipp  ppoowweerr  ggaaiinn..  

  

                            IIff  GG  iiss  ggrreeaatteerr  tthhaann  uunniittyy,,  tthhee  ddiissttuurrbbaannccee  aatt  rreessoonnaannccee  ffrreeqquueennccyy  ooff  llaasseerr,,  

  eexxppeerriieenncceess  aa  nneett  rroouunndd  ttrriipp  ggrroowwtthh  iinn  mmaaggnniittuuddee  aanndd  ccaavviittyy  oosscciillllaattiioonnss  ssuussttaaiinn  aanndd    

iinnccrreeaassee..  

  

  IIff  GG  iiss  lleessss  tthhaann  uunniittyy,,  tthhee  oosscciillllaattiioonnss  ddiiee  oouutt..  
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TThheerreeffoorree  tthhee  tthhrreesshhoolldd  ccoonnddiittiioonn  ffoorr  llaasseerr  oosscciillllaattiioonn  iiss,,  

    

                  GG  ==  RR11  RR22    eexxpp  [[  22  ((  ββ  --  αα11  ))  LL  ]]    ==    11  

  

IInn  aa  ccoonnttiinnuuoouuss  ooppeerraattiioonn  llaasseerr,,  tthhee  sstteeaaddyy  ssttaattee  vvaalluuee  ooff  ssmmaallll  ssiiggnnaall--ggaaiinn  mmuusstt  bbee    

eeqquuaall  ttoo  tthhee  tthhrreesshhoolldd  vvaalluuee  ββtthh  ..  TThhiiss  sstteeaaddyy  ssttaattee  ggaaiinn  iiss  rreeffeerrrreedd  aass  ggaaiinn  ssaattuurraattiioonn..  

  TThhee  ssmmaallll  ssiiggnnaall  ggaaiinn  ttoo  ssuuppppoorrtt  sstteeaaddyy--ssttaattee  ooppeerraattiioonn  ddeeppeennddss  oonn  tthhee  ppaarraammeetteerrss    

ooff  tthhee  llaasseerr  mmeeddiiuumm  αα11,,  LL,,  RR11,,  aanndd  RR22..                                

TTaakkiinngg  llooggaarriitthhmm  oonn  bbootthh  ssiiddeess  ooff  tthhee  aabboovvee  eeqquuaattiioonn..  

01

21

1

1
ln

2

1
αααβ +=








+=

RRL
th                 

wwhheerree  αα11  ==  lloosssseess  ooff  ccaavviittyy  rraaddiiaattiioonn  dduuee  ttoo  aabbssoorrppttiioonn  aanndd  ssccaatttteerriinngg  

                      αα00  ==  lloossss  ooff  rraaddiiaattiioonn  aass  aann  uusseeffuull  oouuttppuutt  ffrroomm  tthhee  ccaavviittyy..  

        TThhee  ggaaiinn  mmuusstt  bbee  eeqquuaall  ttoo  aallll  ttyyppeess  ooff  lloosssseess  ffrroomm  tthhee  ccaavviittyy  tthhuuss  ββ  ccaann  aassssuummee  vvaarriioouuss  vvaalluueess  

nnoott  oonnllyy  dduuee  ttoo  NNJJ  bbuutt  aallssoo  tthhee  iinnttrriinnssiicc  pprrooppeerrttiieess  ooff  tthhee  mmeeddiiuumm  aanndd  rreefflleeccttiivviittiieess  ooff  tthhee  mmiirrrroorrss  

aanndd  tthheeiirr  aalliiggnnmmeenntt..  

  

22..44..33..TThhee  eeffffiicciieennccyy  ooff  aa  llaasseerr  

TThhee  eeffffiicciieennccyy  ooff  aa  llaasseerr
powerinput

poweroutput
=                                 
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HHeennccee  iitt  ddeeppeennddss  uuppoonn  tthhee  llaasseerr  ttrraannssiittiioonn  pprroobbaabbiilliittiieess  aanndd  ppooppuullaattiioonnss  ooff  tthhee  rreessppeeccttiivvee  lleevveellss..  

TThhoouugghh  tthhee  ffoouurr  lleevveell  sscchheemmeess  aarree  ccoonnssiiddeerreedd  ttoo  bbee  eeffffiicciieenntt,,  tthhee  ssyysstteemm’’ss  eeffffiicciieennccyy  vvaarriieess  

tthhrroouugghh  wwiiddee  rraannggee  aass  sseeeenn  ffrroomm  tthhee  ffoolllloowwiinngg  sscchheemmeess..  

  

aa))  HHiigghhllyy  eeffffiicciieenntt  ssyysstteemm  ssiinnccee  mmoosstt  ooff  tthhee  ppuummpp  eenneerrggyy  iiss  ccoonnvveerrtteedd  ttoo  oouuttppuutt    

            eenneerrggyy  ((hhνν11))..  

bb))  LLeessss  eeffffiicciieenntt  ssyysstteemm  tthhaann  ((aa))  sscchheemmee  ssiinnccee  ssmmaallll  ffrraaccttiioonn  ooff  ppuummpp  eenneerrggyy  iiss  

            ccoonnvveerrtteedd  aass  oouuttppuutt  ((hhνν22))..  

cc))  TThhiiss  iiss  aallssoo  lleessss  eeffffiicciieenntt  ssyysstteemm  tthhaann  sscchheemmee  ((aa))  ssiinnccee  mmuucchh  ooff  tthhee  ppuummpp  eenneerrggyy  iiss    

              cchhaannnneelleedd  iinnttoo  nnoonn--llaassiinngg  ttrraannssiittiioonnss..  

                          

                TThhuuss  tthhee  eeffffiicciieennccyy  ooff  tthhee  ssyysstteemm  ddeeppeennddss  oonn  ((  hhνν11  >>  hhνν33  >>  hhνν22  ))  llaasseerr  oouuttppuutt..  

  

❊❊  
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hhννpp  

hhνν11  
hhνν11  

hhνν11  

hhννpp  hhννpp  
hhννpp  

((aa))  ((bb))  ((cc))  

FFIIGG  22..44..22  ::ffoouurr  lleevveell  ssyysstteemmss  
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22..44..44..CCoonnffiinneemmeenntt  ooff  tthhee  bbeeaamm  wwiitthhiinn  tthhee  RReessoonnaattoorr  ::  TThhee  ssttaabbiilliittyy  ccoonnddiittiioonn..  

                                          TThhee  rreessoonnaattoorr  iiss  aa  ccoommbbiinnaattiioonn  ooff  mmiirrrroorrss  MM11  aanndd  MM22  ((  ppllaannee,,  ccuurrvveedd    

aanndd  ppllaannee--ccuurrvveedd  ccoommbbiinnaattiioonnss  ))  uusseedd  ttoo  ssttrriiccttllyy  ccoonnffiinnee  tthhee  bbeeaamm  iinnttoo  tthhee  ccaavviittyy    

eevveenn  aafftteerr  uunnddeerrggooiinngg  mmuullttiippllee  rreefflleeccttiioonnss..  TThhee  rroollee  ppllaayyeedd  bbyy  mmiirrrroorrss  ddeeppeennddss    

uuppoonn  tthhee  cchhaarraacctteerriissttiiccss  ooff  mmiirrrroorrss  nnaammeellyy  rraaddiiuuss  ooff  ccuurrvvaattuurree  rr11  aanndd  rr22  ,,  sseeppaarraattiioonn  ‘‘LL’’  aanndd    

rreefflleeccttiivviittiieess  RR11  aanndd  RR22..OOnn  mmuullttiippllee  rreefflleeccttiioonnss,,  ffrraaccttiioonn  ooff  tthhee  ccaavviittyy  rraaddiiaattiioonn  ssppiillllss  oovveerr  tthhee    

eeddggeess  ooff  tthhee  mmiirrrroorrss..  HHeennccee  tthhee  ddeessiiggnn  ooff  aa  rreessoonnaattoorr  ppllaayyss  aann  iimmppoorrttaanntt  rroollee  iinn  aacchhiieevviinngg  tthhee    

ttoottaall  ccoonnffiinneemmeenntt  ooff  tthhee  rraaddiiaattiioonn  ttoo  tthhee  ccaavviittyy  ttoo  oobbttaaiinn  uusseeffuull  oouuttppuutt  ccoonnttiinnuuoouussllyy..  

RReessoonnaattoorr  TThheeoorryy  

            

                                                    TThhee  mmuullttiippllee  rreefflleeccttiioonnss  ooff  tthhee  bbeeaamm  ccaann  bbee  ttrreeaatteedd  ssiimmppllyy  aass  aann  ccoonnttiinnuuoouuss  

aasssseessssmmeenntt  ooff  bbeeaamm’’ss  ppoossiittiioonn  aanndd  ddiirreeccttiioonn  aannggllee  θθ  uussiinngg  ssuuiittaabbllee  mmaattrriixx  ffoorr  ttrraannssllaattiioonn..  

  

  

  

  

  

                                      CCoonnssiiddeerr  aa  ppaatthh  ooff  tthhee  ppaarraaxxiiaall  rraayy  aatt  ttwwoo  ppooiinnttss  sseeppaarraatteedd  bbyy  ‘‘dd’’  wwhheenn    

iitt  iiss  aatt  ddiissttaanncceess  rr11  aanndd  rr22  ffrroomm  tthhee  aaxxiiss  mmaakkiinngg  aann  aannggllee  θθ11  aanndd  θθ22  ..  WWiitthh  tthhee  ggiivveenn  ddaattaa    

aatt  ppooiinntt11  ii..ee..,,  rr11  aanndd  θθ11,,  tthhee  rraayy’’ss  ppoossiittiioonn  aatt  ppooiinntt  22  ccaann  bbee  eexxpprreesssseedd  aass    

                              





=

+=

21

112

θθ
θdrr

                        ----------------------------------------------------  ((11))  

                                    

dd  

rr11  rr22  

FFiigg..  22..44..33::  RRaayy  ttrraacciinngg  
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iinn  tthhee  mmaattrriixx  ffoorrmm    

                          















=









1

1

2

2

10

1

θθ
rdr

----------------------------------  ((22))  

  

hheerree  tthhee  mmaattrriixx  ooff  ttrraannssllaattiioonn  oovveerr  aa  ddiissttaannccee  ‘‘dd’’  iiss  








10

1 d
    --------------((33))                

iinn  ggeenneerraall  iitt  iiss  rreepprreesseenntteedd  aass    







DC

BA
      mmaattrriixx  

  

iinn  tthhiiss  ccaassee  AA==11,,  BB==dd,,  CC==00  aanndd  DD==11    UUssiinngg  ssuuiittaabbllee  mmaattrriixx  ffoorr  eeaacchh  pprroocceessss    

ccoommiinngg  iinn  tthhee  wwaayy  ooff  bbeeaamm  lliikkee  rreefflleeccttiioonn,,  rreeffrraaccttiioonn,,  aa  ssiimmiillaarr  pprroocceedduurree  ccaann  bbee    

aaddoopptteedd  ttoo  eessttiimmaattee  tthhee  cchhaannggeess  iinn  rr11  aanndd  θθ11    aass  
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--------------------------------  ((44))  

  

aafftteerr  NN  ppaasssseess  tthhrroouugghh  tthhee  ccaavviittyy  
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ffoorr  llaarrggee  NN  tthhee  bbeeaamm  wwoouulldd  cclleeaarrllyy  ddiivveerrggee  lleeaaddiinngg  ttoo  aa  uunnssttaabbllee  ccaavviittyy    

ssiittuuaattiioonn..  FFoorr  ccoonnvveerrggeennccee  ooff  ttrraajjeeccttoorryy,,  tthhee  ssoolluuttiioonn  iiss  



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--------------------------------  ((66))  

ssiinnccee  ||ee--iiNNφφ||  ≤   11..  tthhee  bbeeaamm  wwoouulldd  aallwwaayyss  ccoonnffiinnee  ttoo  tthhee  rreeggiioonn  ooff  aaxxiiss  ooff    

tthhee  rreessoonnaattoorr..  

TThhee  rreeqquuiirreemmeenntt  ffoorr  ssttaabbiilliittyy  iinn  tthhee  ccaassee  ooff  sspphheerriiccaall  mmiirrrroorrss  ooff    

rraaddiiuuss  RR==22ff  

      00<<dd<<22RR    ------------------((  77  ))  

FFoorr  ttwwoo  mmiirrrroorrss  ooff  uunneeqquuaall  ccuurrvvaattuurree  ((ff11  ≠≠    ff22))  

      00<<∝∝11∝∝22  <<11      --------------------------------  ((88  ))  

  

  

  

  

------------------------((99))    

  

  

  

FFoorr  ssttaabbiilliittyy  ,,  tthhee  rreeqquuiirreemmeenntt  iiss    
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                          10 21 << gg ------------------------  ((1111))  

TThhiiss  iiss  eexxpprreesssseedd  iinn  ssttaabbiilliittyy  ddiiaaggrraamm  iinn  XXYY--ppllaannee  aass  sshhoowwnn  iinn  tthhee    ffiigguurree..  

SSttaabbiilliittyy  ddiiaaggrraamm  ffoorr  ttwwoo  mmiirrrroorrss  ooff    ccuurrvvaattuurree  RR11  aanndd  RR22  

  

  

  

  

  

  

  

  

                        IInn  tthhee  sshhaaddeedd  rreeggiioonnss  gg11gg22  <<11  aanndd  tthhee  rreessppeeccttiivvee  ccaavviittyy  iiss  ssttaabbllee,,  PPllaannaarr,,  ccoonnffooccaall                    

aanndd  ccoonncceennttrriicc  ccoommbbiinnaattiioonnss  aarree  oonn  tthhee  bbooaarrddeerr  lliinnee,,  hheennccee  rreessoonnaattoorr  aalliiggnnmmeenntt  iiss      

vveerryy  ccrriittiiccaall..  

  TThhee  ssttaabbllee  ccoonnffiigguurraattiioonnss  aarree  eeffffiicciieenntt  iinn  tthhee  sseennssee  tthhaatt  rreeaassoonnaabbllee  llaarrggee  ffrraaccttiioonn  ooff  

rreessoonnaattoorr  vvoolluummee  iiss  uuttiilliizzeedd  iinn  aammpplliiffiiccaattiioonn  pprroocceessss..  IInn  cceerrttaaiinn  llaasseerr  ssyysstteemmss  uunnssttaabbllee  rreessoonnaattoorr  

ccoonnffiigguurraattiioonnss  wwiillll  aallssoo  aaccttss    aass  uusseeffuull  ddeessiiggnnss::    

11..  TThheeyy  aarree  sshhoorrtt  rreessoonnaattoorrss  aanndd  ssuuppeerr  rraaddiiaanntt  ttyyppee..  

22..  TThheeyy  aarree  ssuuiittaabbllee  ffoorr  aaddjjuussttaabbllee  oouuttppuutt  ccoouupplliinngg  ssiimmppllyy  bbyy    

              cchhaannggiinngg  tthhee  ssppaacciinngg  ooff  tthhee  mmiirrrroorrss..      

33..    TThhiiss  ccaann  bbee  uusseedd  wwiitthh  aann  aaccttiivvee  mmeeddiiuumm  hhaavviinngg  vveerryy  hhiigghh    

              ssiiggnnaall  ggaaiinn  oonnllyy..  

DDiiffffeerreenntt  ccoonnffiigguurraattiioonnss  ooff  ooppttiiccaall  rreessoonnaattoorrss  aarree  sshhoowwnn  iinn  ffiigg..  

11            22              33  

FFiigg  22..44..44::  SSttaabbiilliittyy  ddiiaaggrraamm  

gg11gg22==11  

ccoonncceennttrriicc  

gg11gg22==11  

PPllaannaarr  
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22..44..55..  SSuummmmaarryy  ::  

    TThhee  ssiittuuaattiioonn  iinn  tthhee  llaassiinngg  mmeeddiiuumm  bbeeffoorree  lliigghhtt  aammpplliiffiiccaattiioonn  hhaass  bbeeeenn  ddiissccuusssseedd  ..  

tthhee  ccoonnddiittiioonn  hhaass  bbeeeenn  aacchhiieevveedd  ffoorr  aa  tthhrreesshhoolldd  vvaalluuee..((  ββtthh  ))..  TThhee  eeffffiicciieennccyy  iinn  llaassiinngg  aaccttiioonn  iiss  

ddiissccuusssseedd  iinn  vvaarriioouuss  ffoouurr  lleevveell  ssyysstteemmss..  CCoonnddiittiioonn  ffoorr  ssttaabbiilliittyy  ooff  aann  ooppttiiccaall  rreessoonnaattoorr  hhaass  bbeeeenn  

oobbttaaiinneedd..  

22..44..66..  KKeeyy  tteerrmmiinnoollooggyy::  

RRoouunndd  ttrriipp  ppoowweerr  ggaaiinn  --  tthhrreesshhoolldd  ccoonnddiittiioonn  --  eeffffiicciieennccyy  ooff  ffoouurr  lleevveell  ssyysstteemmss  --OOppttiiccaall  rreessoonnaattoorr--  

ssttaabbiilliittyy  ccrriitteerriiaa  ooff  aa  rreessoonnaattoorr--  ppllaanneerr--    ccoonnffooccaall    aanndd  ccoonncceennttrriicc  ssyysstteemmss..  

  

FFiigg::  22..44..55..  LLaasseerr  ccaavviittyy  mmiirrrroorr  ccoonnffiigguurraattiioonnss..  SSttaabbiilliittyy  ffoorr  eeaacchh  ooff  tthheessee  

ccoonnffiigguurraattiioonnss  iiss  iinnddiiccaatteedd  

((gg))  CCoonncceennttrriicc    

rr11==rr22==LL//22  

gg11==  gg22  ==  --11  

mmaarrggiinnaallllyy  ssttaabbllee  

((hh))  NNeeaarrllyy  CCoonncceennttrriicc    

rr11  ≤≤  LL//22  ;;  rr22  ≤≤  LL//22  

gg11≤≤  --11;;    gg22  ≤≤    --11  

uunnssttaabbllee    

((ii))  HHeemmii  CCoonncceennttrriicc    

rr11  ==  LL  ;;  rr22  ==  ∞∞  

gg11==00;;    gg22  ==  11  

mmaarrggiinnaallllyy  ssttaabbllee  

((dd))  NNeeaarrllyy  ccoonnffooccaall    

rr11,,rr22  ≥≥  LL  

gg11==  gg22  ≥≥00  

  ssttaabbllee  

((ee))  CCoonnffooccaall    

rr11  ==    rr22    ==  LL  

gg11   ==  gg22  ==  00  

mmaarrggiinnaallllyy  ssttaabbllee    

((ff))  NNeeaarrllyy  CCoonncceennttrriicc    

rr11  ≥≥  LL//22  ;;  rr22  ≥≥  LL//22  

00  >>  gg11≈≈  gg22  ≥≥    --11  

  ssttaabbllee  

((aa))  NNoonn  ppllaannaarr((ccoonnvveexx))    

--rr11,,rr22  >>>>  LL  

gg11,,  gg22  ≥≥11  

uunnssttaabbllee  

((bb))  PPllaannaarr    

rr11  ==rr22  ==∞∞  

gg11==  gg22  ==  11  

mmaarrggiinnaallllyy  ssttaabbllee    

((cc))  NNeeaarrllyy  PPllaannaarr((ccoonnccaavvee))  

rr11  ,,  rr22  >>>>  LL  

00  <<  gg11==  gg22  ≤≤  11  

ssttaabbllee  
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22..44..77..  SSeellff  aasssseessssmmeenntt  qquueessttiioonnss::  

11..DDiissccuussss  tthhee  bbeehhaavviioorr  ooff  tthhee  aaccttiivvee  mmeeddiiuumm  aatt  tthhrreesshhoolldd  ccoonnddiittiioonn..  

22..DDiissccuussss  tthhee  eeffffiicciieennccyy  ooff  vvaarriioouuss  ffoouurr  lleevveell  llaasseerr  ssyysstteemmss..  

33..DDeessccrriibbee  tthhee  rroollee  ppllaayyeedd  bbyy  aann  ooppttiiccaall  rreessoonnaattoorr  iinn  llaassiinngg  

22..44..88..  RReeffeerreennccee  bbooookkss::  

11..  IInnttrroodduuccttiioonn  ttoo  llaasseerrss  aanndd  tthheeiirr  aapppplliiccaattiioonnss    DD..CC..  OOsshheeaa,,  WW..RR..CCaalllleenn  aanndd  WW..TT..  RRhhooddeess  

  22..LLaasseerr  ffuunnddaammeennttaallss  ––  WWiilllliiaamm  TT..  SSiillffvvaasstt..  
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UUnniitt  IIII  

LLeessssoonn  --  55  

TTHHEE  LLAASSEERR  OOUUTTPPUUTT  
  

Objective: - To present the discussion on various mechanisms responsible for the total line width in  

the laser transition. 

 

Structure: 

2.5.1    Introduction 

2.5.2.   Absorption  and emission line shape broadening 

2.5.3.   Line width due to radiative decay 

2.5.4.   Natural emission line width 

2.5.5.   Collisional decay 

2.5.6.   Collision broadening 

2.5.7.   Broadening due to dephasing collisions 

2.5.8    Doppler broadening 

2.5.9.   Summary 

2.5.10. Keyterminology 

2.5.11. Self assessment questions 

2.5.12  Reference books 

2.5.1  Introduction: 

 

The basic requirements like an active medium enables us to obtain laser output with 

characteristic qualities, like monochromaticity, directionality, spatial and temporal coherence and 

high intensity. However, the output consisting of various frequencies called modes on either sides of 

the centre of transition frequency νo gives a definite shape with line (∆ν) width and maximum 

intensity at νo. 

2.5.2  Absorption  and emission line shape broadening 

Absorption and emission will not take place at a single frequency but over a range of 

frequencies spanning the atomic line width. The coefficients of absorption and small signal gain α 
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and β are really the functions of frequency α(ν) and β(ν). Hence the expression used to represent α is 

now represented in more general way as  

α(ν) = βij ( Ni – Nj )g(ν)
c

h ij

π

ν

4
where g(ν) is called the line shape function contains all the frequency 

dependence of α. g(ν) is equal to unity at ν0 resonance frequency . Similar dependence of β on ν 

β(ν) = βij (Nj – Ni) hνij g(ν) 

 

  

Various line broadening mechanisms account for frequency dependence of ‘α’ and ‘β’ resulting finite 

line widths associated with absorption and emission transitions. The line width of an emission line is 

the frequency difference between the points halfway down the line shape curve. This is called as full 

width at half-maximum power (FWHM). 

 

The line width is expressed in Hz, nm and angstroms. Variety of mechanisms are contributing to this 

line width factor. 

The most important broadening mechanisms are  

1) Life time broadening or Natural broadening 

2) Collision broadening 

3) Doppler broadening 

  

  

FFiigg::22..55..11..  LLiinnee  pprrooffiillee  
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2.5.3. Line width due to radiative decay: 

Excited atoms radiate at characteristic frequency ωo = ∆E /ħ or νo = ∆E / h  where ∆E is the 

separation of energy levels involved in the transition. As is seen from the equation, the emission of 

radiation is not at single frequency νo but spreads on either sides of central frequency (νo) called the 

line width ∆ν or ∆ω. This is associated with decay time of radiating levels as well as other emission 

line broadening mechanisms. 

Classical emission line width: 

The decaying electric field of electromagnetic wave is not infinitely long since it has a starting point  

 t = 0  and decays exponentially with time constant To = 2 /νο  

                        EE((tt))  ==  EE((tt))
22
  ==  EE00

22
((ee

--((rroo  //  22  ))tt
  ))

22
    ==    IIoo  

t

e 2

0γ−

                iiff    tt  ≥≥  00  

                                    ==      00                                                                                                                          iiff    tt  <<  00    

The frequency components of this wave can be obtained by taking Fourier transform as  

                                                                    

                      EE((ww))  ==  ∫
+∞

∞−

)(
2

1
tE

π
  ee  

iiωωtt
      ddtt        

  
      

                                                            ==  








+−
−

]2/)[(

1

2 00

0

γωωπ ii

E
  

TThhee  iinntteennssiittyy  ddiissttrriibbuuttiioonn  ppeerr  uunniitt  ffrreeqquueennccyy  II((ωω))  ∝∝  EE((ωω))22  
  

  

FFiigg::  22..55..22..  LLiinnee  wwiiddtthh  
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( ) 







+−

= ∏

4

2/
)(

2

02

0

0

0
γ

ωω

γ
ω II                                                                               

                                                        

AAfftteerr  nnoorrmmaalliizzaattiioonn  

Total intensity  of   emission integrated } ∫
∞

=
0

0 )( ωω dII  

over frequency width of emission line 

 

The line shape is known as Lorentzian distribution and is symmetrical with respect to ω0  

TThhee  ffuullll  wwiiddtthh  aatt  hhaallff  mmaaxxiimmuumm  ((FFWWHHMM))      ∆∆ωωFFWWHHMM
  

                                              ∆∆ωω    ==    22  ((ωω  --  ωω00))    ==    γγ00    ==    11  //  ττ00    ==22∏∏∆∆νν  

TThhiiss  iiss  ccllaassssiiccaall  lliinnee  wwiiddtthh  

GGrraapphh  ooff    II((ωω))  vveerrssuuss  ωω  ffrroomm  ccllaassssiiccaall  aannaallyyssiiss  ooff  aa  ddeeccrreeaassiinngg  aanndd  rraaddiiaattiinngg  eelleeccttrroonn..  

GGrraapphh  

  

  
  

  

  

FFiigg::  22..55..33..  GGrraapphh  ooff  tthhee  iinntteennssiittyy  II((ωω))  VVss  ωω  ffrroomm  aa  ccllaassssiiccaall  aannaallyyssiiss  ooff  aa  ddeeccaayyiinngg  &&  rraaddiiaattiinngg  eelleeccttrroonn  

aass  iitt  mmaakkeess  aa  ttrraannssiittiioonn  ffrroomm  oonnee  eenneerrggyy  lleevveell  ttoo  aa  lloowweerr  llyyiinngg  lleevveell..  
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FFoorr  aann  aasssseemmbbllyy  ooff  NN  aattoommss  rraaddiiaattiinngg  oonn  tthhee  ssaammee  ttrraannssiittiioonn  wwiitthh  rraannddoomm  pphhaasseess,,  iinnccrreeaasseedd  iinntteennssiittyy  

pprroodduucceess  iiddeennttiiccaall  lliinnee  sshhaappee  aanndd  wwiiddtthh..  SSuucchh  aa  ssiittuuaattiioonn  lleeaaddss  ttoo  LLoorreennttzziiaann  lliinnee  sshhaappee  ffuunnccttiioonn  aanndd  

iiss  rreeffeerrrreedd  aass  hhoommooggeenneeoouuss  bbrrooaaddeenniinngg..  

  

  

22..55..44..NNaattuurraall  eemmiissssiioonn  lliinnee  wwiiddtthh::  CCllaassssiiccaall  ttrreeaattmmeenntt    hhaass  ggiivveenn  tthhee  rreellaattiioonn  bbeettwweeeenn  lliinnee  wwiiddtthh  

∆∆ωω,,  tthhee  ddeeccaayy  rraattee  γγoo  aanndd  ddeeccaayy  ttiimmee 0τ   ..  HHoowweevveerr,,  tthhiiss  iiss  nnoott  aaccccuurraattee  ddeessccrriippttiioonn  ooff  eemmiissssiioonn  lliinnee  

wwiiddtthh  aassssoocciiaatteedd  wwiitthh  tthhee  ttrraannssiittiioonnss  aammoonngg  qquuaannttiizzeedd  eenneerrggyy  lleevveellss..  

                          TThhee  ffaammoouuss  uunncceerrttaaiinnttyy  pprriinncciippllee  wwiillll  ggiivvee  aass  aann  aaccccuurraattee  ddeessccrriippttiioonn  ooff  lliinnee  wwiiddtthh  rreeffeerrrreedd  aass  

nnaattuurraall  lliinnee  wwiiddtthh  ((∆∆ννNN))..  

                                                  π2/. htE =≈∆∆ h         ----------------------------  ((11))  

                    TThhee  uunncceerrttaaiinnttyy  ooff  tthhee  eenneerrggyy  ∆∆EEuu    aanndd  rraaddiiaattiivvee  lliiffee  ttiimmee  ∆∆ττuu    ooff  uuppppeerr  lleevveell..  

                                            ∑===∆
i

uiu

u

u AE hh
h

γ
τ

    --------------------------------  ((22))  

  

  

SSiimmiillaarrllyy  

                                              ∆∆ ∑===
j

ljl

l

l AE hh
h

γ
τ

              ------------------------  ((33))  

  AAss  aa  rreessuulltt,,  aann  eeffffeeccttiivvee  eenneerrggyy  wwiiddtthh  ffoorr  ttwwoo  lleevveellss  iiss  

        )()( ∑∑ +++=∆+∆=∆
j

lj

i

uilulu AAEEE hh γγτ ----------------------  ((44))  

                                                            ulul
h

E νπ
π

ωτ ∆=∆=∆ 2.
2

h   
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                                                                                              ==      hh  ∆∆ννuull    ----------------------------------  ((55))  

EEqquuaattiinngg  RRHHSS  eexxpprreessssiioonnss  ooff  ((55))&&((44))  

                                                          hAA
i j

ljui =+∑ ∑ )(h ∆∆ννuull    ----------------      ((66))  

FFrroomm  eeqquuaattiioonn((66))  tthhee  nnaattuurraall  eemmiissssiioonn  lliinnee  wwiiddtthh  ∆∆ννuull
NN
  

                                                          ∆∆ννuull
NN
==  

π2

)( ∑ ∑+
i j

ljui AA

----------------  ((77))  

  

TToottaall  ddeeccaayy  rraattee                      γγuull
ττ  
==  γγuu  ++  γγll                      ----------------------  ((88))  

                                          γγuull
ττ
  
  
==  22π ∆∆ννuull

NN  
==  )(∑ ∑+

i j

ljui AA --------------------  ((99))  

TTaakkiinngg  iinnttoo  aann  aaccccoouunntt  tthhiiss  ttoottaall  ddeeccaayy  rraattee  γγuull
ττ
  ddeessccrriibbiinngg  mmiinniimmuumm  eemmiissssiioonn  lliinnee  wwiiddtthh,,  tthhee  lliinnee  

sshhaappee  ffuunnccttiioonn  

                                  
4/)()(

2/
)(

22
0

0 τ

τ

γωω
πγ

ω
ul

ulII
+−

= ------------------------  ((1100))  

IIff  lloowweerr  lleevveell  iiss  ggrroouunndd  ssttaattee  aanndd  eexxcciitteedd  ssttaattee  iiss  mmeettaassttaabbllee  TThheenn  γγll  ==  00  

TThheenn  tthhee  IInntteennssiittyy  PPrrooffiillee  II((νν))  iiss  

                                        
22

0

2

0
)4/()(

4/
)(

πγγγ
πγ

ν τ

τ

ul

ulII
+−

=   --------------------------------  ((1111))  
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22..55..55..CCoolllliissiioonnaall  ddeeccaayy::--  

                                                                IInn  aa  cclluusstteerr  ooff  aattoommss  eevveenn  aatt  mmooddeerraattee  tteemmppeerraattuurreess,,  tthhee  eexxcciitteedd  ppooppuullaattiioonnss  wwiillll  

ccoolllliiddee  wwiitthh  ssuurrrroouunnddiinngg  aattoommss..  TThheessee  ccoolllliissiioonnss  ccaann  ccaauussee  tthhee  eexxcciitteedd  aattoommss  ttoo  mmaakkee  aa  ttrraannssiittiioonn  ttoo  

lloowweerr  lleevveell  wwiitthhoouutt  rraaddiiaattiinngg  aanndd  ddeeccrreeaasseess  ddeeccaayy  ttiimmee  ooff  tthhee  eexxcciitteedd  eenneerrggyy  lleevveell..  TThhee  eenneerrggyy  tthhuuss  

lloosstt  iiss  ggiivveenn  ttoo  ccoolllliiddiinngg  aattoomm  aass  ppeerr  tthhee  llaawwss  ooff  eenneerrggyy  aanndd  mmoommeennttuumm..  IInn  ssoommee  iinnssttaanncceess,,  ccoolllliissiioonn  

wwiillll  nnoott  pprroodduuccee  ddeeccaayy  ooff  eexxcciitteedd  lleevveell  bbuutt  iinnsstteeaadd  wwiillll  iinntteerrcceepptt  tthhee  pphhaassee  ooff  rraaddiiaattiioonn  aattoomm..  TThhiiss  

eeffffeecctt  wwiillll  pprroodduuccee  bbrrooaaddeenniinngg  ooff  eemmiissssiioonn..  

        TThhee  ddeeccaayy  rraattee  ooff  aann  eexxcciitteedd  ssttaattee  ‘‘uu’’  iiss  rreeffeerrrreedd  aass  ssyymmbbooll  γγuu  ooff  uunniittss  11//sseecc..IInn  ggeenneerraall  tthhee  ddeeccaayy  ooff  

aann  eexxcciitteedd  ssttaattee  ppooppuullaattiioonn    

                                                                                                  NNuu  ==  NNuu
00
    ee

--ϒϒuu  tt  

WWhheerree  ϒϒuu  ==  ϒϒuu  
rraadd

    ++    ϒϒuu  
ccoollll

    

aanndd    ϒϒuu
rraadd

    ==    ΣΣ  AAuuii    rreepprreesseennttss  rraaddiiaattiivvee  ddeeccaayy  rraattee  

FFiigg::22..55..44..  QQuuaannttuumm  mmeecchhaanniiccaall  ddeessccrriippttiioonn  ooff  tthhee  nnaattuurraall  lliinnee  wwiiddtthh  ooff  eemmiissssiioonn  

rreessuullttiinngg  ffrroomm  aa  rraaddiiaattiinngg  ttrraannssiittiioonn    bbeettwweeeenn  ttwwoo  lleevveellss,,  sshhoowwiinngg  tthhee  

ccoonnttrriibbuuttiioonn  ffrroomm  bbootthh  tthhee  lloowweerr  lleevveell  ll  aanndd  tthhee  uuppppeerr  lleevveell  uu..  
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aanndd    ϒϒuu
ccoollll

  ==  11  //  TT11
uu
    rreepprreesseennttss  ccoolllliissiioonnaall  ddeeccaayy  rraattee  

TThhee  ddeeccaayy  ttiimmee  ττuu  ==  11//ϒϒuu    ==    11//ϒϒuu
rraadd

      ++      11//ϒϒuu
ccoollll  

CCoolllliissiioonnaall  ddeeccaayy  ooccccuurrss  iinn  aallll  ttyyppeess  ooff  mmeeddiiaa  dduuee  ttoo  iinntteerraaccttiioonnss  ooff  cclloosseellyy  llooccaatteedd  ssuurrrroouunnddiinngg  

mmaatteerriiaall  wwiitthh  eexxcciitteedd  aattoommss..  IInn  ssoolliiddss  tthheessee  aarree  rreeffeerrrreedd  aass  pphhoonnoonn  ccoolllliissiioonnss..  

22..55..66  CCoolllliissiioonn    bbrrooaaddeenniinngg  ::  

IInntteerraaccttiioonnss  lliikkee  ccoolllliissiioonnss  aammoonngg  aattoommss,,  eelleeccttrroonnss,,  pphhoonnoonnss  ddeeccrreeaasseess  ddeeccaayy  rraattee  ooff  tthhee  uuppppeerr  lleevveell  

ppooppuullaattiioonn,,  pprroodduuccee  ssiiggnniiffiiccaanntt  bbrrooaaddeenniinngg  ooff  lliinnee  wwiiddtthh..  IInn  ggeenneerraall  tthhiiss  ttyyppee  ooff  ccoolllliissiioonnaall  

bbrrooaaddeenniinngg  iiss  ddiivviiddeedd  iinnttoo  ttwwoo  ccaatteeggoorriieess                                                                                                                                                  11))  BBrrooaaddeenniinngg  

dduuee  ttoo  nnoonn--rraaddiiaattiivvee  ddeeccaayy  

22))  BBrrooaaddeenniinngg  dduuee  ttoo  ddeepphhaassiinngg  ccoolllliissiioonnss  

 

Broadening due to non-radiative decay –  

An increase in the decay rate of population in the level ‘u’ due to collisional interactions with 

surrounding atoms produces increased broadening called  ‘T1 broadening’. If the levels participating 

in a transition are of intermediate  excited levels, the increased decay rate is the sum of  decay rate 

associated with each level. 

                           ϒu  =  
uτ

1
  =  ∑

i

uiA  +  1/T1
u
 

  Decay of lower level ‘l’ with collisional decay  T1 
l
  

                           ϒl  =  ∑= lj

l

A
τ
1

  +  1/T1
l 

  The increased emission line width ∆νul 

                           ∆νul  =  ∆νul
N   +  




 +
lu TT 11

11

2

1

π
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Where ∆νul
N
 natural line width due to spontaneous emission. 

If  T1 becomes shorter than radiative decay time for a given level, collisional decay rate 1/T1 begins 

to dominate. This reduces the population of the upper laser level and also increases the emission line 

width. 

2.5.7. Broadening due to dephasing collisions :- 

                                     When an atom radiating, the collision will produce a sudden phase change 

in the wave train thus interrupts the phase of radiating atoms at a rate r2.This broadening is referred as 

T2 broadening. The term T2 represents the average time that occurs between phase-interrupting 

collisions. 

 

 

T2–broadening due to collision dephasing in time domain in which the time duration of each 

interrupted sinusoidal segment varies but has some average time T2. Each of these segments 

represents a sine wave of same frequency. 

                    γ2
u
  =   

uT 2

1
 

and for lower level    γ2
l
  =  

lT 2

1
 

Typically T2
u
  =  T2

l
  and hence  γ2

u
  +  γ2

l
  =  

2

2

T
 

The total broadening  by way of collisions for total homogenous emission line width. 

FFiigg::  22..55..55..  DDeepphhaassiinngg  CCoolllliissiioonnss  
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           ∆νul  =  











+++


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1
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Where T2 is short enough, 2/T2  factor contributes significantly to the line width. This is major 

broadening mechanism for many solid  state laser transitions. Here γ2 is a rate that is strictly 

associated with phase interruption but not associated with a factor associated with decay rate of level. 

 

 

 

2.5.8 Doppler broadening :- 

   Doppler effect associated with sound waves can be experienced by the observer as a 

change in pitch of the horn of a passing train. While the train approaches, the sound is heard at high 

frequency and then changes to lower frequency as the train passes. The same frequency shift is 

characteristic of the emission of light waves from moving atoms in random direction. 

               Consider light of frequency ν0 and velocity ‘C’ being emitted over a time interval ∆t  

from an atom moving towards the observer with  a velocity ‘ϑ  ’. At the end of the period ∆t, the 

waves will cover a distance (C-ϑ ) ∆t  in the direction of observer. In the absence of the movement of 

the source, the waves travel a distance C∆t. Hence the wavelength is little bit compressed  to satisfy 

the relation λν= C. The observed frequency ν  is having shift from the original frequency ν0 as  

ν= 








∆−
∆

tc

tc

)( ϑ
ν0≅ ν0












+







++ ...............1

2

cc

ϑϑ
----------- 1 

For the source moving away from the observer 

ν= 








∆+
∆

tc

tc

)( ϑ
ν0≅ ν0












+







+− ...............1

2

cc

ϑϑ
--------- 2 

For non relativistic velocities high powers of 

2









c

ϑ
are neglected. 
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ν = ν0 





+

c

ϑ
1  moving towards the observer  ------------3 

ν = ν0 





−

c

ϑ
1  moving away from the observer  ------------4 

The atoms moves at random directions with a range of velocities related to the average temperature 

T 

ϑ = 
M

kT

π
8

      ------------5 

Where K=Boltzmann constant. 

           M=Mass of atom 

Considering the component of velocity in x-direction as ϑ x the frequency shift seen by the 

observer would be  

ν = ν0 





+

c

xϑ
1       -------------6 

When the radiating atoms are in thermal equilibrium, they have velocity distribution and 

probability P(ϑ x) of the atoms having velocity between ϑ x and (ϑ x+dx)   is given by Maxwellian 

Probability distribution function 

P(ϑ x) = exp
2

2

1









ΠkT

M







−

2

2
x

kT

M
ϑ dϑ x   ----------------7 

Which has a Gausssian shape of the form e
2ax−    where ‘a’ is positive constant. 

Probability of finding the atom with in the velocity range   

( xϑ  + dx, yϑ + dy, zϑ + dz) is given by  

P( xϑ ,
yϑ , zϑ ) = { } zyxzyx ddd

kT

M

kT

M
ϑϑϑϑϑϑ







 ++−








Π

2222

3

2
exp

2
  ---------8 
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Any atom  can be located some where by normalizing factor 

 ( ) 1=∫ ∫∫
+

−

zyxzyx dddP ϑϑϑϑϑϑ
α

α

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

Since the Doppler shift is based only on the component of velocity moving either towards or away 

from the observer, the G(ν) dν ,the probability of the transition frequency             between  ν and 

ν+dν is that equal to the probability of atoms having velocity νx and  

νx +dνx. 

The solution of definite integral leads to 

G (ν) = ( )












−
















−







Π

Ο

2

2

22
1

0 2
exp

2
ονν

νν
c

kT

M

kT

Mc
-------------(10) 

 

The Intensity of emission line as a function of frequency is 

I(ν) = ( )












−
















−















Π

2

2

221

2
exp

2
ο

ο
ο

ο

νν
νν
c

kT

M
I

c

kT

M
-------------(11) 

which is normalized as   ∫ =
a

IdI
0

0)( νν   --------------(12) 

Io = Total emission intensity from the transition. 

The eqn (11)  is the inhomogenous (Gaussian) shape function which dominates the homogenous 

(Lorentzian) line shape function, if Doppler broadening is larger than homogenous broadening 

The Doppler width    ∆υ D = 2νo
( ) ( )

NM

T
x

Mc

kT
ον

7

2
1016.7

2ln2 −= ------------------(13) 

Eqn (11) can be interms of    ∆νD   
  as 

I( ν)=
( ) ( )( )

( ) 























∆

−
−

∆Π
2

2

2
1

2
1

2ln4
exp

22

DD
I

in

ν

νν

ν

ο
ο      ----------------------(14)  
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The shape of this emission line consists of sum of Lorentzian function of atoms traveling in 

different directions radiating different frequencies.  

These are all superimposed to produce the total Gaussian emission 

 

 

 

 

 

 

 

Doppler verses Natural Broadening 

Laser species λ(nm) ∆νN(Hz) ∆νD(Hz) 

He-Ne 632.8 1.4x107 1.5x109 

Argon ion 488.0 4.5x108 2.7x109 

Copper 510.5 3.6x10
5
 2.3x10

9
 

 

The natural line width (∆νN ) is generally much smaller than Doppler line width ∆νD  Doppler  

broadening is the dominant broadening in most of the gas laser transitions. The Doppler width   ∆νD  

is proportional to the frequency  ν or
λ
1

  as well as to the square root of the ratio of the gas 

temperature to the atomic weight   










M

T
. 

 

FFiigg::22..55..66..  NNaattuurraall  eemmiissssiioonn  lliinneewwiiddtthh  ((LLoorreennttzziiaann  pprrooffiillee))  ooff  

iinnddiivviidduuaall  aattoommss  ttrraavveelliinngg  iinn  ddiiffffeerreenntt  ddiirreeccttiioonnss  
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2.5.9. Summary of Lesson:- 

                                    The emission and absorption mechanisms for an output  from  a laser are 

described. It is shown that the nature of line width of  a laser transition is due three types mechanisms 

associated with transition environment. They are 

 

1) Natural line broadening mechanism 

2) Collision line broadening mechanism 

3) Doppler line broadening mechanism 

 
2.5.10. Key terminology :-Line width – Radiative decay – Natural, Emission line width  -  Collision  

decay, Collision broadening -  Doppler broadening 

 

2.5.11. Self assessment questions:- 

1.Discuss the mechanisms responsible for total line width in a laser transition. 

2.Compare the line broadening contributions from each of the responsible mechanism. 

3.Discuss the limitation line width due to radiating decay. 

2.5.12. Reference Books :- 

1) Introduction to lasers and their applications  D.C. Oshea, W.R.Callen and W.T. Rhodes  

2) Laser Fundamentals – William T.Silfvast  
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UUnniitt--IIII  
LLeessssoonn--66  
  

DDiiffffeerreenntt  LLaasseerrss  
  

OObbjjeeccttiivvee::      TToo  pprreesseenntt  aa  ddeettaaiilleedd  ddeessccrriippttiioonn  aabboouutt  tthhee  wwoorrkkiinngg  ooff  tthhee  rruubbyy,,  HHee--NNee,,  CCOO22  aanndd    

sseemmiiccoonndduuccttoorr  llaasseerrss..  

SSttrruuccttuurree::  

22..66..  IInnttrroodduuccttiioonn  

22..66..11      RRuubbyy  llaasseerr  

22..66..22      HHee--  NNee  LLaasseerr  

22..66..33..    CCOO22--LLaasseerr  

22..66..44..    TTEEAA--  CCOO22  LLAASSEERR  

22..66..55..    TThhee  ggaass  ddyynnaammiicc  llaasseerr  ––CCOO22  

22..66..66..    SSeemmiiccoonndduuccttoorr  llaasseerr  

22..66..77..    HHoommoojjuunnccttiioonn  llaasseerrss  

22..66..88..    HHeetteerroo  jjuunnccttiioonn  llaasseerrss  

22..66..99..    CCoonnddiittiioonn  ffoorr  llaasseerr  aaccttiioonn  

22..66..1100..  IInnjjeeccttiioonn  llaasseerr  

22..66..1111..  IInnjjeeccttiioonn  llaasseerr  tthhrreesshhoolldd  ccuurrrreenntt  

22..66..1122..  SSuummmmaarryy  

22..66..1133..  KKeeyy  TTeerrmmiinnoollooggyy  

22..66..1144..  SSeellff  aasssseessssmmeenntt  qquueessttiioonn  

22..66..1155..  RReeffeerreennccee  BBooookkss  

  

22..66..11  RRuubbyy  llaasseerr::--      

TThhee  ffiirrsstt  llaasseerr  wwaass  ccoonnssttrruucctteedd  iinn  11996600  bbyy  TT..HH..MMaaiimmaann  aatt  HHuugghheess  AAiirrccrraafftt  CCoorrppoorraattiioonn  

rreesseeaarrcchh  llaabboorraattoorriieess..  IItt  wwaass  ooppeerraatteedd  oonn  ppuullssee  bbaassiiss  eemmppllooyyiinngg  aa  ccrryyssttaall  ooff  ppiinnkk  rruubbyy  aass  tthhee  aaccttiivvee  

mmeeddiiuumm..  TThhee  tteerrmm  ‘‘  ddooppeedd  iinnssuullaattoorr  llaasseerr’’  aass  uusseedd  ttoo  ddeessccrriibbee  aa  llaasseerr  wwhhoossee  aaccttiivvee  mmeeddiiuumm  iiss  aa  

rreegguullaarr  aarrrraayy  ooff  aattoommiicc  ccrryyssttaall  wwiitthh  iimmppuurriittyy  iioonnss  iinntteennttiioonnaallllyy  iinnttrroodduucceedd  iinnttoo  ccrryyssttaall  aatt  tthhee  ttiimmee  
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ooff  iittss  ggrroowwtthh  tthhrroouugghh  aa  pprroocceessss  ccaalllleedd  ddooppiinngg..  TThheessee  aarree  rruuggggeedd,,  ssiimmppllee  ttoo  mmaaiinnttaaiinn  aanndd  ccaappaabbllee  ooff  

ggeenneerraattiinngg  ppeeaakk  ppoowweerrss..  

  

AAccttiivvee  mmeeddiiuumm::  --      TThhiiss  ddooppaanntt--  iinnssuullaattoorr  llaasseerr  ccoonnssiissttss  ooff  aann  iimmppuurriittyy  oorr  ddooppaanntt  iinn  aa  ccrryyssttaalllliinnee  

iinnssuullaattoorr..  TThhee  ccrryyssttaall  aattoommss  aacctt  aass  aa  hhoosstt  ccrryyssttaall  llaattttiiccee..  TThhee  ddooppaannttss  aarree  ccoonnssiiddeerreedd  aass  aa  ‘‘ffrroozzeenn  

ggaass’’  ooff  hheeaavvyy  iioonnss  rraannddoommllyy  ddiissttrriibbuutteedd  tthhrroouugghh  oouutt  tthhee  ccrryyssttaall..  TThhee  ccrryyssttaalllliinnee  ffiieelldd  ppaarrttiiaallllyy  

rreemmoovveess  tthhee  ddeeggeenneerraaccyy  aanndd  iiss  iimmppoorrttaanntt  iinn  ddeetteerrmmiinniinngg  tthhee  aabbssoorrppttiioonn  &&  eemmiissssiioonn  cchhaarraacctteerriissttiiccss  

ooff  ddooppaanntt..  TThhee  ddooppaanntt  CCrr  
33++

  iioonn  iinn  aa  ffrreeee  ssttaattee,,  hhaass  2288  ddeeggeenneerraattee  qquuaannttuumm  ssttaatteess  ooff  cchhrroommiiuumm  iioonnss  

iinn  ccrryyssttaall  llaattttiiccee  ooff  AAll22OO33,,  ssttrroonnggllyy  aabbssoorrbb  tthhee  bblluuee  &&  ggrreeeenn  bbaannddss  ooff  tthhee  vviissiibbllee  ssppeeccttrruumm..  TThhee  

cchhrroommiiuumm  iioonn  ddooppaanntt  iinn  AAll22OO33  ((ssaapppphhiirree))  ggiivveess  aa  bbeeaauuttiiffuull  ddeeeepp  rreedd  ccoolloorraattiioonn  ttoo  rruubbyy..  TThhiiss  

aabbssoorrppttiioonn  iiss  dduuee  ttoo  tthhee  sspplliittttiinngg  ooff  nnuummbbeerr  ooff  eenneerrggyy  ssttaatteess  ooff  iioonn  dduuee  ttoo  iittss  ppoossiittiioonn  iinn  ccrryyssttaall  

llaattttiiccee..  MMoosstt  ooff  tthhee  lleevveellss  ffaallll  iinnttoo  tthheessee  ttwwoo  bbaannddss  sshhoowwnn  aass  22  &&  33  ((bblluuee  aabbssoorrppttiioonn,,  ggrreeeenn  

aabbssoorrppttiioonn  bbaannddss))  iinn  tthhee  ffiigguurree..  TTrraannssiittiioonnss  ffrroomm  11  ggrroouunndd  lleevveell  ttoo  tthheessee  lleevveellss  iinn  ggrroouuppss  22  &&33  

ccoorrrreessppoonndd  ttoo  tthhee  oobbsseerrvveedd  ssttrroonngg  aabbssoorrppttiioonn..    

  

  

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

  

  

  

❊❊  ❊❊  

11  

22  

33  

44  

CCrryyssttaall  ffiieelldd  sspplliitt  

ggrroouunndd  ssttaattee  ooff  CCrr
33==  

CCrryyssttaall  ffiieelldd  sspplliitt  

ffiirrsstt  eexxcciitteedd  ssttaattee  ooff  
33==  

RR

RR11  

RR11  ==  669944..33nnmm  

RR22  ==  669922..77nnmm  

22EE  

  22FF22  

44FF11  

44FF22  

GGrreeeenn  aabbssoorrppttiioonn  

BBlluuee  aabbssoorrppttiioonn  

OOppttiiccaall  

ppuummppiinngg  

FFiigg::  22..66..11..  RRuubbyy  LLaasseerr--EEnneerrggyy  lleevveell  ddiiaaggrraamm  
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  TThhee  ffiirrsstt  eexxcciitteedd  ssttaattee  ooff  tthhee  iioonn  ((CCrr
33++

))  aallssoo  sspplliittss  iinnttoo  nnuummbbeerr  ooff  eenneerrggyy  ssttaatteess  sshhoowwnn  aass  44  

jjuusstt  bbeellooww  tthhee  ggrreeeenn  aabbssoorrppttiioonn  bbaanndd  ((22))..  AAfftteerr  aabbssoorrppttiioonn,,  tthhee  iioonnss  uunnddeerrggoo  nnoonn--rraaddiiaattiivvee  

ttrraannssiittiioonnss  ttoo  lloowweerr  mmeettaassttaabbllee  ssttaattee  44..TThheessee  aarree  tthhee  uuppppeerr  llaasseerr  ttrraannssiittiioonn    lleevveellss  iinn  rruubbyy  

rreessppoonnssiibbllee  ffoorr  tthhee  eemmiissssiioonn  ooff  669944..33nnmm  aanndd  669922..77nnmm  ccaalllleedd  aass  RR11  &&  RR22  lliinneess..  SSttiimmuullaatteedd  eemmiissssiioonn  

aatt  669944..33nnmm  uussuuaallllyy  ddoommiinnaatteess..  AAss  RRuubbyy  ooppeerraatteess  oonn  tthhrreeee  lleevveell  ssyysstteemm,,  vviiggoorroouuss  ppuummppiinngg  iiss  

nneecceessssaarryy  ttoo  aattttaaiinn  tthhrreesshhoolldd  ppooppuullaattiioonn  iinnvveerrssiioonn  bbeettwweeeenn  ggrroouunndd  aanndd  mmeettaassttaabbllee  ssttaattee..  

PPuummppiinngg::--  

                                  TThhee  eexxcciittaattiioonn  ooff  iioonnss  ttoo  eelleeccttrroonniicc  lleevveellss  22  &&  33  iiss  oobbttaaiinneedd  bbyy  uussiinngg  xxeennoonn  ffllaasshh  llaammpp  

aass  aa  ppuummppiinngg  ssoouurrccee..  RRuubbyy  rroodd  wwaass  ppllaacceedd  aatt  tthhee  cceenntteerr  ooff  hheelliiccaall  ffllaasshh  ttuubbee  aanndd  eenneerrggyy  ffrroomm  aa  

bbaannkk  ooff  ccaappaacciittoorrss  wwaass  ggiivveenn  ttoo  ffllaasshh  tthhee  ttuubbee..  TThhee  ppoolliisshheedd  aanndd  ssiillvveerreedd  eenndd  ssuurrffaacceess  ooff  rruubbyy  rroodd  

aacctt  aass  aa  rreessoonnaattoorr  mmiirrrroorrss..  AA  sscchheemmaattiicc  ddiiaaggrraamm  ooff  tthhee  ddooppeedd  iinnssuullaattoorr  llaasseerr  ssyysstteemm  iiss  sshhoowwnn  aass  

ffoolllloowwss..

  

  TThhee  ffllaasshh  llaammppss  ((XXee))  aarree  ccoonnnneecctteedd  iinn  sseerriieess  wwiitthh  aann  eenneerrggyy  ssttoorraaggee  bbaannkk  ccoonnssiissttiinngg  ooff  

mmoorree  ccaappaacciittoorrss  &&  wwiitthh  aann  iinndduuccttoorr  ‘‘LL’’  ttoo  lliimmiitt  tthhee  ppeeaakk  ccuurrrreenntt  tthhrroouugghh  llaammppss..  TThhee  ffllaasshh  llaammppss  

aarree  ffiirreedd  aappppllyyiinngg  aa  ttrriiggggeerr  ppuullssee  ttoo  tthhee  pprriimmaarryy  ttrraannssffoorrmmeerr..  HHiigghh  vvoollttaaggee  ppuullssee  ooff  2200  KKVV  iioonniizzeess  

tthhee  ggaass  iinnssiiddee  tthhee  ffllaasshh  llaammpp  ttuubbee..    RR11  ((669944..33nnmm))  lliinnee  pprreeddoommiinnaatteess  oovveerr  RR22  ((669922..77nnmm))..  RRuubbyy  llaasseerr  

oorriiggiinnaallllyy  ddeessiiggnneedd  aass  aa  ppuullsseedd  llaasseerr..  HHoowweevveerr,,  iimmpprroovveedd  ddeessiiggnnss  ooff  tthhee  ssyysstteemm  eennaabblleedd  ttoo  ooppeerraattee  

oonn  CCWW  mmooddee  aallssoo..  

  

  

FFiigg::  22..66..22  ::  FFllaasshh  llaammpp  ––  ppuummppeedd  llaasseerr  
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22..66..22  HHee--  NNee  LLaasseerr::--    

  

  IInn  11996600  DDeecceemmbbeerr,,  AAllii  JJaavvaann  ffrroomm  BBeellll  TTeelleepphhoonnee  LLaabboorraattoorriieess  ccoonnssttrruucctteedd  ffiirrsstt  CCww  ggaass  

llaasseerr  uussiinngg  aa  mmiixxttuurree  ooff  hheelliiuumm  aanndd  nneeoonn  ggaass  aass  aann  aaccttiivvee  mmeeddiiuumm..  EElleeccttrroonnss  iinn  tthhee  ddiisscchhaarrggee  

aacccceelleerraatteedd  bbyy  tthhee  eelleeccttrriicc  ffiieelldd  bbeettwweeeenn  ppaaiirr  ooff  eelleeccttrrooddeess  ccoolllliiddeess  wwiitthh  aattoommss  ooff  aaccttiivvee  mmeeddiiuumm  

iinndduuccee  ttrraannssiittiioonnss  ttoo  hhiigghheerr  eenneerrggyy  ssttaatteess  aanndd  ppooppuullaattiioonn  iinnvveerrssiioonn  iiss  ccrreeaatteedd..  

  

AA  nnoonn  iioonniizzeedd  aattoomm  ooff  hheelliiuumm  nneeoonn  mmiixxttuurree  iinn  tthhee  rraattiioo  1100::11  iiss  uusseedd  aass  aa  llaassiinngg  mmeeddiiuumm..  

TThhee  eenneerrggyy  lleevveellss  ooff  nneeoonn  aarree  ddiirreeccttllyy  iinnvvoollvveedd  iinn  tthhee  llaarrggee  ttrraannssiittiioonnss  wwhhiillee  hheelliiuumm  ggaass  pprroovviiddeess  

aann  eeffffiicciieenntt  eexxcciittaattiioonn  mmeecchhaanniissmm  ttoo  nneeoonn  aattoommss..  DD..CC  ddiisscchhaarrggee  ccrreeaatteedd  bbyy  ppllaacciinngg  aa  hhiigghh  vvoollttaaggee  

aaccrroossss  aa  ggaass  ffiilllleedd  ssppaaccee  aaccttss  aass  aa    ssoouurrccee  ooff  eexxcciittaattiioonn  ttoo  vvaarriioouuss  hhiigghheerr  eenneerrggyy  lleevveellss  iinn  bbootthh  

ssppeecciieess..  

  

HHeelliiuumm  aattoommss  aarree  eexxcciitteedd  bbyy  eelleeccttrroonn  iimmppaacctt  ttoo  llooww--  llyyiinngg  mmeettaassttaabbllee  eenneerrggyy  ssttaatteess..  TThheessee  

mmeettaassttaabbllee  ssttaatteess  22  
33  

SS  aanndd  22  
11
  SS  hhaavvee  aallmmoosstt  ssaammee  eenneerrggyy  aass  tthhaatt  ooff  44SS  aanndd  55SS  ooff  nneeoonn  aattoommss..  BByy  

vviirrttuuee  ooff  rreessoonnaanntt  ccoolllliissiioonn  bbeettwweeeenn  hheelliiuumm  aanndd  nneeoonn  aattoommss,,  tthhee  eenneerrggyy  ooff  hheelliiuumm  lleevveellss  iiss  

ttrraannssffeerrrreedd  ttoo  nneeoonn  ssppeecciieess..  TThheerreebbyy  tthhee  ppooppuullaattiioonn  ooff  nneeoonn  aattoommiicc  ssttaatteess  ooff  44ss  aanndd  55ss  aarree  eennrriicchheedd  

ttoo  rreeaacchh  tthhee  rreeqquuiirreedd  ppooppuullaattiioonn  iinnvveerrssiioonn..  TThhuuss  44ss  aanndd  55ss  ssttaatteess  aarree  ppuummppeedd  bbyy  tthhee  mmeettaassttaabbllee  

ssttaatteess  ooff  hheelliiuumm  aattoommss,,  wwhhiillee  44pp  aanndd  33pp  ssttaatteess  aarree  ddeepplleetteedd  bbeeccaauussee  ooff  tthheeiirr  sshhoorrtt  lliiffee  ttiimmeess..  TThhee  

ppooppuullaattiioonn  iinnvveerrssiioonnss  bbeettwweeeenn  ss  aanndd  pp  ssttaatteess  rreessuullttss  aammpplliiffiiccaattiioonn  bbyy  ssttiimmuullaatteedd  eemmiissssiioonn..  TThhee  

lloowweerr  ssttaattee  ppooppuullaattiioonnss  aarree  ddeepplleetteedd  bbyy  nnoonn--  rraaddiiaattiivvee  ttrraannssiittiioonnss  ttoo  ggrroouunndd  ssttaattee..  

  

TThheerree  aarree  mmoorree  nnuummbbeerr  ooff  llaasseerr  ttrraannssiittiioonnss  iinn  tthhee  HHee--NNee  llaasseerr  tthhaann  tthhaatt  aarree  sshhoowwnn  iinn  tthhee  

ddiiaaggrraamm  ssiinnccee  eeaacchh  eenneerrggyy  ssttaattee  ooff  nneeoonn  sspplliittss  iinnttoo  sseevveerraall  ssuubb  lleevveellss..  TThhuuss  aabboouutt  113300--  pplluuss  

ssttiimmuullaatteedd  eemmiissssiioonn  lliinneess  aarree  oobbsseerrvveedd  iinn  nneeoonn..  TThhoouugghh  tthhee  bbootthh  663333nnmm  aanndd  33..3399µµmm  ttrraannssiittiioonnss  

ssttaarrtt  ffrroomm  tthhee  ssaammee  uuppppeerr  eenneerrggyy  lleevveell  ssttaatteess  ((55ss)),,  33..3399µµmm  iinnffrraarreedd  ttrraannssiittiioonnss  hhaass  mmuucchh  hhiigghheerr  

ggaaiinn  ttoo  ddeepplleettee  tthhee  55ss  lleevveell  eelliimmiinnaattiinngg  tthhee  vviissiibbllee  ttrraannssiittiioonn  aatt  663333nnmm..  HHoowweevveerr  tthhee  llaasseerr  mmiirrrroorrss  

aarree  ddeessiiggnneedd  ttoo  bbee  hhiigghhllyy  rreefflleeccttiivvee  aatt  663333nnmm  bbuutt  hhiigghhllyy  ttrraannssmmiissssiivvee  aatt  33..3399  µµmm  ttoo  ssttoopp  tthhee  

iinnffrraarreedd  ttrraannssiittiioonn  ttoo  rreeaacchh  tthhee  nneecceessssaarryy  tthhrreesshhoolldd  ggaaiinn..  
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TThhee  eesssseennttiiaall  eelleemmeennttss  ooff  HHee--NNee  llaasseerr  aarree  tthhee  ddiisscchhaarrggee  ttuubbee  ccoonnttaaiinniinngg  tthhee  HHee--NNee  mmiixxttuurree  

aatt  tthhee  rraattiioo  1100::11,,  ppoowweerr  ssuuppppllyy  aanndd  rreessoonnaattoorr  mmiirrrroorrss..  AA  llaarrggee  rreessiissttoorr  ccaalllleedd  bbaallllaasstt  rreessiissttoorr  iiss  uusseedd  

ttoo  lliimmiitt  tthhee  ccuurrrreenntt  pprrootteeccttiinngg  tthhee  ppoowweerr  ssuuppppllyy  aanndd  ssttaabbiilliizziinngg  tthhee  ooppeerraattiioonn  ooff  tthhee  ttuubbee..  

          

  

    

  

                

                      TThhee  ddiisscchhaarrggee  ttuubbee  iiss  sseeaalleedd  wwiitthh  BBrreewwsstteerr  aanngglleedd  wwiinnddoowwss  ttoo  ggiivvee  ppoollaarriizzeedd  oouuttppuutt  aanndd  ttoo  

rreedduuccee  lloossss  dduuee  ttoo  ttrraannssmmiissssiioonn..  TThhee  eexxtteerrnnaall  mmiirrrroorrss  MM11  ((110000%%))  aanndd  MM22  ((9955%%))  aarree  uusseedd  iinn  ssttaabbllee  

ooppttiiccaall  rreessoonnaattoorr  ccoonnffiigguurraattiioonn..  TThhee  eexxtteerrnnaall  mmiirrrroorr  ccoonnffiigguurraattiioonn  iiss  uusseedd    

  

11))  FFoorr  tthhee  aaddvvaannttaaggee  ooff  iinnsseerrttiinngg  ffrreeqquueennccyy  sseelleeccttiivvee  aanndd  lliigghhtt  sswwiittcchhiinngg  ddeevviicceess  ccaann  bbee  

iinnsseerrtteedd  iinnttoo  tthhee  ccaavviittyy..  

22))  TToo  cchhaannggee  tthhee  ddiieelleeccttrriicc  mmiirrrroorrss  ffoorr  ddiiffffeerreenntt  ffrreeqquueennccyy  rraannggeess  aanndd  ccoohheerreennccee  

rreeqquuiirreemmeennttss..    

  

                                            MMoosstt  ooff  tthhee  HHee--NNee  llaasseerrss  ooppeerraattee  ttoo  ggiivvee  oouuttppuutt  ppoowweerrss  lliiee  00..55  ttoo  55..00  mmww  rraannggee  aanndd  

wwiitthh  lliiffee  ttiimmeess  ooff  5500,,000000  hhoouurrss..  

  

  

  

  

  

  

  

  

FFiigg  22..66..33..  SSiimmpplliiffiieedd  eelleeccttrriiccaall  cciirrccuuiitt  ffoorr  aa  ggaass  llaasseerr..   AA  llaarrggeerr  vvoollttaaggee  iiss  nneeeeddeedd  ttoo  ssttaarrtt  tthhee  

ddiisscchhaarrggee  tthhaann  ttoo  mmaaiinnttaaiinn  iitt,,  ssoo  aa  hhiigghh  ––  vvoollttaaggee  iiss  aapppplliieedd  ttoo  tthhee  ggaass  wwhheenn  tthhee  llaasseerr  iiss  

ttuurrnneedd  oonn..  TThhee  bbaallllaasstt  rreessiissttoorr  sseerrvveess  ttoo  lliimmiitt  tthhee  ccuurrrreenntt  oonnccee  tthhee  ddiisscchhaarrggee  iiss  iinniittiiaatteedd  
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22..66..33..CCOO22--LLaasseerr    

  

                            AAmmoonngg  mmoolleeccuullaarr  llaasseerrss,,  CCOO22  llaasseerr  uunnqquueessttiioonnaabbllyy  rraannkkss  ffiirrsstt  iinn  bbootthh  hhiigghh  ppoowweerr  aanndd  

hhiigghh  eeffffiicciieennccyy  ooppeerraattiinngg  aatt  iinnffrraarreedd  wwaavveelleennggtthhss  1100..66  µµmm  aanndd  99..66µµmm..  CCOO22    iiss  aa  lliinneeaarr  ttrriiaattoommiicc  

mmoolleeccuullee  ccoommppoosseedd  ooff  22  ooxxyyggeenn  aattoommss  aanndd  aa  ccaarrbboonn  aattoomm  bbeettwweeeenn  tthheemm,,  uunnddeerrggoo  tthhrreeee  ddiiffffeerreenntt  

ttyyppeess  ooff  vviibbrraattiioonnaall  oosscciillllaattiioonnss  ccaalllleedd  vviibbrraattiioonnaall  mmooddeess..    

  

                              TThhee  eenneerrggyy  ooff  oosscciillllaattiioonn  ooff  aa  mmoolleeccuullee  iinn  aannyy  mmooddee  ccaann  hhaavvee  oonnllyy  ddiissccrreettee  vvaalluueess  iinn  

iinntteeggeerr  mmuullttiipplleess  ooff  ssoommee  ffuunnddaammeennttaall  vvaalluuee..  TThhee  eenneerrggyy  ssttaattee  ooff  tthhee  mmoolleeccuullee  iiss  rreepprreesseenntteedd  bbyy  

tthhrreeee  nnuummbbeerrss  ((ii,,  jj,,  kk))..  EEaacchh  nnuummbbeerr  rreepprreesseennttss  aammoouunntt  ooff  eenneerrggyy  oorr  nnuummbbeerr  ooff  eenneerrggyy  qquuaannttaa  

aassssoocciiaatteedd  wwiitthh  tthhaatt  mmooddee..  IInn  aaddddiittiioonn  ttoo  vviibbrraattiioonnaall  ssttaatteess  rroottaattiioonnaall  ssttaatteess  aarree  aallssoo  aassssoocciiaatteedd  wwiitthh  

eeaacchh  vviibbrraattiioonnaall  ssttaattee..  TThhee  sseeppaarraattiioonnss  bbeettwweeeenn  vviibbrraattiioonn--  rroottaattiioonn  ssttaatteess  aarree  uussuuaallllyy  mmuucchh  ssmmaalllleerr  

tthhaann  tthhee  sseeppaarraattiioonn  ooff  eelleeccttrroonniicc  ssttaatteess..  TThhee  vviibbrraattiioonnaall--  rroottaattiioonnaall  ttrraannssiittiioonnss  aarree  iinn  nneeaarr  iinnffrraarreedd,,  

ffoorr  mmoosstt  ooff  tthhee  mmoolleeccuullaarr  llaasseerrss..    

  

                        TThhee  vvaarriioouuss  llooww  llyyiinngg  vviibbrraattiioonnaall  eenneerrggyy  lleevveellss  ooff  CCOO22  mmoolleeccuullee  ccoorrrreessppoonnddiinngg  ttoo  ggrroouunndd  

ssttaattee  aarree  rreessppoonnssiibbllee  ffoorr  llaasseerr  ttrraannssiittiioonnss..  CCOO22  mmoolleeccuullee  vviibbrraatteess  iinn  

11..1155µµmm  

❊❊  
❊❊  

❊❊  
FFaasstt  

FFaasstt  

HHeelliiuumm    

aattoomm  AAttoommiicc    

ccoolllliissiioonn  22
11
SS  

22
33
SS  

AAttoommiicc    

ccoolllliissiioonn  

EElleeccttrroonn  

eexxcciittaattiioonn  

GGrroouunndd  

ssttaatteess  

55ss  

44ss  

33ss  
WWaallll  

ccoolllliissiioonn  

663333  nnmm  

((vviissiibbllee))  

NNeeoonn  

aattoomm  

33..3399µµmm  

KKeeyy::                        

❊❊→→  LLaasseerr  eexxcciittaattiioonn  

FFiigg::  22..66..44..  EEnneerrggyy--lleevveell  ddiiaaggrraamm  ooff  tthhee  hheelliiuumm--nneeoonn  llaasseerr  ssyysstteemm  
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          11..  SSyymmmmeettrriicc  ssttrreettcchhiinngg  mmooddee  ((νν11))  aatt  11338888ccmm
--11

..      

          22..  BBeennddiinngg  mmooddee  ((νν22))  aatt  666677ccmm
--11

  

          33..  AAssyymmmmeettrriicc  ssttrreettcchhiinngg  mmooddee  ((νν33))  aatt  22334499ccmm
--11

  

                  tthhee  eenneerrggyy  lleevveell  ddiiaaggrraamm  ffoorr  CCOO22  iiss  sshhoowwnn  iinn  ffiigg..  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                TThhee  ooppeerraattiioonnaall  eeffffiicciieennccyy  ooff  CCOO22  llaasseerr  ttrraannssiittiioonn  iiss  iimmpprroovveedd  bbyy  aaddddiinngg  nniittrrooggeenn  aanndd  hheelliiuumm  

ttoo  aaccttiivvee  mmeeddiiuumm..  TThhee  eenneerrggyy  ooff  tthhee  nniittrrooggeenn  mmoolleeccuullaarr  vviibbrraattiioonnaall  qquuaannttaa  iiss  ttrraannssffeerrrreedd  ttoo  CCOO22  

((000011))  ssttaattee  bbyy  rreessoonnaanntt  ccoolllliissiioonn  aanndd  iinnccrreeaasseess  tthhee  ppooppuullaattiioonn  iinn  000011  ssttaattee  ssoo  aass  ttoo  ffoorrmm  ppooppuullaattiioonn  

iinnvveerrssiioonn  bbeettwweeeenn  ((000011))  aanndd  ootthheerr  lloowweerr  ((110000))  aanndd  ((002200))  ssttaatteess  ooff  CCOO22..  HHeelliiuumm  wwiillll  ssppeeeedd  uupp  tthhee  

ddeeppooppuullaattiioonn  ooff  tthhee  lloowweerr((110000))  ttrraannssiittiioonn  lleevveell  ttoo  pprroodduuccee  llaarrggee  ppooppuullaattiioonn  iinnvveerrssiioonn  bbeettwweeeenn  tthhee  

uuppppeerr  ((000011))  aanndd  lloowweerr  ((110000))  lleevveellss  ooff  CCOO22..  TThhee  ttwwoo  llaasseerr  ttrraannssiittiioonnss  bbeettwweeeenn  ((000011))  ttoo  ((110000))  aanndd  

((000011))  ttoo  ((002200))  pprroodduuccee  tthhee  oouuttppuutt  aatt  1100..66µµmm  aanndd  99..66µµmm  rreessppeeccttiivveellyy..  CCOO22  llaasseerrss  aarree  ccaappaabbllee  ooff  

pprroodduucciinngg  ttrreemmeennddoouuss  aammoouunntt  ooff  oouuttppuutt  ppoowweerr  aatt  1100..66  µµmm  dduuee  ttoo  iittss  hhiigghh  3300%%  eeffffiicciieennccyy..  

GGiiggaawwaattttss  ooff  ppeeaakk  ppoowweerrss  aarree  pprroodduucceedd  iinn  sshhoorrtt  nnaannoosseecc..  dduurraattiioonn  ppuullsseess..  BBeeccaauussee  ooff  iittss  hhiigghh  

ppoowweerr  oouuttppuutt  eeffffiicciieennccyy,,  tthhee  CCOO22  llaasseerr  iiss  ooff  ggrreeaatt  pprraaccttiiccaall  iimmppoorrttaannccee..  TThhee  oouuttppuutt  ppoowweerr  iiss  

pprrooppoorrttiioonnaall  ttoo  tthhee  aaccttiivvee  lleennggtthh  ooff  tthhee  llaasseerr  mmeeddiiuumm..                

  

❊❊  
❊❊  

FFaasstt  FFrroomm  hhiigghheerr  rroottaattiioonnaall  

VViibbrraattiioonnaall  lleevveellss  

((000022))  

((000011))  

((000000))  

FFaasstt  

FFaasstt  

FFaasstt  

((002200))  

((001100))  

((110000))  

99..66µµmm  

1100..66µµmm  

KKeeyy::  

  

LLeevveellss  ddeessiiggnnaatteedd  bbyy  ((II  jj  kk)),,  

wwhheerree  

ii  ==  NNuummbbeerr  ooff  qquuaannttaa  ooff  νν11  

jj  ==  NNuummbbeerr  ooff  qquuaannttaa  ooff  νν22  

kk  ==  NNuummbbeerr  ooff  qquuaannttaa  ooff  νν33  

FFiigg..22..66..55::  EEnneerrggyy--lleevveell  ddiiaaggrraamm  ffoorr  tthhee  CCOO22  llaasseerr  
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TThhee  CCOO22  vviibbrraattiioonnaall  rroottaattiioonnaall  eenneerrggyy  ssttaatteess  aarree  sshhoowwnn  aass  bbaannddss  wwiitthh  tthheeiirr  cchhaarraacctteerriissttiicc  

mmooddee  qquuaannttuumm  nnuummbbeerrss..  LLaasseerr  ttrraannssiittiioonnss  aarree  sshhoowwnn  dduuee  ttoo  ttrraannssiittiioonnss    bbeettwweeeenn  ((000011))  ttoo  ((110000))  

ggiivveess  tthhee  iinnffrraarreedd  aatt  1100..66  µµmm  aanndd  tthhee  ttrraannssiittiioonnss  ffrroomm((000011))  ttoo  ((002200))  ggiivveess  tthhee  iinnffrraarreedd  99..66µµmm  

oouuttppuutt..  TThhee  aaddddiittiioonn  ooff  NN22  ggaass  ttoo  CCOO22  iinnccrreeaasseess  tthhee  eeffffiicciieennccyy  ooff  tthhee  ooppeerraattiioonn..  TThhee  ccoolllliissiioonn  

ttrraannssffeerr  ooff  eenneerrggyy  ooff  NN22  aaccccuummuullaatteedd  iinn  mmeettaassttaabbllee  νν==11  lleevveell  ttoo  ((000011))  mmooddee  ooff  CCOO22  ooccccuurrss  dduuee  ttoo  

aapppprrooxxiimmaattee  eenneerrggyy  eeqquuiivvaalleennccee  ooff  tthheessee  vviibbrraattiioonnaall  lleevveellss..  TThhee  CCOO22  llaasseerrss  aarree  aallssoo  mmuucchh  mmoorree  

eeffffiicciieenntt  bbeeccaauussee  ooff  tthhee  iinnvvoollvveemmeenntt  ooff  ttrraannssiittiioonn  bbeettwweeeenn  vviibbrraattiioonnaall  rroottaattiioonnaall  lleevveellss  ooff  tthhee  

lloowweesstt  eelleeccttrroonniicc  lleevveell..  

  

                  TThhoouugghh  tthhee  aaccttiivvee  mmeeddiiuumm  iiss  cchheeaapp  ((CCOO22++NN22)),,  tthhee  iimmppoorrttaanntt  ssppeecciiaall  ccoommppoonneennttss  lliikkee  tthhee  

rreessoonnaattoorr  mmiirrrroorrss  aanndd  BBrreewwsstteerr  aanngglleedd  wwiinnddoowwss  ooff  ggeerrmmaanniiuumm,,  ccaaddmmiiuumm  ssuullpphhiiddee  oorr  ssooddiiuumm  

cchhlloorriiddee,,  ppoottaassssiiuumm  bbrroommiiddee  ttrraannssppaarreenntt  iinn  iinnffrraarreedd  aatt  1100..66µµmm  ;;  aarree  ccoossttllyy  aanndd  vveerryy  ddiiffffiiccuulltt  ttoo  

mmaaiinnttaaiinn  tthheemm  dduuee  ttoo  hhyyggrroossccooppiicc  nnaattuurree..  AA  ddiiffffrraaccttiioonn  ggrraattiinngg  mmoouunntteedd  aann  ppiieezzoo--  eelleeccttrriicc  

ttrraannssdduucceerr  iiss  uusseedd  ttoo  ddiissppllaaccee  ooff  hhiigghh  rreefflleeccttiivviittyy  mmiirrrroorr  ttoo  ttuunnee  tthhee  llaasseerr  oouuttppuutt  oovveerr  2200  ddiissttiinncctt  

lliinneess  wwiitthhiinn  eeiitthheerr  ooff  ttwwoo  mmaajjoorr  bbaannddss  aatt  99..66  µµmm  aanndd1100..66  µµmm..  AA  lliittttllee  HH22OO  iiss  aaddddeedd  ttoo  tthhee  mmiixxttuurree  

ttoo  ccoonnvveerrtt  tthhee  CCOO  ffoorrmmeedd  dduurriinngg  ooppeerraattiioonn  bbaacckk  ttoo  CCOO22  

  

                  HHiigghh  ppoowweerr  CCOO22  llaasseerrss  aarree  uusseedd  iinn  iinndduussttrryy  ffoorr  wweellddiinngg,,  hhoollee  ddrriilllliinngg,,  ccuuttttiinngg,,  eettcc……iinn  

iinndduussttrriiaall  wwoorrkksshhooppss..  

  

  

  
        

  

  

BBrreewweesstteerr  

aannggllee  wwiinnddooww  

GGaaiinn  rreeggiioonn  

BBrreewweesstteerr  

aannggllee  wwiinnddooww  

RReeaarr  

mmiirrrroorr  

SSeeaalleedd  ooffff  ttuubbee  ffoorr  

lloonnggiittuuddiinnaall  ffllooww  

LLaasseerr  oouuttppuutt  

FFiigg  22..66..66::  LLoonnggiittuuddiinnaall  ddiisscchhaarrggee  CCOO22  llaasseerr  
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22..66..44..TTEEAA--  CCOO22  LLAASSEERR::--  

  

                                                                  IInn  vviieeww  ooff  hhiigghh  oouuttppuutt  ppoowweerr,,  aa  nneeww  tteecchhnniiqquuee  hhaass  bbeeeenn  ddeevveellooppeedd  ttoo  iinnccrreeaassee  

tthhee  oouuttppuutt  bbyy  ttrraannssvveerrssee  eexxcciittaattiioonn  ooff  CCOO22  ssppeecciieess  aatt  aattmmoosspphheerriicc  pprreessssuurree  oorr  mmoorree..  TTEEAA  iiss  aann  

aaccrroonnyymm  ffoorr  TTrraannssvveerrssee  EExxcciittaattiioonn  aatt  AAttmmoosspphheerriicc  pprreessssuurree  ffoorr  ggrreeaatteerr  oouuttppuutt..  TThhiiss  tteecchhnniiqquuee  

rreeqquuiirreess  aabboouutt  1122kkvv  ppeerr  ccmm  iiss  nneecceessssaarryy  ttoo  iinniittiiaattee  aanndd  mmaaiinnttaaiinn  tthhee  ddiisscchhaarrggee..  TThhuuss  tthhee  ddiisscchhaarrggee  

iiss  aarrrraannggeedd  ttoo  ttaakkee  ppllaaccee  aatt  aa  nnuummbbeerr  ooff  ppooiinnttss  iinn  aa  ddiirreeccttiioonn  ttrraannssvveerrssee  ttoo  llaasseerr  ccaavviittyy..  WWiitthh  tthhiiss  

aarrrraannggeemmeenntt,,  GGiiggaawwaattttss  ooff  ppeeaakk  ppoowweerr  ccaann  bbee  oobbttaaiinneedd..  EEaacchh  ccaatthhooddee  ppiinn  iiss  ccoonnnneecctteedd  tthhrroouugghh  

bbaallllaasstt  rreessiissttoorr  ttoo  aavvooiidd  nneeggaattiivvee  rreessiissttaannccee  cchhaarraacctteerriissttiiccss  ooff  ggaass..  MM11&&MM22  aarree  rreessoonnaattoorr  mmiirrrroorrss  aatt  

ssttaabbllee  ccoonnffiigguurraattiioonn..  

  

  
  

22..66..55..TThhee  ggaass  ddyynnaammiicc  llaasseerr  ––CCOO22::--  

    

                                      AA  ppooppuullaattiioonn  iinnvveerrssiioonn  iiss  oobbttaaiinneedd  tthhrroouugghh  tthhee  aapppplliiccaattiioonn  ooff  tthheerrmmooddyynnaammiicc  

pprriinncciipplleess  rraatthheerr  tthhaann  bbyy  ssttaannddaarrdd  ddiisscchhaarrggee  ttuubbee  tteecchhnniiqquueess..  TThhee  CCOO22  ggaass  mmiixxttuurree  aatt  hhiigghh  pprreessssuurree  

iiss  mmaaddee  ttoo  ffllooww  tthhrroouugghh  aa  ssmmaallll  aappeerrttuurree  iinn  aa  ttrraannssvveerrssee  ddiirreeccttiioonn  ttoo  llaasseerr  aaxxiiss  aass  sshhoowwnn  iinn  tthhee  ffiigg..  

EExxcciittaattiioonn  ooccccuurrss  aass  aa  rreessuulltt  ooff  hheeaatt  iinnppuutt  iinnttoo  tthhee  ggaass  ttoo  ppooppuullaattee  tthhee  uuppppeerr  llaasseerr  lleevveell..  TThhee  rraappiiddllyy  

fflloowwiinngg  ggaass  iiss  tthheenn  aalllloowweedd  ttoo  eexxppaanndd  ssuuppeerrssoonniiccaallllyy  tthhrroouugghh  aann  eexxppaannssiioonn  nnoozzzzllee  iinnttoo  tthhee  llooww  

pprreessssuurree  rreeggiioonn  uussiinngg  hhiigghh  ssppeeeedd  ppuummppss..  TThhee  ssuuddddeenn  eexxppaannssiioonn  ccaauusseess  tthhee  ggaass  ttoo  ssuuppeerr  ccooooll  aanndd  

pprroovviiddee  ppooppuullaattiioonn  iinnvveerrssiioonn  bbeettwweeeenn  uuppppeerr  lleevveell  aanndd  lloowweerr  lleevveell  dduuee  ttoo  rraappiidd  rreellaaxxaattiioonn..  AAss  

mmeennttiioonneedd  eeaarrlliieerr,,  NN22&&HH22OO  vvaappoouurr  wwiillll  eennhhaannccee  tthhee  eeffffiicciieennccyy  ooff  llaasseerr  ooppeerraattiioonn..  HHuunnddrreeddss  ooff  

FFiigg  22..66..77..  TTEEAA  LLAASSEERR::  --  TThhee  ddiisscchhaarrggee  ooccccuurrss  ppeerrppeennddiiccuullaarr  ttoo  tthhee  llaasseerr  



  

MM..SScc..  PPhhyyssiiccss  1100  DDiiffffeerreenntt  LLaasseerrss  

  

  

kkiilloowwaattttss  ooff  ppoowweerr  hhaass  bbeeeenn  oobbttaaiinneedd  ooff  44mmss  dduurraattiioonn..  TThhee  oonnllyy  ddiissaaddvvaannttaaggee  ooff  tthhiiss  sseett  uupp  iiss  iittss  

bbuullkk  aanndd  rroocckkeett  lliikkee  rrooaarr  tthhaatt  aaccccoommppaanniieess  tthhee  ggaass  eexxppaannssiioonn..  TThhee  uusseedd  ggaass  mmiixxttuurree  iiss  aaggaaiinn  rree--

cciirrccuullaatteedd  tthhrroouugghh  hhiigghh  ssppeeeedd  ppuummppiinngg  ssyysstteemm..  

  

  

  

          

  

  

  

  

  

  

  

  

  

  

  

  

  

  

22..66..66..SSeemmiiccoonndduuccttoorr  llaasseerr::--  

  

                                MMaatteerriiaallss  tthhaatt  hhaavvee  eelleeccttrriiccaall  ccoonndduuccttiivviittyy  llyyiinngg  iinn  bbeettwweeeenn  tthhee  ccoonndduuccttoorrss  aanndd  

iinnssuullaattoorrss  aarree  ccaalllleedd  sseemmiiccoonndduuccttoorrss..  SSoolliidd  mmaatteerriiaallss  aarree  ffoorrmmeedd  bbyy  tthhee  aarrrraannggeemmeenntt  ooff  aattoommss  vveerryy  

cclloosseellyy..  TThheeyy  aarree  ssoo  cclloossee  tthhaatt  ddiissccrreettee  aattoommiicc  eenneerrggyy  lleevveellss  aarree  ppeerrttuurrbbeedd  ttoo  rreessuulltt  eenneerrggyy  bbaannddss..  

TThhee  eenneerrggyy  lleevveellss  aarree  vveerryy  cclloossee  aass  iiff  tthheeyy  aarree  ccoonnttiinnuuoouuss..  

  

                            IInn  mmeettaallss  tthhee  oouutteerrmmoosstt  eelleeccttrroonnss  aacctt  aass  ffrreeee  eelleeccttrroonnss  aanndd  ccoonnssttiittuuttee  aa  ffllooww  ooff  ccuurrrreenntt  

wwhheenn  eelleeccttrriicc  ffiieelldd  iiss  aapppplliieedd..  IInn  iinnssuullaattoorrss  nnoo  ssuucchh  ffrreeee  eelleeccttrroonnss  eexxiisstt  aanndd  ddoo  nnoott  ccoonndduucctt  

eelleeccttrriicciittyy..    

  

                              IInn  sseemmiiccoonndduuccttoorrss,,  tthhee  aavvaaiillaabbiilliittyy  ooff  ffrreeee  eelleeccttrroonnss  ddeeppeennddss  oonn  tteemmppeerraattuurree  aanndd  

ccoonndduuccttiivviittyy  iinnccrreeaasseess  wwiitthh  tthhee  iinnccrreeaassee  ooff  tteemmppeerraattuurree..  TThhiiss  iiss  iinn  ccoonnttrraasstt  wwiitthh  ccoonndduuccttoorrss..  

  

                              TThhee  mmoosstt  ppooppuullaarr  sseemmiiccoonndduuccttoorrss  aarree  ggeerrmmaanniiuumm  aanndd  ssiilliiccoonn  iinn  wwhhiicchh  bboonnddss  aarree  ffoorrmmeedd  

bbyy  sshhaarriinngg  aaddjjaacceenntt  eelleeccttrroonnss..  WWhheenn  tthhee  tteemmppeerraattuurree  ooff  tthhee  ssoolliidd  iinnccrreeaasseess  eelleeccttrroonnss  tteenndd  ttoo  bbrreeaakk  

  

  

  

FFiigg  22..66..88  ::  CCOO22  ddyynnaammiicc  llaasseerr  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  1111  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

uupp  ffrroomm  tthhee  bbaanndd  aanndd  bbeeccoommee  ffrreeee..  TThhiiss  lleeaaddss  ttoo  ffoorrmm  aa  vvaaccaanntt  ssiitteess  ccaalllleedd  hhoolleess..  TThheessee  hhoolleess  

bbeehhaavvee  aass  eelleeccttrroonnss  bbuutt  wwiitthh  ppoossiittiivvee  cchhaarrggee..  WWhheenn  vvoollttaaggee  iiss  aapppplliieedd  aaccrroossss  tthhee  mmaatteerriiaall,,  

eelleeccttrroonnss  tteenndd  ttoo  ffllooww  ttoowwaarrddss  ppoossiittiivvee  tteerrmmiinnaall  aanndd  hhoolleess  tteenndd  ttoo  ffllooww  ttoowwaarrddss  nneeggaattiivvee  tteerrmmiinnaall  

lleeaaddiinngg  ttoo  ffllooww  ooff  ccuurrrreenntt..    

  

                    TThhee  eenneerrggyy  bbaannddss  ooff  aa  sseemmiiccoonndduuccttoorr  aarree  sseeppaarraatteedd  bbyy  eenneerrggyy  ggaappss  iinn  wwhhiicchh  nnoo  eenneerrggyy  

lleevveellss  eexxiisstt  ccaalllleedd  ffoorrbbiiddddeenn  ggaapp..  TThhee  ttyyppiiccaall  bbaanndd  ggaapp  eenneerrggiieess  aarree  00..7766eevv  ffoorr  ggeerrmmaanniiuumm  aanndd  

11..11eevv  ffoorr  ssiilliiccoonn..  TThhee  ffoorrbbiiddddeenn  ggaappss  ffoorr  iinnssuullaattoorrss  aarree  ccoonnssiiddeerraabbllyy  llaarrggeerr,,  ffoorr  eexxaammppllee  tthhee  

ddiiaammoonndd  hhaass  66eevv  eenneerrggyy  ggaapp..  AAtt  aabbssoolluuttee  zzeerroo,,  tthhee  eelleeccttrroonnss  ooccccuuppyy  tthhee  lloowweesstt  eenneerrggyy  lleevveellss  iinn  

vvaalleennccyy  bbaanndd  sseeppaarraatteedd  bbyy  aa  llaarrggee  eenneerrggyy  ggaapp  oovveerr  wwhhiicchh  eemmppttyy  ccoonndduuccttiioonn  bbaanndd  eexxiissttss  aass  sshhoowwnn  

iinn  tthhee  ffiigguurree..  

  

IInn  iinnccrreeaassiinngg  tteemmppeerraattuurree  ffrroomm  aabbssoolluuttee  zzeerroo,,  ssoommee  ttoopp  eelleeccttrroonnss  ffrroomm  vvaalleennccee  bbaanndd  ggaaiinn  

eennoouugghh  eenneerrggyy  ttoo  mmaakkee  aa  ttrraannssiittiioonn  ttoo  tthhee  ccoonndduuccttiioonn  bbaanndd..  TThhee  eelleeccttrroonn  tthhuuss  ttrraannssffeerrrreedd  

ccrreeaattee  aa  hhoollee  iinn  vvaalleennccee  bbaanndd..TThhee  eexxcciitteedd  eelleeccttrroonnaanndd  hhoollee  wwiillll  ttaakkee  ppaarrtt  iinn  tthhee  ccoonndduuccttiioonn  

pprroocceessss..  TThhee  eexxcciitteedd  eelleeccttrroonnss  wwiillll  ooccccuuppyy    lloowweerr  lleevveellss  iinn  ccoonndduuccttiioonn  bbaanndd  aanndd  tthhee  hhoolleess  ooccccuuppyy  

ttoopp  lleevveellss  iinn  tthhee  vvaalleennccee  bbaanndd..  

                              

                          CCoonndduuccttiioonn  bbaanndd  

                                

                            FFoorrbbiiddddeenn    

                                  rreeggiioonn  

                              

                        VVaallaannccyy  bbaanndd  

  

      

  

  

  

  

  

  

  

                              FFiigg::    22..66..99..    BBaanndd  ssttrruuccttuurree  iinn  aa  sseemmiiccoonndduuccttoorr          



  

MM..SScc..  PPhhyyssiiccss  1122  DDiiffffeerreenntt  LLaasseerrss  

  

  

  

  

  

  

  

  

  

  

    

  

  AA  pphhoottoonn  hhaavviinngg  eenneerrggyy  sslliigghhttllyy  ggrreeaatteerr  tthhaann  ffoorrbbiiddddeenn  ggaapp  eenneerrggyy  pprroodduucceedd    

ssppoonnttaanneeoouussllyy,,  wwiillll  ssttiimmuullaattee  llaarrggee  nnuummbbeerr  ooff  ddoowwnnwwaarrdd  ttrraannssiittiioonnss  ooff  eelleeccttrroonnss  ffoorrmm  tthhee  

ccoonndduuccttiioonn  ttoo  vvaalleennccee  bbaanndd  ttoo  pprroodduuccee  llaassiinngg  aaccttiioonn  iinn  tthhee  pprreesseennccee  ooff  ffeeeeddbbaacckk  mmeecchhaanniissmm  ..  

PPooppuullaattiioonn  iinnvveerrssiioonn  iiss  eeaassiillyy  pprroodduucceedd  tthhrroouugghh  tthhee  uussee  ooff  pp--nn  jjuunnccttiioonnss..  

  

  

  

  

  

  

  

  

  

  

  

DDooppiinngg  wwiitthh  aann  eelleemmeenntt  ccoonnttaaiinniinngg  ffiivvee    oouutteerrmmoosstt  eelleeccttrroonnss  ((aarrsseenniicc))  ttoo  aann  iinnttrriinnssiicc  

sseemmiiccoonndduuccttoorr,,  aann  nn--ttyyppee  eexxttrriinnssiicc  sseemmiiccoonndduuccttoorr  iiss  pprroodduucceedd..  TThhuuss  aa  ddoonnoorr  ccaann  ddoonnaattee  eexxcceessss  

eelleeccttrroonnss  ttoo  ccoonndduuccttiioonn  bbaanndd..    

  

  

  

  

  

  

  

  

  

  

  

  

pp--ttyyppee  nn--ttyyppee  

FFiigg::22..66..1111..  AA  pp--nn  jjuunnccttiioonn  

eelleeccttrroonnss  

hhoolleess  

CCoonndduuccttiioonn                    

bbaanndd  

VVaallaannccee  

bbaanndd  

FFiigg  ::  22..66..1100::  AAnn  eelleeccttrroonn  aanndd  hhoollee  mmaayy  ccoommbbiinnee  aanndd  iinn  tthhee  pprroocceessss  eemmiitt          

aa  pphhoottoonn  

++  

--  

LLaasseerr  

bbeeaamm  

FFiigg::  22..66..1122  AA  pp--nn  jjuunnccttiioonn  llaasseerr::  tthhee  llaasseerr  eemmiissssiioonn  iiss  ccoonnffiinneedd  ttoo  aa  vveerryy  nnaarrrrooww  

rreeggiioonn  aarroouunndd  tthhee  jjuunnccttiioonn..  



  

AACCHHAARRYYAA  NNAAGGAARRJJUUNNAA  UUNNIIVVEERRSSIITTYY  1133  CCEENNTTRREE  FFOORR  DDIISSTTAANNCCEE  EEDDUUCCAATTIIOONN  

  

  

SSiimmiillaarrllyy  bbyy  aaddddiinngg  aann  eelleemmeenntt  wwiitthh  tthhrreeee  oouutteerrmmoosstt  eelleeccttrroonnss  ((ggaalllliiuumm//iinnddiiuumm)),,  pp--ttyyppee  

eexxttrriinnssiicc  sseemmiiccoonndduuccttoorr  iiss  pprroodduucceedd..  TThhee  iimmppuurriittyy  wwhhiicchh  hhaass  ffeewweerr  vvaalleennccee  eelleeccttrroonnss  tthheenn  tthhee  hhoosstt  

iiss  ccaalllleedd  aann  ‘‘aacccceeppttoorr’’..  

  

AA  nnuummbbeerr  ooff  sseemmiiccoonndduuccttoorrss  ooff  eeiitthheerr  ffoorrmm  ccaann  bbee  pprroodduucceedd  bbyy  aaddddiinngg  ssuuiittaabbllee  iimmppuurriittyy  oorr  

aa  ddooppaanntt  ttoo  tthhee  mmaatteerriiaall..  TTeelllluurriiuumm  aaddddeedd  ttoo  ggaalllliiuumm  aarrsseenniiddee  mmaakkeess  iitt  aa  nn--ttyyppee  wwhhiillee  zziinncc  mmaakkeess  iitt  

pp--ttyyppee  sseemmiiccoonndduuccttoorr..  

  

IIff  aa  jjuunnccttiioonn  bbeettwweeeenn  pp--ttyyppee  aanndd  nn--ttyyppee  sseemmiiccoonndduuccttoorrss  iiss  ffoorrmmeedd,,  aann  eelleeccttrriicc  ffiieelldd  iiss  

ccrreeaatteedd  aaccrroossss  tthhee  jjuunnccttiioonn  bbyy  tthhee  ffllooww  ooff  eelleeccttrroonnss  ffrroomm  nn--ttyyppee  aanndd  hhoolleess  ffrroomm  pp--ttyyppee    

sseemmiiccoonndduuccttoorrss  ttoowwaarrddss  tthhee  jjuunnccttiioonn..  CCoonnnneeccttiioonn  ooff  ppoossiittiivvee  tteerrmmiinnaall  ooff  aa  DD..CC..  ssoouurrccee  ttoo  pp--ttyyppee  

aanndd  nneeggaattiivvee  tteerrmmiinnaall  ttoo  nn--ttyyppee  ,,  pprroodduucceess  aa  ffllooww  ooff  eelleeccttrroonnss  ffoorrmm  nn--rreeggiioonn  aanndd  hhoolleess  ffoorrmm  pp--

rreeggiioonn  iinnttoo  tthhee  jjuunnccttiioonn..  TThhiiss  rreeccoommbbiinnaattiioonn  ooff  eelleeccttrroonnss  aanndd  hhoolleess  pprroodduuccee  hheeaatt  iinn  tthhee  ccaassee  ooff  

ssiilliiccoonn  aanndd  ggeerrmmaanniiuumm  wwhhiicchh  aarree  ooff  nnoo  uussee  ffoorr  llaassiinngg  aaccttiioonn..  IInn  ggaalllliiuumm  aarrsseenniiddee,,  mmoosstt  ooff  tthhee  

eenneerrggyy  eemmiitttteedd  aappppeeaarrss  aass  lliigghhtt  aanndd  iitt  iiss  ffoorr  tthhiiss  rreeaassoonn  GGaaAAss  iiss  uusseedd  aass  sseemmiiccoonndduuccttoorr  llaasseerr..  TThhee  

wwaavvee  lleennggtthh  ddeeppeennddss  uuppoonn  aaccttiivvaattiioonn  eenneerrggyy  ii..ee..,,  rreeqquuiirreedd  ttoo  ffrreeee  vvaalleennccee  eelleeccttrroonn..  TThhiiss  iiss  11..44  eevv..  

ffoorr  ggaalllliiuumm  aarrsseenniiddee  ttoo  ggiivvee  aann  eemmiissssiioonn  aatt  99000000  AA
00
..  

    

  AA  rreessoonnaanntt  ccaavviittyy  iiss  ffoorrmmeedd  bbyy  cclleeaavviinngg  tthhee  jjuunnccttiioonn  eennddss..  AAtt  hhiigghh  ccuurrrreenntt  ddeennssiittyy  

ssuuffffiicciieenntt  eexxcciittaattiioonn  iiss  pprroovviiddeedd  ttoo  hhaavvee  mmoorree  nnuummbbeerr  ooff  eelleeccttrroonnss  iinn  ccoonndduuccttiioonn  bbaanndd  tthhaann  nnuummbbeerr  

ooff  hhoolleess  iinn  vvaalleennccee  bbaanndd  ttoo  pprroovviiddee  ppooppuullaattiioonn  iinnvveerrssiioonn..   

TThhee  llaasseerr  eemmiissssiioonn  ooccccuurrss  bbeettwweeeenn  ttwwoo  bbaannddss  ooff  11µµmm  tthhiicckknneessss..  AAss  tthhee  ssttiimmuullaatteedd  eemmiissssiioonn  ooccccuurrss  

bbeettwweeeenn  ttwwoo  bbaannddss  ooff  eenneerrggiieess,,  tthhee  eemmiissssiioonn  iiss  nnoott  aass  mmoonnoocchhrroommaattiicc  aass  tthhaatt  ooff  aa  rraaddiiaattiioonn  ffrroomm  

ggaass  llaasseerrss..    

  

                                              TThhee  ffiirrsstt  uusseeffuull  sseemmiiccoonndduuccttoorr  llaasseerr  ccoommppoosseedd  ooff  GGaaAAss  mmaatteerriiaallss  eemmiittttiinngg  aatt  00..88µµmm  

ttoo  00..99µµmm..  IItt  iiss  vveerryy  eeffffiicciieenntt  dduuee  ttoo  ddiirreecctt  ccoonnvveerrssiioonn  ooff  eelleeccttrriiccaall  ccuurrrreenntt  iinnttoo  lliigghhtt  eenneerrggyy  aanndd  

eexxttrreemmeellyy  ssmmaallll  iinn  ssiizzee..  TThhee  oouuttppuutt  bbeeaamm  ccaann  bbee  mmoodduullaatteedd  bbyy  mmoodduullaattiinngg  ddiiooddee  ccuurrrreenntt..  TThheessee  

llaasseerrss  ccaann  bbee  ooppeerraatteedd  ffoorr  CCWW  ooppeerraattiioonn  oonnllyy  aatt  llooww  tteemmppeerraattuurree  ((7777
00
kk  lliiqquuiidd  nniittrrooggeenn  tteemmpp))  



  

MM..SScc..  PPhhyyssiiccss  1144  DDiiffffeerreenntt  LLaasseerrss  

  

  

ppuullsseedd  ooppeerraattiioonn  ccaann  bbee  oobbttaaiinneedd  aatt  rroooomm  tteemmppeerraattuurree..  HHoowweevveerr,,  tthhee  iimmpprroovveedd  ddeessiiggnnss  lliikkee  

hheetteerroojjuunnccttiioonn  tteecchhnniiqquueess  eennaabblleedd  ttoo  pprroodduuccee  CCWW  ooppeerraattiioonn  aatt  IIRR  ttoo  UUVV  ffoorr  aa  vvaarriieettyy  ooff  

aapppplliiccaattiioonnss  ((00..55µµ..mm..  ttoo  22..22  µµ..mm))..  

  

  

22..66..77..HHoommoojjuunnccttiioonn  llaasseerrss::--  

      

    LLaasseerrss  ooff  tthhiiss  ttyyppee  ccoonnssiisstt  ooff  aa  ssiinnggllee  jjuunnccttiioonn  ooff  nn  aanndd  pp--  ddooppeedd  mmaatteerriiaallss..  DDuuee  ttoo  

llaarrggee  aammoouunntt  ooff  hheeaatt  ddiissssiippaattiioonn,,  tthhee  ggaaiinn  ttaappeerriinngg  ooccccuurrss  hheennccee  tthhiiss  ttyyppee  ccaann  bbee  eeffffeeccttiivveellyy  

ooppeerraatteedd  aatt  llooww  tteemmppeerraattuurreess..  TThhiiss  hhaass  hhiissttoorriicc  iimmppoorrttaannccee  rraatthheerr  tthhaann  pprraaccttiiccaall  uuttiilliittyy..  

  

  

22..66..88..HHeetteerroo  jjuunnccttiioonn  llaasseerrss::--  

  

    HHeetteerroo  jjuunnccttiioonn  llaasseerrss  ccoonnssiisstt  ooff  sseevveerraall  llaayyeerrss  ooff  vvaarriioouuss  mmaatteerriiaallss  ((sseemmii  

ccoonndduuccttiioonn  mmaatteerriiaallss  ddooppeedd  aanndd  uunn--ddooppeedd  aanndd  mmeettaalllliicc  llaayyeerrss  ffoorr  ccoonndduuccttiioonn  ooff  ccuurrrreenntt))..  AA  ssiinnggllee  

llaayyeerr  iinn  tthhee  cceenntteerr  ooff  tthheessee  llaayyeerrss--tthhee  aaccttiivvee  llaayyeerr  wwhheerree  iinn  ggaaiinn  iiss  pprroodduucceedd  ii..ee..,,  aa  ddiirreecctt  bbaanndd  ggaapp  

mmaatteerriiaall  iiss  aann  eeffffiicciieenntt  rraaddiiaattoorr,,  wwhhiillee  tthhee  aaddjjaacceenntt  llaayyeerrss  aarree  ooff  iinnddiirreecctt  bbaanndd  ggaapp  mmaatteerriiaallss..  TThhee  

mmaatteerriiaallss  mmoosstt  oofftteenn  uusseedd  aarree  eeiitthheerr  GGaa  AAss//AAllxxGGaa11--xx  AAss  oorr  IInn11--xx  GGaaxx  AAssyy  PP11--yy//  IInnPP  aarree  ooff  IIIIII  ––VV  

ggrroouupp  sseemmiiccoonndduuccttoorr  aallllooyyss..  ((xx  aanndd  yy  iinnddiiccaattee  tthhee  ccoonncceennttrraattiioonn  ooff  iimmppuurriittyy  mmaatteerriiaall))..  LLaasseerrss  ooff  IIII--

VVII  ccoommppoouunnddss  ssuucchh  aass  ZZnnSSee  hhaavvee  bbeeeenn  pprroodduucceedd  ttoo  ooppeerraattee  aatt  wwaavveelleennggtthhss  rraannggiinngg  ffrroomm  00..446600  ttoo  

00..553300  µµ..mm..  aatt  ccrryyooggeenniicc  tteemmppeerraattuurreess..  

      

  

22..66..99..CCoonnddiittiioonn  ffoorr  llaasseerr  aaccttiioonn::--  

  

    FFrroomm  FFeerrmmii--DDiirraacc  ssttaattiissttiiccss  tthhee  pprroobbaabbiilliittyy  ooff  ooccccuuppaattiioonn  ff  ((EE))  ooff  aannyy  eenneerrggyy  ssttaattee  

EE  iiss  ggiivveenn    
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      ff((EE))  ==______________11________________    

        11++eexxpp  [[((EE--FFoo))//KKTT]]  

  

                  wwhheerree  FF00  iiss  kknnoowwss  aass  FFeerrmmii  lleevveell  ffoorr  tthhee  ssyysstteemm  

          

                    wwhheenn  TT��00  
oo
kk,,  ff  ((EE))  ==  11  iiff  EE<<  FFoo  

          

            ==  00  iiff  EE>>FFoo  

  

TThhuuss  FFoo  FFeerrmmii  lleevveell  rreepprreesseennttss  tthhee  bboouunnddaarryy  bbeettwweeeenn  ffuullllyy  ooccccuuppiieedd  aanndd  ccoommpplleetteellyy  eemmppttyy  lleevveellss  

aatt  TT==00
00
kk..  

    TThhee  eelleeccttrroonnss  rraaiisseedd  ttoo  ccoonndduuccttiioonn  bbaanndd  ooccccuuppyy  tthhee  lloowweesstt  lleevveell  iinn  tthhaatt  bbaanndd..  TThhee  

eelleeccttrroonnss  iinn  tthhee  vvaalleennccee  bbaanndd  aallssoo  ddrrooppppeedd  ttoo  uunnooccccuuppiieedd  lloowweerr  lleevveellss  lleeaavviinngg  tthhee  ttoopp  ooff  vvaalleennccee  

bbaanndd  ffoorr  ‘‘hhoolleess’’  ttoo  ooccccuuppyy..  TThhee  pprroocceessss  tthhaatt  iinnccrreeaasseess  ppooppuullaattiioonn  iinn  CCBB  iinnccrreeaasseess  ff((EE))  bbyy  rraaiissiinngg  FF  

aabboovvee  eeqquuiilliibbrriiuumm  vvaalluuee  FFoo..  SSiimmiillaarriillyy  iinnccrreeaassee  iinn  hhoollee  ccoonncceennttrraattiioonn  lloowweerrss  FF  bbeellooww  FF00..  TThhuuss  

tthheerree  iiss  ppooppuullaattiioonn  iinnvveerrssiioonn  bbeettwweeeenn  ccoonndduuccttiioonn  aanndd  vvaalleennccee  bbaannddss  ssuuiittaabbllee  ttoo  llaassiinngg  aaccttiioonn..  

  

CCoonnddiittiioonn--  

    OOccccuuppaattiioonn  pprroobbaabbiilliittyy  ““ffcc  ((KKff))””  ooff  aannyy  ssttaattee  iinn  ccoonndduuccttiioonn  bbaanndd  iiss  eexxpprreesssseedd  iinn  

tteerrmmss  ooff  ddiiffffeerreenntt  FFeerrmmii  lleevveell  FFcc  aass    

                                                              

                                ffcc  ((kkff))==      ______________11________________    

                  11++eexxpp  [[((EE--FFcc))//KKTT]]  

  

                        ““FFcc””  iiss  ccaalllleedd  ‘‘qquuaassii--  FFeerrmmii  lleevveell’’  ooff  eelleeccttrroonnss  iinn  CC..BB..  

                        ““kkjj””  iiss  tthhee  wwaavvee  vveeccttoorr  ooff  tthhee  ssttaattee  ccoonncceerrnneedd..  

TThhiiss  lleevveell  sseeppaarraatteess  ffuullllyy  ooccccuuppiieedd  aanndd  eemmppttyy  lleevveellss  iinn  CC..BB..  
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SSiimmiillaarrllyy  ooccccuuppaattiioonnaall  pprroobbaabbiilliittyy  ooff  vvaalleennccee  bbaanndd  

  

        

    ffvv  ((kkii))  ==      ____________11________________    

            11++eexxpp  [[((EE--FFvv))//KKTT]]  

  

AAtt  eeqquuiilliibbrriiuumm  FFcc==FFvv==FFoo  

  

wwhheenn  lliigghhtt  bbeeaamm  iinncciiddeenntt  oonn  sseemmiiccoonndduuccttoorr,,  tthhee  nnuummbbeerr  ooff  qquuaannttaa  aabbssoorrbbeedd  ‘‘NNaa’’  ppeerr  uunniitt  ttiimmee  wwiillll  

bbee  pprrooppoorrttiioonnaall  ttoo    

11..  pprroobbaabbiilliittyy  ppeerr  uunniitt  ttiimmee  ooff  ddiirreecctt  ttrraannssiittiioonn  ffrroomm  VV..BB  ttoo  CC..BB  ––  BBvvcc  

22..  ddeennssiittyy  ooff  iinncciiddeenntt  rraaddiiaattiioonn  ρρ((ww))  

33..  tthhee  pprroobbaabbiilliittyy  ooff  tthhee  ccoonncceerrnneedd  ssttaattee  iinn  tthhee  vvaalleennccee  bbaanndd  bbeeiinngg  ooccccuuppiieedd  ffvv((kkii))  

44..  tthhee  pprroobbaabbiilliittyy  tthhaatt  uuppppeerr  ssttaattee  iinn  CCBB  iiss  eemmppttyy  [[11--ffcc((kkjj))]]  

  

NNaa  ==  AA  BBvvcc  ffvv((kkjj))[[11--ffcc((kkjj))]]  ρρ  ((ωω))  

  

                      NNuummbbeerr  ooff  qquuaannttaa  ‘‘NNee’’eemmiitttteedd  ppeerr  lliimmiitt  ttiimmee  bbyy  ssttiimmuullaatteedd  eemmiissssiioonn  iiss    

  

      NNee  ==  AA  BBccvv  ffcc  ((kkjj))  [[11--ffvv  ((kkii))]]  ρρ  ((ωω))  

  

                                            wwhheerree  ““AA””  iiss  aa  ccoonnssttaanntt  ooff  pprrooppoorrttiioonnaalliittyy  

    

FFoorr  aammpplliiffiiccaattiioonn  ttoo  ooccccuurr  NNee>>NNaa,,  aassssuummiinngg  BBvvcc==  BBccvv    

FFiigg  22..66..1133..  EEnneerrggyy  lleevveellss  ooff  aa  sseemmiiccoonndduuccttoorr  ((aa))  tt==00KK((bb))  

eelleeccttrroonnss  eexxcciitteedd  ttoo  tthhee  ccoonndduuccttiioonn  bbaanndd  

CC  CC  

VV  VV  

FFCC  

FFVV  

((aa))  ((bb))  

EEgg  EEgg  
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                        ssuubbssttiittuuttiinngg  aanndd  oonn  ssiimmpplliiffiiccaattiioonn..  

  

      FFcc((kkjj))  --  FFvv((kkii))        >>        EEcc((kkjj))--EEvv((kkii))  ==  ћћωω  

      

TThhee  rreeqquuiirreemmeennttss  ttoo  bbee  ffuullffiilllleedd  ffoorr  uussiinngg  sseemmiiccoonndduuccttoorr  aass  aa  llaasseerr  mmaatteerriiaall  aarree::  

11..  TTrraannssiittiioonn  pprroobbaabbiilliittyy  ffoorr  rraaddiiaattiivvee  ttrraannssiittiioonn  aaccrroossss  tthhee  ggaapp  mmuusstt  bbee  hhiigghh  aanndd  

mmuusstt  eexxcceeeedd  tthhee  pprroobbaabbiilliittyy  ffoorr  nnoonn  rraaddiiaattiivvee  ttrraannssffeerr  ooff  eenneerrggyy  ttoo  llaattttiiccee..  

22..  EExxcceessss  ppooppuullaattiioonn  sshhoouulldd  bbee  mmaaiinnttaaiinneedd  aaccrroossss  tthhee  ttwwoo  lleevveellss..  

  

PPooppuullaattiioonn  iinnvveerrssiioonn  iiss  oobbttaaiinneedd  bbyy  uussiinngg  sseemmiiccoonndduuccttoorr  iinn  tthhee  ffoorrmm  ooff  pp--nn  jjuunnccttiioonn  ddiiooddee  hheeaavviillyy  

ddooppeedd  wwiitthh  ddoonnoorrss  aanndd  aacccceeppttoorrss..  

  
IInn  nn--ttyyppee  eelleeccttrroonnss  ooccccuuppiieedd  uupp  ttoo  FFcc  iinn  CC..BB..  aanndd  iinn  pp--ttyyppee  hhoolleess  aarree  aaddddeedd  ddoowwnn  ttoo  FFvv  iinn  VV..BB..  TThhee  

eenneerrggyy  ddiiffffeerreennccee  bbeettwweeeenn  pp  aanndd  nn--rreeggiioonnss  iiss  tthhee  bbuuiilltt  iinn  vvoollttaaggee,,  tthhee  FFeerrmmii  lleevveellss  lliiee  iinn  tthhee  ssaammee  

hhoorriizzoonnttaall  lleevveell  dduuee  ttoo  ppootteennttiiaall  bbaarrrriieerr  ffoorrmmeedd  bbyy  eelleeccttrroonnss  ffllooww  ffrroomm  nn--rreeggiioonn  ttoo  pp--rreeggiioonn..  WWhheenn  

jjuunnccttiioonn  iiss  ffoorrwwaarrdd  bbiiaasseedd,,  eelleeccttrroonnss  ffllooww  ttoo  pp--ssiiddee  aanndd  hhoolleess  ttoo  nn--ssiiddee  aanndd  oovveerrllaapp  iinn  ppaarrtt  ooff  tthhee  

jjuunnccttiioonn  rreeggiioonn  oorr  ‘‘ddeepplleettiioonn  rreeggiioonn’’..  IInn  tthhee  ddeepplleettiioonn  rreeggiioonn  eelleeccttrroonnss  aanndd  hhoolleess  aappppeeaarr  iinn  hhiigghh  

ccoonncceennttrraattiioonn..  TThhee  ppooppuullaattiioonn  iinnvveerrssiioonn  iiss  ffoorrmmeedd  ffoorr  llaassiinngg  aaccttiioonn  iinn  tthhiiss  rreeggiioonn,,  wwhheenn  tthhee  ccuurrrreenntt  

ffllooww  tthhrroouugghh  ddiiooddee  eexxcceeeeddss  cceerrttaaiinn  tthhrreesshhoolldd  vvaalluuee..  TThhuuss  tthhee  iinnjjeeccttiioonn  ooff  eelleeccttrroonnss  aanndd  hhoolleess  iinnttoo  

jjuunnccttiioonn  rreeggiioonn  ffrroomm  ooppppoossiittee  ssiiddeess,,  ppooppuullaattiioonn  iinnvveerrssiioonn  iiss  ccrreeaatteedd  bbeettwweeeenn  ffiilllleedd  lleevveellss  iinn  CC..BB..  

aanndd  eemmppttyy  lleevveellss  aatt  tthhee  ttoopp  ooff  VV..BB..  TThhee  rreeccoommbbiinnaattiioonn  ooff  eelleeccttrroonnss  aanndd  hhoolleess  ggeenneerraattee  ccoohheerreenntt  

rraaddiiaattiioonn  wwhheenn  ccuurrrreenntt  ffllooww  iiss  aabboovvee  tthhrreesshhoolldd  vvaalluuee  ii..ee..  aa  ssttaaggee  wwhheenn  ggaaiinn  eexxcceeeeddss  tthhee  aabbssoorrppttiioonn  

oorr  lloosssseess  tthhee  llaasseerr  aaccttiioonn  iiss  ccoonnffiinneedd  ttoo  aa  vveerryy  tthhiinn  ppllaannaarr  jjuunnccttiioonn  rreeggiioonn..  

FFiigg  22..66..1144::  EEnneerrggyy  lleevveellss  ooff  aa  pp--nn  jjuunnccttiioonn  
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22..66..1100..IInnjjeeccttiioonn  llaasseerr::--  

  

      TThhee  ffiirrsstt  llaasseerr  iinnvvoollvviinngg  ttrraannssiittiioonn  bbeettwweeeenn  eenneerrggyy  bbaannddss  wwaass  rreeppoorrtteedd  bbyy  

HHaallll  eett  aall..  iinn  11996622  bbyy  ddiirreecctt  ccoonnvveerrssiioonn  ooff  eelleeccttrriiccaall  eenneerrggyy  iinnttoo  ccoohheerreenntt  eemmiissssiioonn  ffrroomm  GGaaAAss  pp--nn  

jjuunnccttiioonn..  

  

DDiiooddeess  uusseedd  wweerree  ccuubbeess  wwiitthh  eeddggeess  00..44  mmmm  lloonngg  wwiitthh  jjuunnccttiioonn  llyyiinngg  iinn  hhoorriizzoonnttaall  ppllaannee  

tthhrroouugghh  gguuiiddee..  TThhee  ffrroonntt  aanndd  bbaacckk  ffaacceess  wweerree  ppoolliisshheedd  ppaarraalllleell  ttoo  eeaacchh  ootthheerr  aanndd  ppeerrppeennddiiccuullaarr  ttoo  

tthhee  ppllaannee  ooff  tthhee  jjuunnccttiioonn  ttoo  ffoorrmm  aann  ooppttiiccaall  ccaavviittyy..  TThheessee  llaasseerrss  aarree  ccaalllleedd  iinnjjeeccttiioonn  llaasseerrss  ssiinnccee  

llaasseerr  aaccttiioonn  wwaass  ccrreeaatteedd  bbyy  cchhaarrggee  ccaarrrriieerrss  iinnjjeecctteedd  iinnttoo  sseemmiiccoonndduuccttoorr  ddiiooddee..  

  

  TThhee  aaccttiivvee  rreeggiioonn  ccoonnssiissttss  ooff  llaayyeerr  tthhiicckknneessss  ooff  mmiiccrroo  mmeetteerr  eemmiittss  aa  bbeeaamm  ooff  4400  mmiiccrroo  

mmeetteerr  wwiitthh  aa  ddiivveerrggeennccee  ooff  oorrddeerr  55
00
  ttoo  1155

00
..  

  

22..66..1111..IInnjjeeccttiioonn  llaasseerr  tthhrreesshhoolldd  ccuurrrreenntt::--  

  

  LLeett  ‘‘AA’’  bbee  tthhee  aarreeaa  aanndd  tthhiicckknneessss  bbee  ’’dd’’  ooff  tthhee  ddiiooddee..      

                                      NN22    bbee  tthhee  nnuummbbeerr  ddeennssiittyy  ooff  CC..BB  aanndd  

                                      NN11  ==  00  ooff  VV..BB..  tthhee  eelleeccttrroonnss  ddeeccaayy  ttiimmee  ττ11  tthhee  ccuurrrreenntt  rreeqquuiirreedd  ttoo                

                                                  mmaaiinnttaaiinn  uuppppeerr  ssttaattee  ppooppuullaattiioonn    

  

        II  ==  NN22  AAddee    

TTrraannssvveerrssee  pprrooffiillee  

ooff  eemmiitttteedd  lliigghhtt  

FFiigg::  22..66..1155::  iinnjjeeccttiioonn  llaasseerr  
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                                                                                                                    ττ11  

  TThhee  rreeqquuiirreedd  tthhrreesshhoolldd  ccuurrrreenntt  ddeennssiittyy  iiss  JJ  ==  II  //AA  ==  NN22ddee//ττ11  ≈≈  3355  ttoo  110000  KKAA//ccmm
22    

  

  

AAtt  TT>>  7777  kk,,    ““JJ””  iinnccrreeaasseess  rraappiiddllyy  dduuee  ttoo  ddeeccrreeaassee  ooff  pprroobbaabbiilliittyy  pprroodduucctt  rreessuullttiinngg  ddeeccrreeaassee  iinn  ggaaiinn..    

HHeennccee  iitt  iiss  nnoott  ppoossssiibbllee  ttoo  ooppeerraattee  aabboovvee  cceerrttaaiinn  tteemmppeerraattuurree  ““TTcc””..  CCWW  --oouuttppuutt  ppoowweerrss  uupp  ttoo  aa  ffeeww  

wwaattttss  hhaavvee  bbeeeenn  oobbttaaiinneedd  wwiitthh  GGaaAAss  llaasseerr  aatt  7777kk..  

  

  IInnAAss  aanndd  IInnSSbb  llaasseerrss  hhaavvee  bbeeeenn  ddeessiiggnneedd  bbyy  vvaarryyiinngg  ccoonncceennttrraattiioonnss  tthhee  oouuttppuutt  ccaann  bbee  ttuunneedd  

iinn  tthhee  rraannggee  55  ttoo  2255  µµmm  wwiitthh  aa  ffiinnee  ttuunniinngg  bbyy  vvaarryyiinngg  ccuurrrreenntt  iinnppuutt..  

  

AAddvvaannttaaggeess::--  

    CCoommppaacctt,,  ssiimmppllee  aanndd  eeffffiicciieenntt  dduuee  ttoo  ddiirreecctt  ccoonnvveerrssiioonn  ooff  ccuurrrreenntt  ttoo      

                                                ooppttiiccaall  eenneerrggyy  iitt  ccaann  bbee  lliinnkkeedd  ddiirreeccttllyy  ttoo  ffiibbeerr  ccoommmmuunniiccaattiioonn..  

  

DDiissaaddvvaannttaaggeess::--  

  

IItt  iiss  vveerryy  ddiiffffiiccuulltt  ttoo  ccoonnttrrooll  mmooddee  ppaatttteerrnn  ooff  tthhee  oouuttppuutt  ssppeeccttrraall  ppuurriittyy,,  aanndd    

mmoonnoocchhrroommaattiicciittyy  aarree  mmuucchh  ppoooorreerr  tthhaann  ggaass  llaasseerrss..  

  

22..66..1122..  SSuummmmaarryy::  

TThhee  ccoonnssttrruuccttiioonn  aanndd  wwoorrkkiinngg  ddeettaaiillss  ooff  rruubbyy,,  HHee--NNee,,  CCOO22  aanndd  sseemmiiccoonndduuccttoorr  llaasseerrss  aarree  ddeessccrriibbeedd..  

TThhee  mmeerriittss  aanndd  ddeemmeerriittss  ooff  eeaacchh  ccllaassss  ooff  llaasseerrss  aarree  mmeennttiioonneedd..  

  

22..66..1133..  KKeeyy  TTeerrmmiinnoollooggyy--    

**  RRuubbyy  rroodd  ffoorrmmaattiioonn  wwiitthh  ddooppeedd  CCrr
33++

  iioonnss..    

**  HHee--NNee  mmiixxttuurree,,  rreessoonnaannccee  ttrraannssffeerr  ooff  eenneerrggyy    

**  CCOO22  mmooddeess  ppff  vviibbrraattiioonn,,  NNiittrrooggeenn,,  HHeelliiuumm  aanndd  HH22oo  iinn  CCOO22,,  

**TTEEAA  llaasseerr,,  GGaass  ddyynnaammiicc  llaasseerr..  

**SSeemmiiccoonndduuccttoorr  llaasseerr,,  eelleeccttrroonn--hhoollee  rreeccoommbbiinnaattiioonn  hhoommee  jjuunnccttiioonn  aanndd  hheettrroo--jjuunnccttiioonn    

      llaasseerrss..  
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22..66..1144..  SSeellff  aasssseessssmmeenntt  qquueessttiioonn::  

11..  DDeessccrriibbee  tthhee  ccoonnssttrruuccttiioonn  aanndd  wwoorrkkiinngg  ooff  rruubbyy  llaasseerr..  

22..  EExxppllaaiinn  tthhee  ccoonnssttrruuccttiioonn  aanndd  wwoorrkkiinngg  ooff  HHee--NNee  llaasseerr  

33..  DDiissccuussss  tthhee  vvaarriioouuss  ttyyppeess  ooff  CCOO22--llaasseerrss..  

44..  HHooww  llaassiinngg  iiss  pprroodduucceedd  iinn  aa  hhoommoojjuunnccttiioonn  llaasseerr..  

55..  EExxppllaaiinn  tthhee  wwoorrkkiinngg  ooff  iinnjjeeccttiioonn  llaasseerr  wwiitthh  aaddvvaannttaaggeess  

  

22..66..1155..  RReeffeerreennccee  BBooookkss::--  

11..  LLaasseerrss  tthheeoorryy  aanndd  aapppplliiccaattiioonnss    KK..TThhyyaaggaarraajjaann,,  aanndd  AA..KK..GGhhaattaakk..  

22..  IInnttrroodduuccttiioonn  ttoo  llaasseerrss  aanndd  tthheeiirr  aapppplliiccaattiioonnss    DD..CC..  OOsshheeaa,,  WW..RR..CCaalllleenn  aanndd  WW..TT..  RRhhooddeess  

33..  LLaasseerr  aanndd  nnoonn--lliinneeaarr  ooppttiiccss  ––  BB..BB..LLaauudd..    

44..  LLaasseerr  FFuunnddaammeennttaallss  ––  WWiilllliiaamm  TT..SSiillffvvaasstt
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Unit III 

LESSON-1 

HOLOGRAPY-BASIC PRINCIPLES 
 

Objective: To present the rudiments of holography like hologram construction and reconstruction 
and basic required conditions. 

        

Structure   

 
3.1.1     Introduction 

3.1.2.    Principle of Holography 

3.1.2.1. Hologram recording 

3.1.2.2. Reconstruction of the image 

3.1.3.  Basic theory of hologram 

3.1.4. The hologram Stability, Coherence and other requirements 

3.1.5.   Distinguishing characteristics: 

3.1.6.   Holographic Recording materials 

3.1.7. Summary  

3.1.8.   Key terminology 

3.1.9.   Self assessment questions 

3.1.10. Reference books 
 

3.1.1 Introduction: - The conventional method of recording optical images is the photographic 
method in which the intensity variations are recorded on a photograph on two dimensions. The 

third dimension i.e. the depth of the scene is not at all recorded. Fundamentally a new concept of 
recording optical images with full information (three dimensional aspects) is known as 

Holography. The word holography originates from the Greek word ”holos”, meaning the whole. 
Holography means ‘complete recording’. This technique involves the complete recording of the 

amplitude of the scattered object wave and phase components using the interference technique. In 
1947, Danish Gabor proposed and demonstrated this idea using mercury arc lamp as a source of 

light. However, till the advent of laser this idea has not been used by scientific community for 

want of proper source. Leith and Upatnicks have successfully produced laser holograms using off-

axis method of recording technique. Thus laser by virtue of its large coherence length has become 

an indispensable tool in the development of various holographic techniques of paramount 

importance. This can be understood as given below. 

 

 Let us first consider some very general properties of waves and their interference. We 

know that an atom consists of positively charged nucleus with electrons revolving around it in 

their respective orbits. A collision with an incoming electron or atom results into the transfer of 

energy to the atom which causes an electron in the atom to be shifted to a higher level. In this 

state, the atom possesses more energy than in the ground state and is unstable. After about 10
-8

 
seconds, the atom spontaneously returns to its ground state emitting the excess energy in the form 

of radiation. When an assembly of excited atoms lose their excitation energy by emitting at 
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random moments randomly phased wave-packets, interference of these waves resulty and what is 

observed is some mean amplitude of resultant emission. 

 

 Let us consider the disturbance produced by the simultaneous action of a number of 

oscillators. Let ψ1 , ψ2 ….. be the disturbances produced by individual oscillators. The resultant 

disturbances can be found using the principle of superposition-a physical hypothesis which can 

states that for light waves, the disturbance at a point due to the passage of a number of waves is 

equal to the algebraic sum of the disturbances produced by individual waves. Since the 

calculations based on this principle can give satisfactory explanation of the observed effects, the 

principle can be considered as having been confirmed. 

Therefore 

  
1 2

.......(5.1)ψ ψ ψ= + +         ……3.1.1. 

Consider an extended source of light consisting of idealized two-level atoms capable of emitting at 

frequency w. of the total light received at a point Q, (Fig. 3.1.1.)some will come from an atom A1, 
some fromA2, and so on, each acting independently. The waves are randomly phased and we may 

write for a typical wave 

( )( )exp _______(5.2)k k ka i tψ ω δ= +     …….3.1.2. 

Where ak is the amplitude of the wave and  δΚ is the phase angle. 

 
 

 

 

 

 

 

  

Fig. 3.1.1. Light received at a point Q from an extended source. 

 

 Classically the energy of the wave is proportional to ak
2. writing Eq(3.1.2) can be expressed as 

( )( ) ( ) ( ){ }exp cos sin __(5.3)k k k k k ka i X a X i Xψ δ δ δ= + = + + +  …..3.1.3. 

By the principle of superposition, the resultant disturbance is given by 
 

( ) ( )

( )
( )

cos sin

cos sin exp ____(5.4)

cos cos

k k k

k k k

k k

k

X i X

A iA A i

A a X

ψ ψ δ δ

ψ

δ

= = + + +

= ∆ + ∆ = ∆

∆ = +

∑ ∑ ∑

∑
   ……3.1.4. 

Where we have to put, 

( )

( )

cos cos

sin sin

k k

k

k k

k

A a X

A a X

δ

δ

∆ = +

∆ = +

∑

∑
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And,   hence, the energy of the resultant wave is proportional to A2 given by 

( ) ( )

( ) ( ){ }
( ) ( ) ( ) ( ){ }

2 2

2

2 22

cos sin

cos sin

cos cos sin sin

k k k k

k k

k k k

k

k j k j k j

k j
k j

A a X a X

a X X

a a X X X X

δ δ

δ δ

δ δ δ δ

≠

   
= + + +   
   

= + + +

+ + + + + +

∑ ∑

∑

∑∑

 

( )2 cos _____(5.5)k k j k j

k k j
k j

a a a δ δ

≠

= + −∑ ∑∑ ……..3.1.5. 

Since the phase differences vary in a random way, the average value of the summation of the cross 

products in the second term will be zero. Because for every possible positive value of any term 
there will be equally probable negative value. 

Therefore 2 2 _____(5.6)k k

k k

a naψ ψ= = =∑ ∑  ………3.1.6. 

Where n is the number of excited atoms and a
2
 is the mean square amplitude of disturbances. We, 

thus, see the intensity of illumination –which is proportional to the energy of the waves-is 
proportional to the number of excited atoms. 

 
Suppose now that by introducing some sort of device we can make the atoms to emit waves which 

have the same phase, say in which case eq(3.1..4) takes the form 

{ }
{ }

( )

1

2

'

cos( ) cos( )

cos( ) cos( ) ....

cos( )

cos sin ______(5.7)

k

k

a X i X

a X i X

X a

A i

ψ δ δ

δ δ

δ

= + + +

+ + + + +

= +

= ∆ + ∆

∑   3.1.7. 

That is , 

'

'

cos cos( )

sin sin( )

k

k

k

k

A X a

A X a

δ

δ

∆ = +

∆ = +

∑

∑
 

 

( )2
'2 2 2 2

k

k

E A a na n a− − 
∝ = = = 

 
∑  the intensity is proportional to the square of the number of 

excited atoms and hence, is much higher than the intensity of the resultant wave produced by 
randomly phased waves. It is thus obvious that in order to increase the intensity, the atoms must be 

made to emit waves that are in phase. This leads us to the question of coherence-a property closely 
linked with the functioning of a laser. 

 

 In the plane of photographic emulsion, let the amplitude distribution is 

 A(x,y) exp [i φ(x,y)] where  A (x,y) and φ (x,y) are real functions of x and y (x,y plane). The 

recorded pattern is proportional to |A(x, y) eiφ(x, y) |2 = A2(x, y) in which phase information φ(x, y) 
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is missing. But holographic record contains both the distributions of amplitude and phase. Gabor 

has shown that the information of both amplitude and phase can be recorded by using the 

interferometric principle. The scattered wave from the object is made to interfere with a reference 

beam obtained from the same coherent source. The record of the resulting characteristic 

interference pattern is called a hologram. When this microscopic interference pattern (hologram) is 

viewed it will not resemble the object in any aspect as is seen in an ordinary photographic negative 

or positive. However, the object can be observed with the three dimensional information through a 
procedure known as wavefront reconstruction. 

 
3.1.2.Principle of Holography:-   

 
Holography is a two step process consisting of  

                      1) Hologram recording 
                      2) Reconstruction of the image. 

3.1.2.1. Hologram recordingThe experimental set-up is shown in fig 3.1.2.   

 
Fig. 3.1.2.   
 

A collimated coherent beam is made into two parts by a beam splitter. One part of the 

coherent beam is allowed to fall on a mirror and the remaining part is made to fall on the object. 

The light scattered by the object and the beam reflected by the mirror are made to incident on a 

photographic plate with an angle θ in between them. The resulting interface pattern of the above 
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two coherent beams recorded on the photographic plate is called the hologram. Assuming the 

plane of the photographic plate as x-y plane, and O(x, y) and R(x, y) represent the fields due to 

object wave and reference waves on photographic plate plane.  

The resultant field on the plate is given by 

 U(x, y) = O (x,y) +R (x,y) 

As the photographic plate responds only to intensity variation, the intensity 

 I (x, y) = | U (x, y) | 2 = | O (x, y)| 2 + | R (x, y)| 2 + O (x,y) R* ( x,y)  

                                                                                           +O*(x, y) R(x, y)                                                                 

Considering time averaging, the resultant pattern recorded on photographic plate after suitable 

development; represents the hologram of the object. 

 

3.1.2.2 Reconstruction of the image 

 For reconstruction of an image, the hologram is illuminated by the same reference wave at 

same angle. The amplitude of the transmitted wave depends on the exposure given on the 

photographic plate. The exposure is the product of intensity falling on the plate and exposure time. 

Confining to the linearity of Transmittance- Exposure curve, the transmittance is linearly related to 

the exposure I 

 

 

 

 

 

 

 

 

3.1.3. Exposure and transmittance of photgraphic film. 

 

T = I 

 

 As the hologram is exposed to reference wave R(x,y),  then the field emerging from the 

hologram is  
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  φ(x, y) = T(xy) R(xy) = [ |Oxy|
2
 + |R(xy)|2 ] R(xy) + Oxy  |R(xy)|

2 
+ O* xy R(xy) R(xy)      

     

 Assuming that the reference wave is plane wave with its propagation vector lying in x-z 

plane, then  

 R(x,y) = Ro exp (-ikx sinθ) 

                   Where ksinθ and kcosθ represent x and z components of K. 

      φ = [| Oxy|
2
 + Ro

2
 ] Ro e

-ikx sinθ 
+ Oxy Ro

2
 + Ro

2
 O*xy e

-2ikxsinθ
 

 

The first term on RHS corresponds to a wave propagating in the direction of reference wave with 
an amplitude distortion. 

The second term is proportional to the object wave Oxy only. 
 

The third term is proportional to O* xy which is the conjugate of the object wave. This wave in 

general produces a real image lying on the opposite side of the hologram as shown in fig (b); 

Additional phase term not only tilts the wave but also introduces distortion in the image. 

 

3.1.3.  Basic theory of hologram 

 

To understand the various characteristics of hologram it is necessary to discuss the theory on 
which holography is based. 

          Let us first consider the case of a small object, but most of the light falls undisturbed on a 
photographic plate. The light scattered or diffracted by the object also falls on the plate where it 

interferes with the direct beam-the reference beam. To find the intensity at a point O on the plate, 
we may write the field arriving at O as E=Er +Eo -----(12.1)  3.1.8. 

 

 

 

 

 

 

 

 

 

 Fig 3.1.4. Hologram of a point object. 

 

 

Where Er is the field due to the reference beam and Eo  is the field scattered from the object. The 

scattered field Eo is not simple, both amplitude and phase vary greatly with position. The reflected 
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wave-fronts are spherical and concentric around the point of origin. We represent the field of such 

a wave-front by  

                 Eo =(Ao /ro ) exp (i(kro -ωt))------(12.2)  3.1.9. 

And the field Er by the plane wave Er =Ar exp (i(kzo -ωt))------(12.3)   3.1.10. 

Where ro =PO and zo is the distance from P to the plate. 

 

 

 

 

 

 

 Fig. 3.1.5.  Reconstruction of the image 

 

 The intensity at O is 

 I=(Er +Eo )
2  

              = |Ar |
2 
+(Ao 

2 
/ro 

2 
) +(Ao Ar /ro)exp (ik(ro –zo )) +(Ao Ar/ro)exp (ik(zo –ro))………12.4)3.1.11 

choosing the constants K and φ suitably we can combine the last two terms from the above relation 

and write it as  

      I = Ar
2
 +(Ao

2
/ro

2
) +K[cos(k(ro-zo)+φ)/ro]--------(12.5)3.1.12. 

Because of the cosine term, the total intensity I as a function of ro shows a series of maxima and 

minima. The interference of the plane wave Er with the spherical wave Eo,thus produces a set of 

circular interference fringes on the plate which, when developed, forms the hologram. If we 

assume that the plate response is proportional to the intensity I, the power transmission of the 

plate, T2, is given by T2=1-αI---(12.6)3.1.13. 

Or T≅ 1-(1/2)αI ---------(12.7)3.1.14. 

Where α is a constant. 

      Let us now see what happens when this hologram is illuminated by the reference beam. The 

field of the transmitted wave is  

                   E =TEr =(1-α/2I)Arexp(i(kzo-ωt)) 
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                               ={1-α/2 Ar
2
 -α/2(Ao

2
/ro

2 
)}Ar exp(i(kzo-ωt)) -α/2(AoAr/ro) exp(Ik(ro-

zo))Arexp(i(kzo-ωt)) -α/2(AoAr/ro) exp(ik(zo-ro) Arexp(i(kzo-ωt)) 

                               = {1-α/2 Ar
2
 -α/2(Ao

2
/ro

2 
)}Ar exp(i(kzo-ωt)) –(αAoAr

2/2ro)exp(i(kro-ωt)) –

(αAoAr
2/2ro)exp(i(2kzo-kro-ωt))---------------(12.8)  3.1.15. 

Where we have used (12.4).3.1.11. 

The first term of (12.8)3.1.15. represents the same plane wave beyond the plate as the one incident 

on it, except for the attenuation corresponding to the average blackening of the plate.  The second 

term represents a diverging spherical wave surface identical with the wave surface emitted by the 

object except for a constant factor.    This wave surface when projected back seems to emanate 

form an apparent object located at the place where the original object was located.  This is the 

virtual image of the object. The third term represents also a spherical wave surface which is a 

replica of the original wave but has a conjugate or reverse curvature. It converges at a point 

P
1
producing a real image at this point which can be photographed without a lens. The hologram 

thus produces a virtual image P and a real image P
1
. 

                The general theory of holography is too cumbersome to pursue further.  We can 

however, generalize the treatment given above for a point object to an object of finite size. As 

before the intensity at the point O is  

                    I =(Er+Eo)
2
=Er

2
+Eo

2
+EoEr

∗
+Eo

∗
Er. ……….9  3.16. 

                 When the hologram is illuminated by the reference beam, the field on the other side of 

the plate is  

                      E =TEr ={1-α/2Er
2
 -α/2Eo

2
}Er-α/2EoEr

2
-α/2Eo

∗
Er

2
----------(12.10)3.1.17 

As before the first term gives the attenuated reference wave the second term produces the virtual 

image and the third term produces a real image of the object at a position which is the mirror 

image of the virtual image with respect to the plate. 

Equation (12.10)3.1.17. shows how holography allows us to make a complete record of the wave 

coming from the object. In the absence of the reference beam the blackening of the plate would be 

proportional to Eo
2 i.e. only the modulus of Eo would be recorded. This means that only the 

amplitude information would be recorded and the phase information is thereby lost. Because of the 

presence of the reference wave, the field recorded on the plate is proportional to Eo as can be seen 

from the second term of (12.10)3.1.17., i.e. both amplitude and the phase are recorded thus making 

the complete reconstruction of the object possible. 

 



 

 

 

ACHARYA NAGARJUNA UNIVERSITY         9       CENTRE FOR DISTANCE EDUCATION 

           Gas lasers operating in the continuous wave (cw) mode, are often used for holography 

because their coherence is high. However, their emitting power being low, time of exposure has to 

be large. And, hence, moving objects can not be holographed using gas lasers. Pulsed solid state 

lasers make it possible to cut down the exposure to about 10
-3

 sec and, hence, can be used to 

holograph moving objects and to record the development of a process in time.           

 

As the phenomenon involves interference, the radiation should strictly obey certain 
coherence conditions. The microscopic interference pattern should be stable during recording 

time. The maximum path difference must be less than the coherence length of the beam.  The 
reconstruction wave must be sufficiently spatially coherent to cover the entire hologram for better 

resolution.  Moving objects cannot be holographed using CW gas lasers. Pulsed solid state lasers 

are used to holograph the moving objects with ≈ 10
-3 

sec exposure 

 

3.1.5. The hologram Stability, Coherence and other requirements:-  

 
A non planar reference wave interferes with an arbitrary object wave on the surface of 

photographic emulsion plate to form a hologram. In very small segments, the curved wave fronts 

are approximated as planar segments making an angles θ0 and θr with photographic plate which 

change from region to region. However, interference pattern produce a random grating with a 

spatial frequency ‘fg’ 

 

                              
λ

θθ r
g

SinSin
f

−
= 0             

 

In the process of reconstruction also, the reference wave makes an angle θr with hologram to 

produce the exact object wave in that small particular portion. The entire object wave is 

reconstructed with proper resolution by the entire hologram.  

 

For an exact re-production of object wave, certain conditions have to be satisfied: 

It is desirable to arrange the incidence of reference wave and object wave from two different 

directions so that the eye can only view the object wave on reconstruction. The maximum path 

difference between object wave and reference wave should be less than the coherence length of the 
beam, from the position of beam splitter. A geometric drawing will help to have equal path lengths 

for both object wave and reference waves.  The experimental setup should be arranged on a rigid 
and vibration free environment so that the interference pattern is stable during recording time. 

The intensity of the reference wave should be constant and uniform across the holographic plate 
for proper reconstruction of the object wave. The optical components and the object should be 

rigidly fixed to a metal table top by magnetic clutches. The air through which beams are passing 
should remain relatively still to avoid variation of refractive index of air. Variations in refractive 

index of the medium are responsible for washing out of the hologram. The hologram recording 

facilities are often typically rigid and supported by pneumatic cylinders to avoid even the small 

room vibrations caused by neighboring road traffic. 
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3.1.5. Distinguishing characteristics: 

HOLOGRAPH PHOTOGRAPH 

1) It is quite non-intelligible . Since it is an 

interference pattern of microscopic nature. 

1) Every detail is seen clearly 

2) The virtual image formed on 

reconstruction is completely three 

dimensional form. On tilting the position of 

head one can notice the objects behind the 

foreground. New things can be seen on 
changing the angle of vision 

2) Same  two dimensional scene can be 

seen in any angle of vision. 

3) Each part of the hologram receives light 

from all parts of the object.                             

Therefore contains information about all 

the geometrical characteristics of the entire 

object. Consequently division of a 

hologram into separate pieces does not 

erase a specific portion of the image. Every 
piece can be used for reconstruction to get 

entire object image with limited resolution. 

3) Destruction of a photograph results an 

irreparable loss of information 

corresponding to a part of the object 

4) It is reliable storage of information/data 

and can be shared/used by different persons 

at the same time 

4) The stored information is incomplete 

and can not be used simultaneously in 

pieces. 

5) It has got enormous information storage 

capacity since different scenes can be 

holographed on the same plate by changing 

the position of the plate through a small 
angle. Retrieval of the information can be 

made through orientation of the plate w.r.t 
incident reference wave. A single hologram 

of 10 x 10 cms can contain one volume of 
information. 

5) Super position of several scenes on the 

same photographic plate is an useless act. 

6) The hologram itself a negative and the 
virtual image it produces is a positive. 

A hologram can be copied by contact 
printing and can be used for reconstruction 

purpose. 

6) Positives are obtained from negatives 
only. 

7) High resolution photographic emulsions 

having spatial frequency resolution   3000 
lines/mm are required 

7) Low resolution films are sufficient 

8) Specialized recording equipment is 
needed 

8) Ordinary camera equipment is sufficient. 
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3.1.6. Holographic Recording materials:- 

 The photosensitive material coated on optically plane glass plate should be capable of 

recording interference pattern in microscopic scale, since the spatial frequency of the sinusoidal 

interference pattern is approximately a few thousand lines per mm ≈ (2000 lines/mm). Eastman 

kodak type 649 F and Agfa Gavaert type 8E70 photographic emulsions are suitable for large 

exposures to give good transmittance values. High resolution photographic plates and films should 

be used for recording holograms, where as ordinary photographic film intended to record intensity 

variation need not be of high resolution type. 

 

In later development, photoresist, thermoplastics and photopolymers are also used as hologram 

recording materials.  Photoresists commonly used in the manufacture of integrated electronic 

circuits, are photosensitive materials that form a surface relief pattern on exposing and processing. 

When the exposure is made from holographic interference pattern, the resultant relief hologram 

can be used as a master for pressing soft plastic replica phase holograms for mass-production. The 

principal disadvantage of photoresist materials is of low sensitivity. Thermoplastics and 

photopolymers are often used in real time holographic applications. The materials are quite 
inexpensive and of low sensitivity. In data storage applications, photo chromatics and electrooptic 

crystals are also in use. 
 

 
3.1.7. Summary of lesson: - Holographic construction and reconstruction procedures have been 

described. The distinct qualities of a hologram and an ordinary photograph have been presented. 
The properties of various holographic recording materials have been described. 

 

3.1.8. Key terminology: - Object wave- Reference wave – Hologram- holographic recording             

materials - Coherence length – Vibrationless experimental setup. 

 

3.1.9.  Self assessment questions 

1. Distinguish between a hologram and a photograph. 

2. Describe the construction of a hologram and reconstruction of the optical image. 

3. What are the important conditions to take care while recording a hologram? 

4. What are the different materials used to record a hologram and explain their characteristics? 

5. Explain the analysis of various images with properties obtained during reconstruction. 

 

3.1.10.  Reference and Text books 

1. Introduction to lasers and their applications by D.C.Oshea, W.R. Callen and W.T. Rhodes, 
Addison-Wesley publishing Co.,  1978.  

2. Laser & Non linear optics by B.B.Laud, New Age International Pvt. Ltd., Publishers, 2001. 
3. Contemporary optics by A.K Ghatak & K. Thyagarajan, Plenum Press, 1978. 
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Unit III 

Lesson – 2 

    TYPES OF HOLOGRAMS 

 

Objective: - To describe various types of holograms qualitatively. 

Structure 

3.2.1.    Introduction to types of holograms 

3.2.2.    Absorption hologram 

3-2-3.   Phase hologram 

3.2.4.    In-line hologram 

3.2.5.   Off-axis hologram 

3.2.6.   Bragg-effect hologram 

3.2.7.   White-light hologram 

3.2.8.   Multiplex hologram 

3.2.9.   Computer generated hologram 

3.2.10. Fourier transform Hologram 

3.2.11. Volume Hologram 

3.2.12. Reflection Hologram 

3.2.13. Summary 

3.2.14. Key Terminology 

3.2.15. Self assessment questions 

3.2.16. Reference and text books 

  

3.2.1.   INTRODUCTION TO TYPES OF HOLOGRAMS:- 

The valid assumptions made for the discussion on most of the holograms are: 

1. Hologram modifies only the amplitude of the transmitted light in the reconstruction   

      process and does not effect the phase of light. 

2. The diffraction effects leading to reconstructed image can be regarded as taking place  

       in a very thin layer essentially within a thin plane: 



 

 

M.Sc. Physics 2 Type of holograms 

 

 

 

3.2.2.  Absorption hologram:-  

The first distinction between different holograms is made on the way in which light is diffracted 

by the hologram. In absorption holograms, the amplitude of the incident light is modified in the 

reconstruction process through the absorption by dark areas in the developed emulsion. 

 

3-2-3.  Phase hologram:- 

 In another class of hologram called phase hologram in which optical phase of the incident light is 

modified in the reconstruction without modifying the amplitude of the light. A phase hologram 

can be obtained by bleaching, the conventional absorption hologram. Bleaching is the replacement 

of silver in the developed emulsion with some transparent salt of silver (silver bromide). This salt 

will produce local variations in the refractive index of emulsion. These will produce a local 

variation in the refractive index of emulsion. These will introduce corrugations in the reference 

wave so that a replica of original object wave is produced in the reconstruction process. The 

advantage of phase hologram is high diffraction efficiency. The reconstructed image from a phase 

hologram is generally much brighter than the image obtained from absorption holograms. 

 

 The second distinction between holograms is much on the basis of thickness on volume of 

holographic emulsion. Based on the angle between the reference wave and object wave at the 

emulsion plane, the holograms are classified as: 

1) in-line hologram   

2) off-axis reference wave holograms  

3)    Bragg-effect hologram 

4)    White-light holograms 
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Fig. 3.2.1.: Interfering plane (PW) and spherical wave (SW), represented by dashed 

lines, produce different grating characteristics in the holographic emulsion. Light 

lines show loci of interference maxima, where film exposure would be greatest.  Thick 

and thin holographic emulsions are shown in four locations: 1. On-axis, 2. Off-axis 

reference wave, 3. Bragg-effect, and 4. White-light. 
 

As shown in figure 3.2.1., the variation of the angle between reference wave and object wave can 

be made by positioning the holographic plate at different angular locations with reference to the 

above two wavefronts. 
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Plane waves (PW) interfere with spherical waves (SW) from source and interference maxima are 

shown. Holographic plates placed at different locations, intercepts the interfering waves. 

 

 

3.2.4 In-line hologram:- 

The hologram recorded by placing the holographic plate at position 1 as recorded by Gabor in 

1948, is called in –line hologram.  The reference wave and object waves almost incident on the 

plate at same angle. Hence, in the reconstruction both virtual and real images are not separated to 

give clarity. On the other hand both will superpose one over the other and gives a very clumsy 

view due to psuedoscopic nature of the real image. 

 

3.2.5 Off-axis hologram:-  

The technique was developed by Leith and upatnicks in 1962. Holographic plate located at 

position (2) at which both the waves incident at different angles. On reconstruction, the real and 

virtual images are clearly separated for an observation of three dimensional effects in virtual 

image. For small angular offset and for emulsions of not thick, the interference fringes will have 

large separation compared to thickness of emulsion. 

 

3.2.6 Bragg-effect hologram:-   

As the angle of the reference wave increases around 90
0
 in position (3), the fringe spacing of 

interference fringes becomes quite small. For an emulsion 12-15 microns thickness, Bragg effect 

hologram can be reconstructed only if the reference wave is incident at original recording angle. 

 

3-2-7 White-light holograms:-   

These are known as Lippman-Bragg, reflection, or Denisyuk holograms invented in 1962. 

Holographic plate located at position  

(4) records the interference fringes parallel to the emulsion. Thick emulsions in which several 

dozen fringes are recorded in its volume, can be used not only for reconstruction but also as an 

interference filter, for filtering out all but narrow band of colors. Holograms recorded in this 

position (4) are referred as white-light holograms because they can be used for reconstruction with 
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white light. The images reconstructed with white light are exceptionally bright and are called 

Rainbow holograms. 

 

 

3-2-8 Multiplex hologram:-  

This is another type of white light hologram, which can produce motion as well as depth. The 

construction involves a motion picture camera working in relatively circular motion about the 

object. The motion picture film is developed and a multiple hologram is made by imaging single 

frames of film in sequence along with the reference wave onto a holographic films. 

 

 The developed and bleached hologram is bent into a cylinder and illuminated by a small 

line source along the cylinder axis. The successive frames recorded by camera in motion on the 

holographic film corresponding to viewing the object at different angles produce an illusion of 

depth. The new techniques can enable us to have holographic motion pictures in future. 

 

3-2-9 Computer generated holograms:-  

The mathematical description of an object an enable the computer to generate the interference 

fringe pattern similar to that of the pattern of a hologram. These can be plotted with X-Y plotter 

and photo-reduced to scale. This is exposed to a reference wave for reconstruction and examined 

from number of perspectives. The disadvantage is the need for great amount of computer 

processing time. However, they will play an important role in the area of optical data processing 

and in testing optical elements. 

 

3-2-10 Fourier transform Holograms:-  

Holograms made with a finite distance from the object are called Fresnel holograms. It is known 

that the field distribution at the back focal plane of a lens is the Fourier transform of the field 

distribution at the front focal plane of the lens. Thus the recorded Fourier transform at the back 

focal plane of the lens will also contain all the information about the object. 
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Procedure: - In order to record a Fourier transform hologram, the object transparency is placed at 

the front focal plane of the lens and is illuminated by a plane wave. A photographic plate placed at 

the back focal plane and is illuminated by a plane wave that forms the reference wave. 

               

   

         

Fig. 3.2.2.:  Recording of a Fourier transform hologram 

The photographic plate records the resulting interference pattern formed between plane reference 

wave and the Fourier transform of the object transparency. Recorded pattern is known as Fourier 

transform hologramThe reconstruction of the object transparency can be made by placing a lens in 
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front of the hologram and illuminated with a plane wave as shown in figure 3.2.3.   

  

Fig. 3.2.3. Reconstruction of a Fourier transform hologram 

 

The two reconstructed images lie on the back focal  plane of the lens. The primary and 

conjugate images are situated at the back focal plane and selecting proper values of ‘a’, the 

primary and conjugate images can be separated. The conditions to be satisfied are 2a ≥ 3b and a ≈ 

θf, θ ≥ 3b/2f to obtain two clear images, where ‘a’ is minimum offset distance of a point reference 

source and ‘b’ is the width of transparency. 

 

 Fourier transform holograms are widely used in Character recognition problems. Detection 

of isolated signals from random noise with high resolution. 
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3-2-11 Volume Holograms:-  

In plane holograms the photographic emulsion thickness is negligible compared to fringe spacing 

of a few microns. When emulsion thickness is in between 5 to 20 µm, the whole volume of 

emulsion takes part in reconstruction. Such holograms are called as volume holograms. 

 The interference between two inclined plane waves, the planes of the fringes bisect the 

propagation directions and forms fringes with separation ‘d’ according to: 

  

                             2d sin θ = λ 

 

 For reconstruction, the fringe system is illuminated by another plane wave. The waves 

reflected from different planes differ in phase and interfere constructively or destructively 

depending upon reflective phase differences for maximum intensity the illuminating angle is either 

θ or ( Π - θ) . At other angles, the reconstructed image is very weak. At an angle θ, virtual image 

is reconstructed while at (Π -θ) real image is reconstructed. Due to this directional sensitivity, 

volume holograms find application in information storage. Various pages of a book can be stored 

throughout the volume of emulsion. Each page is recorded by changing the orientation of the 

reference beam. Since the information is stored throughout the volume in a non-localized manner, 

the hologram is insensitive to dust or scratches etc. Volume holograms find application in 

recording colored objects by using red, green, and blue regions with same emulsion. When 

hologram is illuminated with white light, the three colors are reproduced and colored image can be 

reconstructed. 

 

3-2-12 Reflection Holograms:-  

In particular, when the object beam and reference beams are traveling in approximately opposite 

directions as shown in figure. On developing the emulsion the planes of silver atoms are 

approximately parallel to the emulsion surface with a separation of ( λ /2) distance. The developed 

plate behaves like an interference filter i.e., the reflectivity is high only for wavelength with which 

it was formed. As the hologram becomes highly wavelength selective, the image can be 

reconstructed even with white light to form a colored image. Such holograms are called reflection 

holograms since the image can be viewed by reflection 
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Recording of a Reflection Hologram     

 

 

 

 

Fig. 3.2.4. Recording of a reflection hologram 
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3.2.13.  Summary:-  

Various types of holograms have been described qualitatively with their advantages and 

disadvantages. 

 

3.2.14.  Key Terminology:-  

In line hologram – off- axis hologram- white light hologram- Fourier hologram – Volume 

hologram – reflection hologram. 

 

3.2.15.  Self assessment questions:- 

 

1. Describe the advantages of off-axis hologram 

2. Discuss the construction of a Fourier transform hologram. 

3. Discuss the conditions to record various holograms. 

 

3.2.16.  Reference and text books:- 

 

1. Introduction to lasers and their applications by D.C.Oshea, W.R. Callen and W.T. Rhodes,  

    Addison-Wesley publishing Co.,  1978.  

2. Laser & Non linear optics by B.B.Laud, New Age International Pvt. Ltd., Publishers, 2001. 

3. Contemporary optics by A.K Ghatak & K. Thyagarajan, Plenum Press, 1978. 
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Unit IV 

Lesson 3 

   

APPLICATIONS OF HOLOGRAPHY 
 
Objective: - Various applications of holography have been described briefly. 

 

Structure: 

3.3.1.      Introduction to Applications of holography 
3.3.2.      Display of three dimensional images in advertisements  

3.3.3.      Deblurring of images 
3.3.4.      Microscopy 

3.3.5.      Interferometry  

3.3.5.1.   Single exposure holographic interferometry  

3.3.5.2.   Double exposure holographic interferometry 

3.3.5.3.   Time average holographic interferometry 

3.3.5.4.   Speckle interferometry 

3.3.6.      Optical elements 

3.3.7.    Optical memories 

3.3.8.    Imaging through aberrating media 

3.3.9.      Summary 

3.3.10.    Key terminology 

3.3.11.    Self assessment questions 

3.3.12.    Reference and Text books 

 
 

 

3.3.1     Introduction to applications of holography:- 

 
Holography has found application in a number of areas, and new uses are being developed 

all the time.  The novelty and attractiveness of full perspective, three-dimensional displays have 
inspired the limited use of holography in the advertising business.  Of greater technical interest has 

been the use of holography in the high accuracy measurement of object dimensions, deblurring of 

photographic images, and the characterization of low-density particulate matter.  One especially 

interesting application has been in microscopy, where a hologram is made of an entire large-

volume sample, freezing in one instant a record of many organisms suitable for later inspection at 

various depths under a microscope. 

 

It is not possible to go into all the applications of holography, because the field is quite 

extensive and constantly growing.  We shall look, however, at three important areas of 

application: (1) holographic interferometry, (2) holographic optical elements, and (3) holographic 

optical memories.  Each of these applications exhibits a different aspect of holographic principles. 
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3.3.2.   Display of three dimensional images in advertisements 
 

 Holography is well known for its capability of projecting third dimensions i.e. depth 

concept. Advertisers have taken full advantage of using these techniques for displaying the eye 

catching three-dimensional perspective of their products.  

 

3.3.3. Deblurring of photos: 

 
Two dimensional photos of having blurred nature can be removed with the help of 

holographic technique. So deblurring of the photos can be done.  

 

3.3.4.    Microscopy 
 

The greatest interest in using holography is in the highly accurately measurement of object 

dimensions and characterization of low-density particulate matter. Very interesting application is 

in microscopy where a hologram is made of large volume sample, freezing in an instant record of 

many organisms suitable for later inspection at various depths under microscope. 

 

The magnification associated with the reconstruction (when a radiation of different 

wavelengths is employed) is proportional to the ratio of wavelengths used for reconstruction to 

that used during formation. This gives us a method of observing magnified images of objects by 

increasing the wavelength of the radiation while reconstructing. This was the original idea 

proposed by Gabor, but because of the lack of sufficiently coherent sources of radiation of shorter 

wavelengths, this method has still not been put to significant use. At the same time, magnifications 

of about 100 have been attained with a resolution of several microns. It should be mentioned that a 

wavelength change during reconstruction always introduces aberrations unless the hologram is 
also scaled accordingly. 

 
Let S1 (x1,y1,z1) and S2(x2,y2,z2) represent two point sources emitting radiation of 

wavelength  λ  (fig. 3.3.1.). The plane of the photographic film is represented by z=0. Since z1 and  
 

 
 

 
 

 
 

 

 

 

 

 

  Fig. 3.3.1.:  Hologram formed by two spherical waves emanating from  

                                            point sources S1 and S2.     
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z2 are negative quantities, we introduce 

1 1Zζ = , 
2 2Zζ =  

We assume that 

1 1 2 2 1, 2X , Y , X , Y ζ ζ� ……………….  3.3.1. 

The field due to the point source S1 on the plane of the plate is 
-ikr

1
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r
′ ……………….                       3.3.2. 
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The point P (ξ ,η ,0  )represents an arbitrary point on the photographic plate. Thus  

2 21
1 1 1

1 1
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2

A ik
u x yξ η ξ η

ζ ζ
 
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Where we have absorbed the constant phase factor 
2 2
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ζ
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in the coefficient A1 and have put  r1=ζ1 in the denominator. Equation (3.3.4.) represents the 

quadratic approximation of a spherical wave. 

 In an exactly similar manner, if u2 represents the field at the plane z=0 due to the point 

source S2, then 

2 22
2 2 2
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exp 2 2
2

A ik
u x yξ η ξ η

ζ ζ
 

 − + − −  
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� ………………….3.3.5. 

 

Since the resultant field on the plane z = 0 is u1+ u2, the intensity pattern recorded will be 
2 2 * *

2 1 2 1 2 1 2
1 2 2 2

1 2 1 2 1 2

A A A A A A
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We now illuminate the hologram by a point source placed at the point S3 (x3,y3,z3) fig.3.3.2 

 

 

 

 

 

 
 

 
 

 

                        Fig. 3.3.2. Reconstruction of the hologram 

 

emitting a radiation of wavelength  .λ’ under the quadratic approximation, the field on the 

hologram plane is given by 
'

2 23
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Where  '
'

2k π
λ

=   and 3 3zζ =  when this wave illuminates the hologram the emergent wave is 

given by 
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and λµ λ
′=  

 

If we compare the first term on the right -hand side of eq.3.3.9 with Eq.3.3.4. , we see that 

it represents a spherical wave emanating from the point (x3,y3,z3). Thus the first term is the 

reconstruction wave itself (with amplitude modification). The second term represents a spherical 

wave, but the sign of zp will determine whether the spherical wave is diverging or converging. For 

zp>0 it will be a diverging spherical wave emanating from the point (xp,yp,-zp)  . Similarly, if 

zp<0,it will be a converging corresponds to a diverging spherical wave; hence a virtual image and 
a negative zp corresponds to a converging spherical wave and therefore a real image. The last term 

on the right-hand side of Eq. 3.3.9. can be interpreted similarly it should be mentioned that in the 
quadratic approximation i.e., when Eq. 3.3.5.is valid there is no distortion in the two images. 

Further more, since the phase dependence of the second term in Eq. 3.3.9. has the same form as 
the object wave, it is said to give rise to the primary image; the last term, which has a phase 

dependence conjugate to that of the object wave gives rise to the conjugate image; hence the 
subscripts p and c  . 

 

 The magnification in the primary image is dxp/dx1, where dxp represents the change in xp  

when x1 is changed by  dx1. Thus, 

2 3

1 1 1 2 2 3 1 3

p p

p

dx dy
M

dx dy

ζ ζ
µ

ζ ζ µζ ζ µζ ζ
= = =

+ −
…………              … 3.3.11   
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c c
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ζ ζ
µ

ζ ζ µζ ζ µζ ζ
= = = −

+ − …………                              3.3.12 

Where Mp and Me represent the magnification in the primary and conjugate images, respectively, 

and use has been made of Eq. 3.3.10. 

 

We will now consider some special cases: 

 

(1) When the source corresponding to the reconstruction wave is placed at the same point as 

the source corresponding to the reference wave and it emits radiation of the same 

wavelength as the reference source, then we have 

            x3 = x2 , y3 = y2 , z3 = z2 , µ  = 1  …………….                          3.3.13. 

 
Thus Eqs. 3.3.10a ….3.3.10f. simplify to  

Zp = ζ1 ,  xp = x1 ,  yp = y1 

3 1

1 32
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y y
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− ………..                  3.3.14. 

 

Thus, the second term on the right-hand side of Eq. 3.3.9represents a virtual image of the object 

point. The last term of Eq.  3.3.9.represents a real or a virtual image depending on whether zc is 

negative of positive, ie. whether ζ3 is less than a greater than 2ζ1.  
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The magnification corresponding to the virtual image is unity. However the conjugate image does 

not, in general, corresponding to unit magnification. 

 

(2) For ζ1 = ζ2, the expression for the magnification [see Eq. 3.3.11.  becomes 

 

3

1
pM

ζµ ζ= ………..                          3.3.15. 

which shows that by increasing the wavelength of the reconstruction wave, we can increase the 

magnification . Further, if ζ1 is also equal to ζ3 then the magnification is simply µ. For such a case 

zp = zc = ζ3 and both primary and conjugate images are virtual and are formed in the original 

object plane. For such a configuration the terms quadratic in ξ and η in the expression for vanish. 

This corresponds to the lensless Fourier transform hologram configuration. 

 

    (3)   Let us consider the case when  

          x1 = y1 = x2 = y2 = x3 = y3 = 0…..…3.3.16. 

i.e., the sources for the reference and reconstruction waves are situated on the z axis and the object 

point also lies on the axis. For such a case Eq.  3.3.10d tells us that xp= yp = xc = yc = 0. Also, if 
we assume that the object is close to the source, then we may write 

2 1ζ ζ ε= + ………………………… 3.3.17 

Where  ε is assumed to be small. If   ζ3 = ζ2 and µ  =1, Eqs. 3.3.10a and 3.3.10d. give 

1 2pz ζ ζ ε= = − , 
2cz ζ ε+� ……     3.3.18 

 

Thus the two images are virtual and situated symmetrically about the reference source. 

(4). When the reference and reconstruction waves are plane waves propagating in the +z direction, 

then in addition to Eq. 3.3.16.we have  
2 3

ζ ζ= = ∞ , and for µ  =1,get 
1p

z ζ= ,  

   
1cz ζ= − ……………………………3.3.19 

Thus one of the images is virtual and the other real, and the images are situated symmetrically 

about the hologram plane. 
          

3.3.5.   Holographic interferometry: 
Holographic interferometry is a technique for measuring small displacements.  In one form 

or another, it can be used to observe and analyze, either in real time or after some delay, 
1. the microscopic flexure of a loaded support beam 

  2. to observe the strain in a fractured bolt,  

3. to record the shock wave from a bullet  

       4. to observe the vibrational modes of a kettle-drumhead or  

       5. to detect hidden flaws in an aircraft tire. 

The basic principles can be illustrated with the example of  

1. single-exposure,  

2. Double exposure,  

3. Time-average holographic interferometry as applied to stress 

analysis 

4. Speckel interferometry. 
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3.3.5.1.  Single exposure of hologrpahic interferometry: 

In this process, a conventional hologram is first made of the object to be tested.  The 

hologram is developed in the normal manner and then returned to the exact position it held during 

exposure.  The object and the hologram are now illuminated just as they were during exposure, so 

that the reconstructed holographic image falls exactly on the object itself.  If the object is now 

stressed slightly by heating or loading with weights, for example, fringes appear on it.  These 

fringes result from the interference between the light waves from the now-distorted object and the 
holographically reconstructed waves from the “former” object.  Where the distortion is small, the 

fringes are few in number; where it is great, many fringes appear.  A direct qualitative indication 
of object stress is thus immediately available.  An example of such a system of fringes appears in 

Fig.3.3.3, where the object, a metal bar that is solidly attached at the bottom to a massive base, is  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.3. :Illustration of single - exposure holographic interferometry.  Interference  

                  of the actual object wave and reconstructed object wave shows the amount  

                   of bending of the metal bar with a slight twist about vertical. 

 
stressed at the top.  In the figure, the re-illuminated bar and its holographic image are viewed 

simultaneously.  Note that the rate of change of the beam displacement is greater near the top, the 
fringes being more closely packed there.  Although in general the problem is quite difficult, with 

special geometries it is possible for one to interpret the fringe pattern to obtain a direct, 
quantitative measurement of object deformation (and, indirectly, of object stress). for example.  

 

3.3.5.2. Double exposure or real time holographic interferometry: 

A variation of real-time holographic interferometry, known as double-exposure 

holographic interferometry, has found widespread application in several areas of non-destructive  

testing.  Nondestructive testing of tires was, in  fact,  one of the first large-scale industrial 

applications proposed for holography.  The basic approach is similar to the real-time technique 

just discussed.  In the present case, however, the original and the distorted objects are both 

recorded holographically in a double-exposure hologram.  When the hologram is re-illuminated 

with the reference wave, both images are viewed simultaneously, and the interference pattern 

representing the differences in the two recorded light distributions appears localized on the object.  
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If the object has changed shape during the two exposures, even microscopically, the change will 

manifest itself as a system of closely-spaced fringes in the reconstructed image. 

 

A common application is illustrated in Fig.3.3.4., which shows the double-exposure hologram of a 

portion of the interior of an aircraft tire.  In preparation for the hologram recording, the tire is  

 

 
 

 
 

 
 

 
 

 

 

 

 

 

Fig. 3.3.4.:Double-exposure holographic interferogram  

                  of an inside portion of an aircraft tire. 

 

placed in a chamber.  After the first exposure, the chamber is pumped down to a partial vacuum, 

The second exposure is then made with the vacuum applied.  If there is a local separation between 

the tread and the outer plies of the tire or between the various plies, both potentially dangerous 

flaws, air entrapped in the separation will cause a minute local expansion, a microscopic bulging, 

in the vicinity of the flaw.  This bulging is readily discerned in the reconstructed hologram as a 
series of closely spaced fringes.  Commercial holographic testing systems developed for this 

purpose are able to test one tire every several minutes. 
 

Similarly hologram of a flight of a bullet can be seen in double exposure hologram as 
shown below. 

 
 

 

 

 

 

 

 

 

 

 

 Fig3.3.5.: Double exposure hologram of a bullet in a flight 
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3.3.5.3.   Time average holographic interferometry: 

 

Closely related to single- and double-exposure holography is a technique known as time-

average holographic interferometry.  This technique allows the spatial characteristics of low-

amplitude vibrations of an object-for example a drumhead, speaker cone, or metal diaphram to be 

mapped out with great accuracy.  Figure 3.3.6.shows a vibrational mode of a guitar.  The fringes 

represent contour lines of equal-amplitude vibrations of the guitar surface; the brightest contours 
occur at the nodes, or stationary points, of the vibrating surface.  This is to be expected, because 

light reflected from these points always interferes with the reference wave at the hologram in the 
same way, yielding a recorded fringe pattern of high contrast and, hence, high reconstruction 

amplitude.  For other regions of the vibrating surface, however, the corresponding interference 
pattern is moving and, for long exposures, produces a diffraction pattern of reduced or even zero 

reconstruction efficiency.  The relationship between the pattern obtained and the vibrational 
amplitude at a particular location is not a simple one and is not derived here.  It is possible, 

however, to use such time-average interferograms quantitatively. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3.3.6.: Time-average holographic image of a guitar. 

 

 
Similarly surface vibrating amplitudes of a can top and vibrating disk can be understood. 

(.Fig.3.3.7.and Fig. 3.3.8.). 
 

 

 

 

 

 

 

 

 

 

 Fig, 3.3.7.: Hologram of a can top vibrating in  (a). the lowest resonance frequency  

                               and (b)  the second resonance.  The rings are loci of equal amplitude.      
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Fig.3.3.8.:  Hologram obtained by stroboscopically illuminating a vibrating disk at the   

                  two extreme positions of vibrations 

 

The main advantage of the holographic interferometry technique lies in the fact that the 

surfaces of the vibrating objects need not be made optically flat and complex vibrating objets can 

also be studied. 

 

3.3.5.4.  .Speckle Interferometry :-  
It is also a nondestructive testing technique using laser speckle in time average speckle 

interferometry. The vibrating surface is illuminated with laser beam and the resulting speckle is 

made to interfere with a reference wave on the photographic film. As the object vibrates, the 

regions of the image corresponding to vibration nodes stand out as patterns of stationary, high 

contrast speckle. In other regions, the speckle move and became blurred due to movement of 

surface. On development, the result is a photographic of the object that shows clearly with 

microscopic precision the regions that are stationary. 
 

 Speckle interferometry can be used with great versatility to measure object vibration, 
translation, strain and rotation in stress analysis on models of engineering importance. Using 

sandwich holography confidential engineering data can be stored as suggested by Abramson et.al. 
 

3.3.6.   HOLOGRAPHIC OPTICAL ELEMENTS 
 

A hologram takes an incident light wave and, by means of diffraction, generated a different 

wave.  In this sense the hologram can be viewed as a general kind of optical element with the 

capability of mapping one light distribution into another.  The similarity between holograms and 

conventional optical elements has already been noted: A sine grating, the simplest of holographic  
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records, changes the direction of a beam of light much as a prism does, and the sinusoidal zone 

plate behaves simultaneously like a positive lens and a negative lens. 

 

The diffraction process depends upon wavelength as given by the equation 

 

                                                              f g = sin θ/ λ 

                         Where f g = Spatial frequency of the grating,   

                                     λ = Wavelength of light 
 

                                                            f g = 1/d 
                   Spatial frequency is the number of periods of the grating per unit distance i.e.                        

reciprocal of grating period ‘d’. 
 

 

 

 
 

                    Fig. 3.3.9. :Holographic Sine grating 

 
 

The sinusoidal zone plate 
The sinusoidal zone plat,  often referred to as a Gabor zone plate, bears a resemblance to the 

Fresnel zone plate.  The Fresnel zone plate is either transparent or opaque, however, whereas the 

Gabor zone plate exhiits continuous variations in light transmittance values.   

 

 

  

 
 

Fig. 3.3.10.: Holographic Zone plate 
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  This similarity between holographic elements and conventional optical elements can be exploited 

in a number of applications.  Because of the strong wavelength dependency of the diffraction 

process, holographic optical elements are highly dispersive; that is, they behave differently at 

different wavelengths and must be used with monochromatic light or several of these elements 

must be combined in such a way as to eliminate wavelength-dependent effects.  They can be thin, 

lightweight, and compact; they can be easily fabricated and replicated; they can be very large in 

size.  In addition, photographic emulsions can be coated onto arbitrary transparent surfaces for the 
fabrication of special application, conformal optical elements.  For example, one might 

manufacture holographic lenses that could be rolled up in tubes for storage or shipping. One of the 
earliest and still most successful uses of a holographic optical element has been in optical spectro-

meters, where a high –resolution, holographically recorded grating replaces the considerably more 
expensive conventional grating.  As holographic recording processes have been improved, so has 

the manufacture of these holographic grating, to the point where holographic spectrometers now 
claim a substantial fraction of the spectrometer market.  Similarly, holographic lenses (off –axis 

sinusoidal zone plates) have been used in imaging systems. 

 

Just as glasses of different refractive indexes have been combined in the manufacture of 

lenses that perform equally well over a wide range of wavelengths, so it is possible to combine 

multiple holographic zone plates and gratings in a system suitable for achromatic imaging over 

most of the visible spectrum. Although the individual component elements must be very precisely 

positioned for them to function properly, achromatic holographic imaging systems constructed in 

this manner exhibit the attractive features of small mass and reproducibility. To replicate such a 

system, it is only necessary to duplicate several holograms, where as with conventional systems, 

glass elements must be ground and polished and tested. 

 

Holographic optical elements are often used in optical data processing systems. A 

particularly simple example is a coherent optical system (i.e ., employing  laser light ) for 
recognizing alphanumeric  characters . Let us consider in detail a subsystem for recognizing a 

specific letter – say the letter K. First, a hologram is made of a prototype letter K with type style 
and orientation appropriate to the recognition problem, as illustrated in fig 3.3.11a. The reference 

wave is chosen to be a converging spherical wave. If the hologram is re-illuminated with light 
from the letter K, a spherical wave is produced that converges to a bright spot in the output plane 

of the optical system (fig 3.3.11b). There its presence can be detected with a photo detector. The 
light waves from other alpha numeric characters will also be diffracted by the hologram, but not 

into the suitably converging wave that is produced by waves from the correct letter (fig 3.3.11c), 

By detecting  the presence  or absence of a  focused  spot of light in the output  plane of the  

system,  one can determine  whether  a  particular  character is present  in the  input plane .  

Additional holographic optical elements can be arranged to allow an entire  page of  printed  

material  to serve   

as input to the system . The locations of focused spots of light in the output plane then signify the 

locations of the corresponding “matched”* character in the input plane. 
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         Fig  3.3.11.: Holographic character recognition.  The holographic filter, recorded as in  

         (a),      Maps waves from a “matched” character into converging spherical wave, which  

         are detected as points of light in the output plane (b), Waves from an  incorrect  

         character are also diffracted by the filter, but not into suitably converging waves (c). 
 

 

 

3.3.7.   HOLOGRAPHIC OPTICAL MEMORIES: 

 

The use of photo sensitive materials in large – scale memories to replace magnetic tape or 

disk bulk storage systems on computers has intrigued scientists and engineers for some time.  

Optical memories are limited ultimately in their information storage capacity by the wavelength of 

light used to  “read” or “ write” the information. Assuming an argon laser operating at 488 nm is 
the light source, optical memories are theoretically capable of storing in excess of 108 bits of 

information for square centimeter of photosensitive surface, or nearly 10
13

 bits in a 1-cm
3
 volume. 

These numbers exceed the storage density limitations of magnetic systems by several orders of 

magnitude, and have made optical storage of digital information an area of extensive research. 
Much of the research conducted has centered on the difficult problem of preparing a photo 

sensitive material with high resolution that can be written onto, read from, and erased with the 
fidelity of the recording process preserved over long periods of time. 

 

                          The introduction of holographic techniques to the optical data storage area has led 

to optical memory systems for digital data that have several very attractive features. First, As 

noted earlier, holograms record information redundantly. Thus one bit of information, which in a 

conventional photographic recording process might be recorded as a transparent spot in a dark 

background, is in the holographic case recorded as a sinusoidal grating. The information for that 

one bit is spread out over the entire hologram. With conventional photographic recordings, a peak 

of dirt on the film could entirely block out the transparent spot corresponding. to the bit . In the 

holographic case, a single speck irt has no significant effect on the recording. To recover the 

information recorded holographically i.e., to “read out” the stored bit pattern the holographic 

recording is placed in front of a positive lens and illuminated by collimated laser light. Each 
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sinusoid generates a diffracted light beam, which is  focused by the lens to a unique spot, there to 

be detected by a photodiode. The second advantage of the holographic recording of the bit pattern 

now becomes apparent, since the exact position of the hologram in the playback setup is seen to be 

unimportant .The hologram can be moved either horizontally or vertically in the input plane, and 

the focused spots remain stationary. It is only necessary that the hologram be reasonably well 

illuminated. Binary information stored in sine-grating format thus exhibits simultaneously an 

immunity to “ burst” errors (the speck of dirt) and an insensitivity to improper positioning in the 
readout system. These two characteristics have made holographic data storage attractive for 

moderately high – density storage of digital information when records are accessed frequently. 
Microfilm records of reports and journal articles are presently being made, for example, with 

cataloging information recorded in holographic form as well as in conventional form. Easy 
automatic readout of these data in a position – insensitive system is thus assured. 

Thus, Holographic techniques are used for optical data storage with the following advantages: 
1) Holograms can record information abundantly 

2) Holograms are not affected by dust etc. Where as photographic plates totally miss the 

information. 

3) Insensitive to improper positioning in a readout system. 

 

3.3.8.   Imaging through Aberrating media: 

 The principle of holography can also be employed for imaging objects through the media 

that aberrate any wave passing through them. Thus, for example, the optical components ( or 

intervening medium) may introduced aberrations in the wave.  Let us consider the case when both 

the objet wave and the reference wave pass through the same region of the aberrating medium as 

shown in Fig. 3.3.12.  The photographic plate is situated just behind the aberrating medium. In the  

 

 

 
 

 
 

 
 

 
 

 

Fig 3.3.12  : A hologram recording in the presence of an aberrating medium. 

 

presence of the aberrating medium the waves get modified. Since both waves the reconstru 

ction may be effected by the arrangement shown in fig.3.3.13., have been assumed to pass through 

the same region of aberrating medium the effect on both is same. The fig.3.3.13a corresponds to 

conventional photography through the aberrating medium is unintelligible. 
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Fig.3.3.13.:  Holographic imaging through an aberrating medium  

 

 

3.3.9.  Summary: -  
Holographic interferometric techniques used in non-destructive testing and in stress  

analysis are described. The advantages in Holographic Optical elements and optical  

memories are mentioned. 

 

3.3.10.  Key terminology:- 
Real time holographic interferometry- Double exposure holographic technique- Time 

            average holographic interferometry- Holographic optical elements–Holographic memories. 

 

3.3.11. Self assessment questions:- 
      1)   Describe the application of holographic technique in stress analysis. 

2) Describe the principle of holographic elements 

3) Describe a holographic technique used for vibration analysis 
 

 

3.3.12. Reference and Text Books:- 

1. Introduction to lasers and their applications by D.C.Oshea, W.R. Callen and W.T. Rhodes,  
    Addison-Wesley publishing Co.,  1978.  

2. Laser & Non linear optics by B.B.Laud, New Age International Pvt. Ltd., Publishers, 2001. 

3. Contemporary optics by A.K Ghatak & K. Thyagarajan, Plenum Press, 1978. 
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Unit IV 

Lesson 1  

 

OVER VIEW OF OPTICAL FIBER COMMUNICATIONS 

Objective:  To learn about the different forms of communication systems, in particular optical 
fiber communication system and its advantages and applications. 

 

Structure:  

4.1.    Introduction.   

4.1.1. Forms of the communication systems 

4.1.2. Elements of an optical fiber transmission link 

4.1.3. Optical fiber systems  

4.1.4. Applications of optical fibers 

4.1.5. Summary 

4.1.6. Keywords 

4.1.7. Self assessment 

4.1.8. Reference Books 

 

4.1.   Introduction:-       

Ever since ancient times one of principle interests of human beings has been to device 

communications systems for sending massages from one place to another place. The fundamental 

elements of any such communications system are shown in figure 4.1.1. 

 

 
Fig. 4.1.1.: Fundamental elements of a communication system.  

 
These elements include at one end an information source, which inputs a massage to a transmitter. 

The transmitter couples the massage on to a transmission channel in the form of a signal, which 

matches the transfer properties of channel. The channel is the medium bridging the distant 

between the transmitter and the receiver. This can be either a guided the transmission such as a 

wire or wave guide or it can be an un guided atmospheric or space channel as the signal traverses 

the channel it may be progressively both attenuated and distorted and increasing distance. For 

example electric power is lost through heat generation as an electric signal flows along a wire and 

optical power is attenuated through scattering and absorption by molecules in an atmospheric 

channel. The function of the receiver to extract the weakened and distorted signal from the 
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channel, amplify it and restore it to its original form before passing it on to the massage to the 

destination  

   

 

 

4.1.1 FORMS OF THE COMMUNICATION SYSTEMS:- 

 
Many form of the communications systems have appeared over the years.  The principle 

motivation behind each new one were either to improve the transmission  fidelity to increase the 
data rate so that more information could be sent, or to increase the transmission distance between 

relay stations.  Prior to the 19 
th 

century all communication systems were of a very low data rate 
type and basically involved only optical acoustical means such as signal lamps or horns one of the 

earliest known optical transmission links for example was the use of a free signal by the Greeks in 
the eighth century B.C for sending alarms calls for help or announcements of certain events . Only 

one type of signal was used its meaning being pre arranged between the sender and the receiver in 

the fourth century B.C the transmission distance was extended to the use of relay stations and by 

approximately 150 B.C these signals were encoded in relation to the alphabet so that any massage 

could then be sent improvements of these systems were not actively pursued because of the  

technology limitations for example the speed  of the communication link was limited since the 

human eye was used as a receiver line of sight transmission paths were required and atmospheric 

effects such as fog and rain made the transmission path unreliable. Thus it generally termed out to 

be faster and more efficient to send massages by a courier over the road network .  

 

The discovery of the telegraph by Samuel F.B. Morse in 1838 ushered  in a new epoch in 

communication  the era of electrical communications the first commercial telegraph service using 

wire cables was implemented in 1844 and further installations increased steadily through out the 

world in the following years the use of wire cables for information expounded with the installation  
of the first telephone exchange in new HEAVEN  Connecticut  in 1878 . Wire cable was the only 

medium electrical communication until the discovery of the long wave length electro magnetic 
radiation by Heinrich hertz in 1887 .The first implementation of this was the radio demonstration 

by Guglielmo Marconi in 1895. 
 

In the ensuing years an increasingly larger portion of the electro magnetic spectrum was 
utilized for conveying information from one place to another the reason for this is that in electrical 

systems data is usually transferred over the communication channel by super imposing the 

information signal on to a sinusoidally varying electro magnetic wave which is known as the 

carrier at the destination information is removed from the carrier wave and processed as desired. 

since the amount of information  that can be transmitted  is directly related to the frequency  range 

over which the carrier wave operates increasing the carrier frequency theoretically increases the 

available transmission band width and consequently provides a larger information capacity .Thus 

the trend in electrical communication system development was to employ progressively higher 

frequencies, which offered corresponding increases in band width and hence an increase 

information capacity. This activity led in turn to the birth of television radar and microwave links. 

 

The portion of the electro magnetic spectrum that is used for electrical communications  
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is showed in figure 4.1.2. The transmission media used in the spectrum include millimeter and 

micro wave guides metallic wires and radio waves among the communication systems using these 

media are the familiar telephone A.M and F.M radio, television, C.B, radar and satellite links all of 

which have become a part of our every day lives the frequencies of these application range from 

about 300 Hz in the audio band to about 90 GHZ for the millimeter band. 
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 Fig 4.1.2 Examples of communication systems applications in the electromagnetic spectrum. 
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Another important portion of the electromagnetic spectrum encompasses the optical region shown 

in fig 4.1.2. in this region it is  customary to specify the band of interest in terms of wave lengths 

instead  of frequency as is used in the radio region. The optical spectrum ranges from about 50nm  

to approximately 100mm , with the visible spectrum being to the 400 –to-700 nm region. Similar 

to the radio frequency spectrum to transmission media can be used an atmospheric channel or a 

guided wave channel. 
     

                 A great interest in communication at these optical frequencies was created in 1960 with 
the advent of the laser, which made available a coherent optical source. Since optical frequencies 

are on the order of 5×10
14

 Hz, the laser has a theoretical information capacity exceeding that of 
microwave systems by a factor of 10

5
, which is approximately equal to 10 million TV channels. 

 
              With the potential of such wide band transmission capabilities in mind, a number of 

experiments using atmospheric   optical channels were carried out in the early 1960s. These 
experiments showed the feasibility of modulating a coherent optical carrier wave at very high 

frequencies. However the high installation expense that would be required, the tremendous costs 
that would be incurred to develop all the necessary   components, and the limitations imposed on 

the atmospheric channel by rain, fog, snow, and dust make such extremely high speed systems 

economically unattractive in view of present demands for communication channel capacity. 

Nevertheless, numerous developments of free –space optical channel systems operating at 

baseband frequencies are in progress for earth-to-space communications. 

                       

                 Concurrent with the work on atmospheric optical channels are the investigations of 

optical fibers, since they can provide a much more reliable and versatile optical channel than the 

atmosphere. Initially, the extremely large losses of more than 1000 dB/km observed in the best  

optical  fibers made  them appear  impractical . This changed in 1966 when Kao and Hockman and 

A . Werts   almost simultaneously speculated   that these high losses were a result of impurities in 

the fiber material, and that the losses could be reduced to the point where optical waveguides 

would be a viable medium. This was realized in  1970  when Kapron  ,Keck and  Maurer of the  

corning glass  works  fabricated a fiber  having  a 20-dB/km attenuation .A whole  new era of 
optical  fiber communications was thus  launched . 

 

                  The ensuing development of optical fiber transmission systems grew from the 

combination of semiconductor technology, which provided the necessary light sources and photo 

detectors, and optical waveguide technology upon which the optical fiber is based.  The result was 
a transmission link that had certain inherent advantages over conventional copper systems in 

telecommunications applications. For example, optical fiber have lower transmission losses and 
wider band widths as compared to copper wires. This means that with optical fiber cable systems 

more data can be sent over longer distances, there by decreasing the number of wires and reducing 
the number of repeaters needed over these distances .In addition, the low weight and the small 

hair-sized dimensions of fibers offer a distinct advantage over heavy, bulky wire cables in crowed 
underground city ducts. This is also of importance in aircraft where small light –weight cables are 
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advantageous and intactical military applications where large amounts of cable must be unreeled 

and retrieved rapidly. An especially important feature of   optical fibers relates to their dielectric 

nature. This provides optical waveguides with immunity to electromagnetic interference, such as 

inductive pickup   from signal carrying wires and lightning, and freedom from electromagnetic 

pulse (EMP) effects, the latter being of particular interest to military applications. Furthermore 

there is no need to worry about ground loops, fiber –to-fiber cross talk is very low, and a high 

degree of data security is afforded since the optical signal is well confined within the waveguide 

(with any emanations being absorbed by an opaque jacketing around the fiber). Of additional 

importance is the advantage that silica is the  principal material of which  optical fibers are  made . 

This material is abundant and inexpensive since the main source of silica is sand. 

         

              Early recognition of all these advantages in the early 1970s created a flurry of activity in 

all areas related to fiber optic transmission systems, this resulted in   significant technological 

advances in optical sources, fibers, photo detectors, and fiber cable connectors. By 1980 this 

activity had led to the development and worldwide installation of practical and economically 

feasible optical fiber communication systems that carry live telephone, cable TV, and other types 

of telecommunications traffic. These installations all operate as base band systems in which the 

data are sent by simply turning the transmitter on and off. Despite their apparent simplicity such 

systems have already offered very good solutions to some vexing problems in conventional 

applications. 

      

4.1.2 ELEMENTS OF AN OPTICAL FIBER TRANSMISSION LINK  

 

An optical fiber transmission link comprises the elements shown in fig. 4.1.3. The key 

sections are a transmitter consisting of a light source and its associated drive circuitry, a cable 

offering mechanical and environmental protection to the optical fibers contained inside, and a 

receiver consisting of a photo detector plus amplification and signal – restoring circuitry. The 

cabled optical fiber is one of the most important elements in an optical fiber link.  In addition to 

protecting the glass fibers during installation and service, the cable may contain copper wires for 

powering repeaters, which are needed for periodically amplifying and reshaping the signal when 
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the link spans long distances. The cable generally contains several cylindrical hair –thin glass 

fibers, each of which is an independent communication channel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.3.  Major elements of optical fiber transmission link. 

 

 

 

Analogous to copper cables, the installation of optical fiber cables can be either aerial, in 

ducts, undersea, or buried directly in the ground. As a result of installation and / or manufacturing 

limitations, individual cable lengths will range from several hundred meters to kilometers for long 

– distance applications. The actual length of a single cable section is determined by practical 

consideration s such as reel size and cable weight. The shorter lengths tend to be used when the 

cables are pulled through ducts. Longer table lengths are used in aerial or direct burial 

applications. The complete long distance transmission line is formed by splicing together with the 

individual cable sections (Fig. 4.1.4.). 
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Fig. 4.1.4.  Optical fiber cables can be installed on poles, in ducts, and undersea, or they 

canbe buried directly in the ground. 

 

 

 
 

Fig 4.1.5: Optical fiber attenuation as a function of wavelength. Early fiber links were operated exclusively in   

                 800-900nm range where there was a local attenuation minimum. Achievement of lower attenuations   
                 created an interest in longer wavelength operation. 
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               One of the principle optical fiber characteristics is its attenuation as a function of 

wavelength as shown in fig 4.1.5. Early technology made exclusive use of the 800 to 900 nm 

wavelength band, since in this region the fibers made at that time exhibited a local minimum in the 

attenuation curve and optical sources and photo detectors operating at these wavelengths were 

available   by reducing the concentrations of hydroxyl ions and metallic ion impurities in the fiber 
metal, fiber manufacturers were eventually able to fabricate optical waveguides with very low 

losses in the 1100 to 1600 nm region. This spectral bandwidth is usually referred to as the long 
wavelength region increased interest   thus developed at the 1300 nm wavelength since this is the 

region of minimum signal distortion in pure silica fibers. Bell laboratories for example begin the 
first U.S. Field trail of a 1300 nm led based telephone system in Sacramento California on June 

26, 1980, and others U.S, European and Japanese telecommunications companies are actively 
experimenting with advanced long wavelength trail installation. 

              Research   has   also commenced on new types of materials for use in the 3 to 5 µm 
wavelength band the initial interest centered on the polycrystalline metals halides such as zinc 

chloride  (zncl2), thallium, bromide (TlBr) and thallium bromoiodide (known as K.R.S –5). 
Theoretical predictions expect these fibers we have attenuations of  less than  0.01 dB/km . The 

successful fabrication   of fibers having these of losses can have a profound effect on lone distance 

communication. 

 

                    Once the cable installed a light source which is dimensionally compatible with the 

fiber core is used to launch optical power in to fiber. Semi conductor light – emitting diodes 

(LEDs) and laser diodes are suitable transmitter sources for this purpose since their light output 

can be modulated rapidly by simply varying the bias current. The electric input signals to the 

transmitter can be either of an analog or of a digital form. The transmitter circuitry converts these 

electric signals to an optical signal by varying the current flow through the light source. An optical 

source is a square –law device , which means that a linear variation in drive current  results in a 

corresponding linear change in the optical output power . In the 800 to 900 nm region the light 

sources are generally alloys of GaAlAs. At the longer wavelengths  (1100 to 1600 nm ) , an In 

GaAsP alloy is the principal optical source material.         
 

After an optical signal has been launched in to the fiber, it will become progressively 
attenuated and distorted with increase in distance because of scattering, absorption, and dispersion 

mechanisms in the wave-guide. At the receiver the attenuated and distorted modulated optical 
power emerging from the fiber end will be detected by a photo diode. Analogous to the light 

source, the photo detector is also a square-law devise since converts the received optical power 
directly into an electric current output (photo current). Semi-conductor pin and avalanche 

photodiodes (APDs) are the two principal photo detectors used in a fiber optic link. Both devise 

types exhibit high efficiency and response speed. For applications in which a low power optical 
signal is received, an avalanche photodiode is normally used since it has a greater sensitivity 

owing to an inherent internal gain mechanism (avalanche effect). Silicon photo-detectors are used 
in the 800 to 900nm region. A variety of optical detectors are potentially available at the longer 

wavelengths. The prime material candidate in the 1100 to 1600nm region is an InGaAs alloy. We 
address these photo-detectors in chapter6. 
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                   The design of the receiver is inherently more complex than that of the transmitter since 

it has to both amplify and reshape the degraded signal received by the photo detector. The 

principal figure of merit for a receiver is the minimum optical power necessary at the desired data 

rate to attain either a given error probability for digital systems or a specified signal-to-noise ratio 

for an analog system. The ability of a receiver to achieve a certain performance level depends on 

the photo detector type, the effects of noise in the system, and the characteristics of the successive 

amplification stages in the receiver.   
wavelength region increased interest   thus developed at the 1300 nm wavelength since this is the 

region of minimum signal distortion in pure silica fibers. Bell laboratories for example begin the 
first U.S. Field trail of a 1300 nm led based telephone system in Sacramento California on June 

26, 1980, and others U.S, European and Japanese telecommunications companies are actively 
experimenting with advanced long wavelength trail installation. 

              Research has also commenced on new types of materials for use in the 3 to 5 µm 
wavelength band the initial interest centered on the polycrystalline metals halides such as zinc 

chloride  (ZnCl2), thallium, bromide (TlBr) and thallium bromoiodide (known as K.R.S –5). 
Theoretical predictions expect these fibers we have attenuations of  less than  0.01 dB/km . The 

successful fabrication   of fibers having these of losses can have a profound effect on lone distance 
communication. 

 

                    Once the cable installed a light source which is dimensionally compatible with the 

fiber core is used to launch optical power in to fiber. Semi conductor light – emitting diodes 

(LEDs) and laser diodes are suitable transmitter sources for this purpose since their light output 

can be modulated rapidly by simply varying the bias current. The electric input signals to the 

transmitter can be either of an analog or of a digital form. The transmitter circuitry converts these 

electric signals to an optical signal by varying the current flow through the light source. An optical 

source is a square –law device , which means that a linear variation in drive current  results in a 

corresponding linear change in the optical output power . In the 800 to 900 nm region the light 

sources are generally alloys of GaAlAs. At the longer wavelengths  (1100 to 1600 nm ) , an In 

GaAsP alloy is the principal optical source material.         

 

After an optical signal has been launched in to the fiber, it will become progressively 
attenuated and distorted with increase in distance because of scattering, absorption, and dispersion 

mechanisms in the wave-guide. At the receiver the attenuated and distorted modulated optical 
power emerging from the fiber end will be detected by a photo diode. Analogous to the light 

source, the photo detector is also a square-law devise since converts the received optical power 
directly into an electric current output (photo current). Semi-conductor pin and avalanche 

photodiodes (APDs) are the two principal photo detectors used in a fiber optic link. Both devise 
types exhibit high efficiency and response speed. For applications in which a low power optical 

signal is received, an avalanche photodiode is normally used since it has a greater sensitivity 

owing to an inherent internal gain mechanism (avalanche effect). Silicon photo-detectors are used 

in the 800 to 900nm region. A variety of optical detectors are potentially available at the longer 

wavelengths. The prime material candidate in the 1100 to 1600nm region is an InGaAs alloy. We 

address these photo-detectors in chapter6. 
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                   The design of the receiver is inherently more complex than that of the transmitter since 

it has to both amplify and reshape the degraded signal received by the photo detector. The 

principal figure of merit for a receiver is the minimum optical power necessary at the desired data 

rate to attain either a given error probability for digital systems or a specified signal-to-noise ratio 

for an analog system. As we shall in chapter 7, the ability of a receiver to achieve a certain 

performance level depends on the photo detector type, the effects of noise in the system, and the 

characteristics of the successive amplification stages in the receiver.  Services to the home or 
office such as pay or educational TV library and information retrieval video word processing and 

electronic mail, banking and shopping. This has led to a great interest in applying fiber optic 
technology in the subscriber loop form the local switching point to the home or office. In contrast 

with twisted wire pairs, optical fibers offer low attenuation large information capacity immunity 
loop to lighting and electro magnetic interference freedom from cross talk between fibers and a 

virtual independent from use of these features fiber optic subscriber loop plants could thus we 
designed to meet both present and feature broad band multi service demands. 

 

           The wide spread interest in such broad band multi services is evidenced by a number of 

field trails that are under way are planned in various parts of the world. Some of the major 

activities include the Highly Interactive Optical Visual Information System(Hi-OVIS) field trail in 

Japan,. the Yorkville(Bell Canada) and Elie rural systems in Canada, the ambitious Biarritz project 

in France sponsored by the French governments, and the multiservice system for the business 

applications developed by GTE . 

 

 

4.1.4.  APPLICATIONS OF OPTICAL FIBERS: 

 

Optical fiber systems in sociological evolution; 

 
The physical and mental needs of the people in an information society are both materialistic and 

service-oriented.  The materialistic aspects refer to the basic production of food and the conversion 
of raw materials into general merchandise.  The service aspects require a new industry to improve 

the efficiency of the distribution of material goods, balance of resource allocation, and enrich life 
with new pursuits.  At the basis of this service industry are optical fiber systems forming the 

communications links. 
 

ENERGY RESOURCES 

  

Until the control of thermal nuclear fusion can be perfected in the twenty-first century, 

available basic energy resources are limited. Many of the readily available resources such as oil 

and gas are rapidly being depleted. As a result, energy cost is increasing rapidly. This calls for a 

careful examination of the mode of energy usage, with a view to fulfill the increasing demand 

more efficiently and safely. It is a process in which the consumption of oil, natural gas, coal, solar 

energy, and other resources for domestic and industrial activities is balanced for cost and 

availability. It is tine to trade heavy energy-expending activities, such as the making of articles for 

rapid consumption, for the manufacture of more durable goods, it is time to explore alternative 

primary energy resources while taking precaution against undesirable environmental impacts. 
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Here the fiber system plays a minor but important role. The characteristic of fiber- of 

immunity to electromagnetic interference-allows fiber systems to be used with advantages in 

electrical generation and transformer stations to improve control and communications functions. 

 

 

TRANSPORTATION 
            

The physical movement of people and goods is an essential part of life, and different 
transportation requirements are met by different means. For mass transit and bulk goods 

movement, there are buses, trains, ships, and large trucks. For individual journeys, there are 
automobiles and bicycles, for rapid transit, there are airplanes. Together, these methods of 

transportation keep the society functioning.   
         

The volume of traffic has been expanding rapidly as population and trade increase. The 

total expenditure of energy for transportation has reached a level, which is sufficiently large, 

compared with the level of energy reserve, to warrant attention. More efficient use of the 

transportation system is important. 

         

The role of fiber system in transportation is indirect. In mass transit systems the operation 

can be made much more efficient with the provision of reliable means of control. This usually 

involves locating the position and speed of the vehicles on the railway. Along the high-speed 

electrified railway line, such a need is most obvious. Fiber control system can be installed 

advantage along the electrified track where copper wire systems would encounter serious electro 

magnetic interference problems. 

   

COMMMUNICATIONS 
   

The introduction of optical fiber systems will revolutionize the communications network. 

The low-transmission loss and the large-bandwidth capability of the fiber systems allow signals to 
be transmitted for establishing communications contacts over large distances with few or no 

provisions of intermediate amplification.  Also, more information can be transmitted over a shorter 
time than with the use of alternative systems.  This means that the optical fiber communications 

network can provide more services a lower cost. 

  

The telephone network, based on copper wires as the transmission lines, has provided us 

with a very valuable communications network.  The instant audio contact through telephone has 

increased business efficiency, reduced the need to travel and provided many services which 

otherwise would not be available.  

  

The communications network, based on optical fiber as the transmission lines, has several 

orders of magnitude more information-carrying capacity per unit time that does the telephone 

network and can provide a host of services, including video services, which require a bandwidth 

much greater than that used in the telephone service.  Such a communications network allows 

video, audio and data transmission and in association with computers, it literally allows our visual 
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senses and certain of our brain functions to be extended.  The power of such a network would 

create a completely new sociological environment-one, which befits the information age. 

  

The evolution toward such a communications network is likely to be relatively slow and 

deliberate.  The existing network represents a huge monetary investment and cannot be written Off 

by overnight.  Neither can this investment of an even larger sum of money to create the new 

network be done instantaneously. There will be a gradual evolution. 
 

The advantages of a fiber system can be exploited most readily in the existing network in a 
number of important areas.  In metropolitan areas copper cables are installed mainly in 

underground conduits, providing connection between busy exchange offices.  Fiber cables with 
equal traffic-carrying capacity are much smaller in size and can provide interchange office 

connection without intermediate repeaters in most cases.  The lifetime system cost-which includes 
installation, maintenance, and hardware costs-favours fiber systems, especially where traffic 

density and growth are high. Intercity routes with high traffic densities can also be served better 

and more economically by fiber systems.  There are the areas where fiber systems are being 

introduced into the existing network.  The network between a satellite ground receiving station 

and a distribution hub provides another opportunity for early fiber system entry.  Trunking of 

television signals over distances of several kilometers and upward can be most attractive on fiber. 

The increased usage of fiber systems will result in reduction of their cost, when the economy of 

scale takes effect.  Fiber systems will then be preferred on the basis of cost alone, even in areas 

where their advantages of large bandwidth and low loss are not needed.  Early introduction of 

fiber cable into the subscriber distribution network will then be possible, thus lying the foundation 

of the wide-bandwidth information network of the future. 

 

 

Information services for the home and business premises already being used include 
document transmission (facsimile); telex; 1200- to 9600-band data for computerized banking; 

airline, hotel, and other reservations; dial –a-message on telephones for weather, local events, and 
other information; and stored message from special customer services. Some prospective services 

being tested include package switching networks for improved data services and computer access, 
video text for stored information such as restaurant guides, train timetables, programmed teaching, 

or, for more specific customers, stock market information, inventory control, and soon, and for 
improved security and energy management, remote alarm and meter monitors. Services envisaged 

for the future usually involve the use of increased bandwidth to provide faster information transfer 

and the use of live video information in an interactive manner. While most of services can be 

provided without the need of a broadband transmission medium, the increased use of information 

would result in broadband transmission in an increasingly larger area of the communications 

network. Eventually with the widespread use of broadband services, the capability of broadband 

distribution to individual subscribers would be required. 

Fiber cost is expected to decrease substantially to a level where its use in the distribution network 

becomes non-cost-prohibitive .Its use is excepted to be very widespread, and it will lay the 

foundation for the present network to evolve into the future broadband network. 
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HEALTH SERVISES  

 

Health care delivery requires individual consultation by physicians and massive specialist 

hospitals with sophisticated equipment. Communications both within large hospitals and to and 

from these establishments is vital for operational efficiency and effectiveness .If a physician can 

all for the relevant record of a patient, vital statistics, rapid analyses, and a glossary of information 

aids at the hospital or at the home of a patient, the health care delivery would be vastly more 
effective. Fiber systems can provide the communications links capable of handling visual 

instruments and fast computer –controlled data equipment without suffering from electromagnetic 
interferences which are often associated with high-powered hospital equipment, such as x-ray 

machines .The visual observation aids are particularly important. Remote monitoring of patients 
and recalling of specialized symptomatic information and surgical procedures in visual from can 

bring the massive resources of a specialist hospital to the assistance of a physician in a remote 
village. 

 

In a role rather different from that of an information transmission line, an optical fiber as a 

conductor of light and visual images is exploited in medical instruments for illumination and 

observation of inaccessible   areas.  As transmission along the fibers is better controlled, fibers 

capable of transmitting images in real-time holographic mode can be envisaged. Single-fiber 

systems can be designed to deliver a precise amount of optical power for pathological analysis and 

as a surgical tool or as new means of curing certain diseases such as the control and destruction of 

tumours.  

 

COMMUNITY SERVICES 

 

The wired –city concept has been proposed in which a community is intimately wired 

together in such a manner that a host of community-related facilities such as local news, shopping 
guide, neighborhood festivities, community library, rescue squad, and a computer bank are 

available to the community as a whole. 
             

Experimental system has shown that the value of a wired city is associated with the 
perception of the people. It is a sociological experiment with far-reaching implications, but the 

results so far are too influenced by the main social trends to be really meaningful.  Even in this 
context, wired-city development can be seen to promote a new community spirit and a different 

way of utilizing services.  Fiber systems can and will be the leading contender as the principal 

transmission media for wired cities. The provision of integrated services over a wide-bandwidth, 

low-loss transmission system is a desirable solution. 

 

MILITARY DEFENSE  

 

The special features of an optical fiber are small size, lightweight, strength, flexibility, wide 

temperature range, and interference freedom, in addition to wide bandwidth and loss.  These 

features are key to improving the strategic and tactical capabilities of the military forces. More 

powerful communications networks can be created and installed under various conditions.  In the 

strategic base communications applications, the more compact cable enables the cables to be 
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easily transported and permits a variety of permanent and mobile configurations to be 

implemented easily. The remote connection to radar sites from the signal processing station can be 

rapidly deployed and the low loss allow longer spacing between the radar site and the station, thus 

allowing a greater safety for the operating personnel. The electromagnetic interference freedom 

characteristics can be used with great advantage on ships, airplanes, and armored vehicles, where 

many data are being processed under electrically noisy environment the interference freedom also 

allows the system to preserve a high degree of privacy.  This is utilized in systems where sensitive 
data are to be transmitted. The high strength and the flexibility allow fiber systems to be envisaged 

for tactical applications. Wire guided weapons can be made to cover a longer range and with more 
precise guidance or even with visual target search capabilities. Fibers can also improve the 

capabilities of towed surveillance vehicles by improving the information and mechanical 
performance of the towing cable. The propagation characteristics of the fiber can be utilized to 

indicate strain and temperature change. This can be considered for sensor applications with 
improved sensitivity. Acoustic and magnetic field sensors and a fiber gyroscope have been 

identified as possibilities. 

 

BUSINESS   DEVELOPMENT   

 

Akin to the wired-city concept is the office-of-the-future concept, where business functions 

of information retrieval, distribution, dissemination, and analysis are performed by equipment 

available within the office of the future. A general manager can call for financial and operational 

data with the touch of a button or a simple voice command.  A document can be typed into a word 

processing machine to allow for easy editing. Subsequent production of personalizing versions can 

be automatically routed internally thus enabling staff in other parts of the office to access the 

document on their terminal equipment in a display or hard-copy form and externally, for remote 

distribution. Inventory control, numerical control of machines and payroll preparation are just a 

few of the many automated services which an office of the future may have audiovisual 
conferencing and interactive graphics are other possible features. The technical realization of such 

a system is not too different from the wired city, but since the system may be confined to a single 
building, and since the community involved has a more homogeneous and identifiable 

requirement, the system requirements can be more readily met.   
 

ENTERTAINMENT 
 

The pursuit of happiness often starts with a satisfying job, followed by spending the 

affordable surplus earnings on entertainment.  We are lured to a world of service industry aimed at 

entertainment.  The spectator sports, the stage, the movies, the radio and television (TV) programs, 

as well as toys and books, are just a handful of more pertinent examples. Perhaps TV has emerged 

as the most influential of all entertainment media.  Backed by revenue from advertising, television 

broadcasters have captured the attention of millions of people each day and entertain them with a 

great variety of visual programs. It has dramatically altered the proportion of active participants in 

entertainment to passive spectators.                                                       

             

Recently, cable television [also referred to as community antenna television  

(CATV)] through the use of geo-synchronous communication satellites, is changing 
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the TV industry. Cable TV provides many channels in each house, giving viewers a greater degree 

of freedom of choice of programs. The commercialization of video tape recorders and videodisks 

is another entry into the TV industry that is destined to reshape the mode of operation further. 

             

The entertainment market many service vendors who compete for the surplus earnings of the 

consumers by persuading them to become their customers, promising them entertainment 

which is worth much more than the payment. For example, Cable TV charges a flat monthly fee 
for the right to have more programs to choose from, While pay TV charges an extra fee for the 

right to see mainly movies with no commercials. The charge is low in comparison to the to the 
cost of going to a movie at a Cinema. The video disk merchants are appealing to the consumer’s 

pride of ownership and individual choice, while video recorder merchants are appealing to the 
consumer’s desire to view scheduled programs at the most convenient time. In the meantime, the 

cinema, the stage and books continue to flourish but cater to a more select group. 
             

The possibility of providing broadband information delivery to each home with an optical 

fiber network and the further possibility of delivering video services via that network on a 

switched basis are important in shaping the future of the entertainment world. The switched TV 

network can provide programs of wide audience appeal to cater to the majority while serving 

programs of limited appeal to more selected audiences by suitably arranging are venue base 

compatible with a narrow business basis. Such a scheme resembles a video library and provides 

the ultimate in individual choice. 

                    

EDUCATION  

             

 With the technology available, the education process could be made more effective.  For 

instance, the availability of pocket tape recorders at a certain university prompted some students to 

skip classes and ask friends to place their recorders at the class to record the lecture. the continued 
for some time, and the popularity of such a practice grew until one day a few students walked into 

the classroom and found it full of recorders but with the professor absent. His recorder was there 
with the “play” button down. This story has more than one moral. One of the morals prompts the 

question, ”Is a prerecorded lecture better or worse?”  
             

 In fact, with computers and videotape, a prepared teaching tape instead of a live lecture 
together with the use of computer –aided instruction can be most effective. The role of the 

professor then becomes that of the mentor who leads live sessions of debates and criticisms and 

opens the minds of the experienced. 

            

Already educational TV and program learning on computers are being used in schools and 

universities. The successful open university in the United Kingdom (at Waltin, Buckinghamshire, 

England) demonstrated convincingly the power of TV as an educational tool. Universities with 

large student bodies in several campuses found closed - circuit television (CCTV)to be an 

effective means of marking courses available. In fact, prepared lecture series are appearing as 

educational commodities. In due course authoritative texts should be made accessible as 

references at information banks. 
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 The provision of broadband communications systems in educational institutions is a 

definite necessity. The role of fiber optics for this application is very clear. 

 

4.1.5.  Summary:  Development of communication systems, applications in the electromagnetic 

spectrum, advantages of optical fibers due to small size, large bandwidth, light weight, less 

repeater stations between long distance communications, elimination of cross-talk, applications of 

optical fiber communications in different field have been given. 
 

4.1.6.  Keywords: Optical fiber, communications, electromagnetic spectrum, bandwidth,  
                           applications of optical fibers 

 

4.1.7. Self-assessment questions 

 
1. Give an account of communication systems applications in the electromagnetic spectrum 

2. What are the advantages of fiber optic communications 

3. Discuss the applications of optical fibers. 

  

4.1.8.  Text and Reference Books 

 

1.     “Optical fiber communications” by G. Keiser, McGraw-Hill International Edition, 2000,    

         Third edition, and also see first edition. 

2.     “Optical fiber systems: Technology, design, and applications” by Charles K. Kao, McGraw  

           -Hill, 1986. 
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Unit IV 

Lesson 2 

FUNDAMENTALS OF LIGHT AND OPTICAL FIBERS 

 

Objective: To explanation of nature of light, optical fiber structures, mode theory of waveguides. 

Structure: 

 

4.2.1.       The nature of light  
4.2.2.       Basic optical laws and definitions 

4.2.3.    Optical fiber modes and configurations 
4.2.3-1.  Fiber types: 

4.2.3-2.  Rays and modes  

4.2.3-3.  Step-index fiber structure: 

4-2.3-4.  Ray optics representation: 

4.2.3.5. Wave representation: 

4.2.4.     Mode theory for circular waveguides 

4.2.5.     Summary 

4.2.6.     Keywords 

4.2.7.     Self assessment questions 

4.2.8.    Text and reference books 
 

4.2.1.   THE NATURE OF LIGHT 

 
The concepts concerning  the  nature   of   light   has   undergone   several   variations 

during the history of physics.  Until the early seventeenth century it was generally believed that 
light consisted of a stream of minute particles that were emitted by luminous sources.  These 

particles were pictured as traveling in straight lines, and it was assumed that they could penetrate 
transparent materials but were reflected from opaque ones.  This theory adequately described 

certain large-scale optical effects such as reflection and refraction, but failed to explain finer-scale 
phenomena such as interference and diffraction. 

    

 The correct explanation of diffraction was given by Fresnel in 1815.  Fresnel showed that 

the approximately rectilinear propagation character of light could be interpreted on the assumption 

that light is a wave motion, and that the diffraction fringes could thus be accounted for in detail.  

Later the work of Maxwell in 1864 theorized that light waves must be electromagnetic in nature.  

Furthermore observation of polarization effects indicated that the light waves are transverse (that 

is, the wave motion is perpendicular to the direction in which the wave travels). In this wave or 

physical optics viewpoint   the electromagnetic   waves   radiated    by   a   small   optical   source   

can be represented by a train of spherical wave fronts   with the source at the center as shown in 

fig. 4.2.1. A wave front is defined as the locus of all points in the wave train, which have the same 

phase. Generally one draws wave fronts passing either through the maxima or the minima of the 
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wave such as the peak or trough of a sine wave for example.  Thus the wave fronts are separated 

by one wavelength.        

             

   When   the  wavelength   of  the  light  is  much  smaller  than  the  object  which  it  

encounters  the  wave  fronts  appear  as  straight  lines  to  this  object  or  opening  .in  this  case  

the  light  wave  can  be  represented  as  a  plane  wave  and  its  direction  of  travel  can  be  
indicated  by  a  light  ray  which  is  drawn  perpendicular  to  the  phase  front  .   Thus large scale 

optical effects such as reflection and refraction can be analyzed by the simple geometrical process 
of ray tracing.  This view of optics is referred to as ray or geometrical optics.  The concept of light 

rays is very useful because the rays show the direction of energy flow in the light beam.      
       

 

 

 

 

 

 

 

 

A train of plane or linearly polarized waves traveling in a direction k can be represented in general 
form.  

1 0( , ) exp[ ( . )]A x t e A j t k xω= − ……..(4.2.1) 

     with x = xex +yey +zez representing a general position vector and k = kxex + kyey + kzez 

representing the wave propagation vector. 

        Here Ao the maximum amplitude of the wave vector, ω=2πν, where ν is the frequency of the 

light, the magnitude of the wave vector k is k=2π/λ, which is known as the wave propagation 

constant with λ being the wavelength of the light and e, is a unit vector lying parallel to an axis 
designated by j.   

     Note that the components of the actual electromagnetic field represented by Eq(4.2.1) are 

obtained by taking the real part of this equation.  

For example and if k = kez and if A denotes the electric field E with the coordinate axes chosen 

such that ey = ex then the real measurable electric field varies harmonically in the x direction and is 

given by   

( , ) Re( ) cos( )x x oxE z t E e E t kzω= = − ……(4.2.2) 

Which represents a plane wave traveling in the z direction.  The reason for using the exponential 

form is more easily handled mathematically than equivalent exponential form is that it is more 
easily expression given in terms of sine and cosine. In addition the rationale for using harmonic 

function is that any waveform can be expressed in terms of sinusoidal waves using Fourier 
technique 

Point 

source 

Spherical wave fronts 
Plane wave fronts 

Rays 

Fig. 4.2.1. Representation of spherical and plane wave fronts and their associated rays 
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     The electric and magnetic field distribution in a train of plane electromagnetic waves at a given 

instant in time are shown in fig 4.2.2. The waves are moving in the direction indicated by the 

vector k.  Based on Maxwell’s equations it is easily shown that E and H both perpendicular to the 

direction of propagation. Such a wave is called a transverse wave. Furthermore E and H are 

mutually perpendicular so that E, H, and k form a set of orthogonal vectors. 

     The plane wave example given by eq4.2-2 has its electric field vector always pointing in the ex   

direction.  Such a wave is linearly polarized with   polarization vector ex. A general state of 
polarization is described by considering another linearly polarized wave, which is independent of 

the first wave and orthogonal to it.   
 

 

fig 4.2.2: Field distributions in a train of plane electromagnetic waves at a given  instant  in time 
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fig4. 2.3: Addition  of two linearly polarized waves having zero relative phase between them. 
     

 Let this wave be  ( , ) cos( )y y oyE z t e E t kzω δ= − + ………(4.2.3) 

Where δ is the relative phase difference between the waves. The resultant wave is then simply   

( , ) ( , ) ( , )x yE z t E z t E z t= + ……….(4.2.4) 

If  δ is zero or an integer multiple of 2π, the wave are in phase.  Equation 4.2.4 is then also a 

linearly polarized wave with a polarization vector making an angle arctan o

ox

E

E
θ =  

with respect to ex and having a magnitude   
2 2 1/ 2( )ox oyE E E= +  

This case is shown schematically in fig 4.2.3. Conversely, just as any two orthogonal plane waves 

can be combined in to a linearly polarized wave an arbitrary linearly polarized wave can be 

resolved in to two independent orthogonal plane waves that are in phase. 
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Fig 4.2.4: Elliptically polarized light resulting from the addition of two linearly polarized waves of 

unequal amplitude having a non-zero phase difference between them. 

 

For general values of δ the wave given by eq 4.2.4 is elliptically polarized. The resultant 

field vector E will both rotate and change its magnitude as a function of the angular frequency was 

shown in fig 4.2.4 the endpoint of E will trace out an ellipse at a given point in space with the axis 

by angle α given by   

2 2

2 cos
tan 2

ox oy

ox oy

E E

E E

δ
α =

−
………..(4.2.5) 

where Eox= Eoy the resultant wave is circularly polarized. 
     The wave theory of light adequately accounts for all phenomena involving the transmissions of 

light.  However in dealing with the interaction of light and matter such as occurs in dispersion and 
in the emission and absorption of light neither the particle theory nor the wave theory of light is 

appropriate. Instead we must turn to quantum theory, which indicates that optical radiation has 
particle as well as wave properties. The particle nature arises from the observation that light 

energy is always emitted or absorbed in discrete in units called quanta or photons  

    In all experiments used to show the existence of photons the photons the energy is found to 

depend only on the frequency ν. This frequency must be measured by observing a wave property 
of light   

  The relationship between the energy E and the frequency ν of a photon is given by  

E hυ= ……….(4.2.6) 

   where h = 6.625× 10 –34 J-s is Planck’s constant. When light is incident is on an atom a photon 

can transfer its energy to an electron within this atom thereby exciting it to a higher energy level.  

In  this  process  either  all  or  none  of  the  photon  energy  is  the  imparted  to  the  electron  . 
The energy absorbed by the electron must be exactly equal to that required to excite the electron to 

a higher energy level conversely an electron in an exited state can drop to a lower state separated 

from state it by an energy  hν by emitting a photon of exactly this energy. 
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4.2.2.  Basic Optical Laws and definitions 

 

         The concepts of reflection and refraction can be interpreted most easily by considering the 

behavior of light rays associated with plane waves traveling in a dielectric material. When a light 

ray associated with encountered a boundary separating two different media part of the ray 

encounters two different media part of the ray is reflected back into the first medium and the 
reminder is bent as it enters the second material.  This is shown in fig 4.2.5. n2 < n1 where the 

bending or refraction of the light ray at the interface is a result of the difference in the speed of 
light in two materials having difference in the speed of light in interface indices.  

 The frequency of the wave is  ν = c /  λ          ……. ( 4.2.7)  
The relationship at the interface is known as Snell’s law and is given by 

1 1 2 2sin sinn nφ φ= ………(4.2.8) 

or equivalently as  

1 1 2 2cos cosn nθ θ= ………..(4.2.9) 

  

Where the angles are defined in Fig.4.2.5. 

         According to the law of reflection the angle θ, at which the incident ray strikes the interface 

is exactly equal to the angle the reflected ray makes with the same interface.  In addition, the 

incident ray, the normal to the interface, and the reflected ray all lie in the same plane, which is 

perpendicular to the interface plane between the two materials.  When light traveling in a certain 

medium is reflected off an optically denser material (one with a higher refractive index), the 

process is referred to as external reflection.  Conversely, the reflection of light off of less optically  
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Fig 4.2.5. Refraction and reflection of a light ray at a material boundary 
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dense material (such as light traveling in glass being reflected at a glass-to-air interface) is called 

internal reflection.  

      As the angle of incidence θ1 in an optically denser material (higher refractive index) becomes 

smaller, the refracted angle θ2 approaches zero.  Beyond this point no refraction is possible and the 

light rays become totally internally reflected. The conditions required for total internal reflection 

can be determined by using Snell’s law [Eq. (4.2.9)].  Consider Fig 4.2.6, which shows a glass 
surface in air.  A light ray gets bent toward the glass surface as it leaves the glass in accordance 

with Snell’s law.  If the angle of incidence θ1 is decreased, a point will eventually be reached 

where the light ray in air is parallel to the glass surface.  This point is known as the critical angle 

of incidence.  When the incident angle θ1 is less than the critical angle, the condition for total 

internal reflection is satisfied; that is, the light is totally reflected back into the glass with no light 
escaping from the glass surface.  (This is an idealized situation. In practice there is always some 

tunneling of optical energy through the interface.  This can be explained in terms of the 

electromagnetic wave theory of light which is presented in Sec.4.2.4.)   

 

   As an example consider the glass-air interface shown in Fig4.2.6.  When the light ray in air is 

parallel to the glass surface then   θ2=0 so that cos θ2  =1.  The critical angle in the glass is thus 

2

1

arccosc

n

n
θ = ……………….(4.2.10) 

Using n1=1.50 for glass and n2=1.00 for air, is about 48
0
. Any light in the glass incident on the 

interface at an angle θ1 less than 480 is totally reflected back into the glass. 

        In addition, when light is totally internally reflected, a phase change δ occurs in the reflected 

wave.  This phase change depends on the angle θ1 < θC  according to the relationships  
2 2

1

1

cos 1
tan

2 sin

N
n

n

θδ
θ

−
= …………(4.2.11a) 

2 2

1

1

cos 1
tan

2 sin

p nδ θ
θ

−
= ………….(4.2.11b) 
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Fig 4.2.6:Representation of the critical angle and total internal reflection at a glass-air interface 
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fig 4.2.7.  Phase shifts occurring from the reflection of wave components normal (δN) and parallel 

(δp) to the reflecting surface 

Here  δn and δP are the phase shifts of the wave components normal and parallel to the reflecting 

surface, respectively, and n= n1/n2.  A derivation of Eqs.(4.2.11a) and (4.2.11b) can be found in 

Klein.  These phase shifts are shown in Fig. 4.2.7 for a glass-air interface (n=1.5 and  θC = 48o).  

The values range from zero immediately at the critical angle to π when θ1  =0
o
. 

These basic optical principles will now be used to illustrate how optical power is transmitted along 

a fiber. 
 

4.2.3 OPTICAL FIBER MODES AND CONFIGURATIONS 

 

Before going into details on optical fiber characteristics in Sec.4.2.3.3, we first present a brief 

overview of the underlying concepts of optical fiber modes and optical fiber configurations. 
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4.2.3.1 Fiber Types: 

 

       An optical fiber is a dielectric waveguide that operates at optical frequencies.  This fiber 

waveguide is normally cylindrical in form.  It confines electromagnetic energy in the form of light 

to within its surfaces and guides the light in a direction parallel to its axis.  The transmission 

properties of an optical waveguide are dictated by its structural characteristics, which have a major 

effect in determining how an optical signal is affected as it propagates along the fiber.  The 
structure basically establishes the information-carrying capacity of the fiber and also influences 

the response of the waveguide to environmental perturbations. 
      The propagation of light along a waveguide can be described in terms of a set of guided 

electromagnetic waves called the modes of the waveguide.  These guided modes are referred to as 
the bound or trapped modes of the waveguide.  Each guided mode is a pattern of electric and 

magnetic field lines that is repeated  along the fiber at intervals equal to the wavelength.  Only a 
certain discrete number of modes are capable of propagating along the guide.  As will be seen in 

Sec.4.2.4, these modes are those electromagnetic waves that satisfy the homogeneous wave 

equation in the fiber and the boundary condition at the waveguide surfaces. 

  Although many different configurations of the optical waveguide have been discussed in the 

literature, the most widely accepted structure is the single solid dielectric cylinder of radius a and 

index of refraction n1 shown in Fig. 4.2.8.  This cylinder is known as the core of the fiber.  The 

core is surrounded by a solid dielectric cladding having refractive index n2 that is less than  n1.  

Although, in principle, a cladding is not necessary for light to propagate along the core of the 

fiber, it serves several purposes.  The cladding reduces scattering loss resulting from dielectric 

discontinuities at the core surface, it adds mechanical strength to fiber, and it protects the core 

from absorbing surface contaminants with which it could come in contact. 

  In low-and medium-loss fibers the core material is generally glass which is surrounded by either 

a glass or a plastic cladding.  Higher-loss plastic core fibers with plastic claddings are also widely 

in use.  In addition, most fibers are encapsulated in an elastic, abrasion-resistant plastic material.  

This material adds further strength to the fiber and mechanically isolates or buffers the fibers from 

small geometrical irregularities, distortions, or roughnesses of adjacent surfaces.  These 

perturbations could otherwise cause scattering losses induced by random microsopic bends that 

can arise when the fibers are incorporated into cables or supported by other structures. 
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Fig 4.2.8. Schematic of a single fiber structure. A circular solid core of refractive index n1 is  

               surrounded by a cladding having a refractive index n2<n1. An elastic plastic buffer  

                encapsulates the fiber. 

 

Variations in the material composition of the core give rise to the two commonly used fiber 

types shown in Fig.4.2.9.  In the first case the refractive index of the core is uniform throughout 

and undergoes an abrupt change (or step) at the cladding boundary.  This is called a step-index 

fiber.  In the second case the core refractive index is made to vary as a function of the radial 

distance from the center of the fiber.  This type is a graded-index fiber. 
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  Fig 4.2.9 comparison of single mode and multi mode step index and graded index optical fibers. 

          

Both the step-and the graded-index fibers can be further divided into single-mode and 

multimode classes.  As the name implies, a single-mode fiber sustains only one mode of 

propagation, whereas multimode fibers contain many hundreds of modes.  A few typical sizes of 

single-and multimode fibers are given in Fig4..2-9 to provide an idea of the dimensional scale.  

Multimode fibers offer several advantages compared to single-mode fibers. The larger core radii 

of multimode fibers make it easier to launch optical power into the fiber and facilitate the 

connecting together of similar fibers.  Another advantage is that light can be launched into a 

multimode fiber using a light-emitting-diode (LED) source, whereas single-mode fibers must be 

excited with laser diodes.  Although LEDs have less optical output power than laser diodes, they 

are easier to make, are less expensive, require less complex circuitry, and have longer lifetimes 

than laser diodes, thus making them more desirable in many applications.  
                 A disadvantage of multimode fibers is that they suffer from intermodal dispersion. 

Briefly, intermodal dispersion can be described as follows.  When an optical pulse is launched into 
a fiber, the optical power in the pulse is distributed over all (or most) of the modes of the fiber.  
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Each of the modes that can propagate in a multimode fiber travels at a slightly different velocity.  

This means that the modes in a given optical pulse arrive at the fiber end at slightly different 

times, thus causing the pulse to spread out in time as it  travels along the fiber.  This effect, which 

is known as intermodal dispersion, can be reduced by using a graded-index profile in the fiber 

core.  This allows graded-index fibers to have much larger bandwidths (data rate transmission 

capabilities) than step-index fibers.  Even higher bandwidths are possible in single-mode fibers 
where intermodal dispersion effects are not present. 

 

4.2.3.2 Rays and Modes  

   As we mentioned in Sec.4.2.3.1, the electromagnetic light field that is guided along an optical 
fiber can be represented by a superposition of bound or trapped modes.  Each of these guided 

modes is composed of a s et of simple electromagnetic field configurations which form a standing-
wave pattern in the transverse direction (that is, transverse to the waveguide axis). For mono-

chromatic light fields of radian frequency w, a mode traveling in the positive z direction (that is, 

along the fiber axis) has a time and z dependence given by 

 

    Exp[j(ωt-βz)] 

 

The factor β is the z component of the wave propagation constant k=2 π/λ and is the main 

parameter of interest in describing fiber modes.  For guiding modes β can only assume certain 

discrete values, which are determined from the requirement that the mode field must satisfy 

Maxwell’s equations and the electric and magnetic field boundary conditions at the core-cladding 

interface.  This is described in detail in Sec.4.2.4. 

    Another method for theoretically studying the propagation characteristics of light in an optical 

fiber is the geometrical optics or ray-tracing approach.  This method provides a good approxima-

tion to the light acceptance and guiding properties of optical fibers when the ratio of the fiber 

radius to the wavelength is large.  This is known as the small wavelength limit.  Although the ray 

approach is strictly valid only in the zero wavelength limit, it is still relatively accurate and 

extremely valuable for nonzero wavelengths when the number of guided modes is large, that is, 
for multimode fibers.  The advantage of the ray approach is that, compared to the exact 

electromagnetic wave (modal) analysis, it gives a more direct physical interpretation of the light 
propagation characteristics in an optical fiber. 

Since the concept of a light ray is very different from that of a mode, let us qualitatively 
what the relationship is between them. A guided mode traveling in the z direction (along the fiber 

axis) can be decomposed into a family of superimposed plane waves that collectively form a 
standing-wave pattern in the direction transverse to the fiber axis.  Since with any plane wave we 

can associate a light ray that is perpendicular to the phase front of the wave, the family of plane 

waves corresponding to a particular mode forms a set of rays called a ray congruence.  Each ray of 

this particular set travels in the fiber at the same angle relative to the fiber axis.  We note here that, 

since only certain number M of discrete guided modes exist in a fiber, the possible angles of the 

ray congruences corresponding to these modes are also limited to the same number M.  Although a 

simple ray picture appears to allow rays at any angle less than the critical angle to propagate in a 

fiber, the allowable quantized propagation angles result when the phase condition for standing 

waves is introduced into the ray picture.  This is discussed further in Sec.4.2.3.5. 



 ` 

 

ACHARYA NAGARJUNA UNIVERSITY 13 CENTRE FOR DISTANCE EDUCATION 

Despite the usefulness of the approximate geometrical optics method, a number of limitations and 

discrepancies exist between it and the exact modal analysis.  An important case is the analysis of 

single-mode o r few-mode fibers which must be dealt with by using electromagnetic theory.  

Problems involving coherence or interference phenomenon must also be solved with an 

electromagnetic approach.  In addition, a modal analysis is necessary when a knowledge of the 

field distribution of individual modes is required. 

This arises, for example when analyzing the excitation of an individual mode or when analyzing 
the coupling of power between modes at waveguide imperfections.  Another discrepancy between 

the ray optics approach and the modal analysis occurs when an optical fiber is uniformly bent with 
a constant radius of curvature.  Wave optics correctly predicts that every mode of the curved fiber 

experiences some radiation loss.  Ray optics, on the other hand, erroneously predicts that some ray 
congruences can undergo total internal reflection at the curve and, consequently, can remain 

guided without loss. 
 

 

4.2.3.3 STEP-INDEX FIBER STRUCTURE: 

 

            We begin our discussion of light propagation in an optical waveguide by considering the 

step-index fiber.  In practical step-index fibers the core of radius a has a refractive index n1 which 

is typically equal to 1.48.  This is surrounded by a cladding of slightly lower index n2, where 

2 1
(1 )n n= −∆ …………(4.2.12) 

The parameter ∆ is called the core-cladding index difference or simply the index difference.  

Values of n2 are chosen such that ∆ is nominally 0.01.  Since the core refractive index is larger 
than the cladding index, electromagnetic energy at optical frequencies is made to propagate along 

the fiber waveguide through internal reflection at the core-cladding interface. 

 

4.2-3-4 RAY OPTICS REPRESENTATION: 

 

                 Since the core size of multimode fibers is much larger than the wavelength of the light 

we are interested in (which is approximately 1 µm), an intuitive picture of the propagation 

mechanism in an ideal multimode step-index optical waveguide is most easily seen by a simple 

ray (geometrical) optics representation.  For simplicity in this analysis we shall consider only a  

particular ray belonging to a ray congruence which represents a fiber mode.  The two types of rays 

that can propagate in a fiber are meridional rays and skew rays.  Meridional rays are confined to 

the meridian planes of the fiber, which are the planes that contain the axis of symmetry of the fiber 

(the core axis).  Since a given meridional ray lies in a single plane, its path is easy to track as it 

travels along the fiber.  Meridional rays can be divided into two general classes: bound rays that 

are trapped in the core and propagate along the fiber axis according to the laws of geometrical 

optics, and unbound rays that are refracted out of the fiber core. 
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fig 4.2.10. Ray optics representation of skew rays traveling in a step index optical fiber core. 

  
                

Skew rays are not confined to a single plane but, instead, tend to follow a helical type path 

along the fiber as shown in Fig.4.2.10.  These rays are more difficult to track as they travel along 
the fiber since they do not lie in a single plane.  Although skew rays constitute a major portion of 

the total number of guided rays their analysis is not necessary to obtain a general picture of rays 
propagating in a fiber.  The examination of meridional rays will suffice for this purpose.  

However, a detailed inclusion of skew rays will change such expressions as the light acceptance 

ability of the fiber and power losses of light traveling along a waveguide.  

              A greater power loss arises when skew rays are included in the analyses, since many of 

the skew rays that geometric optics predicts are trapped in the fiber are actually leaky rays.  These 

leaky rays are only partially confined to the core of the circular optical fiber and attenuate as the 

light travels along the optical waveguide.  This partial reflection of leaky rays cannot be described 

by pure ray theory alone.  Instead, the analysis of radiation loss arising from these types of rays 

must be described by mode theory.  This is explained further in Sec.4.2.4. 

  The meridional theory is shown in Fig.4.2.11. for a step-index fiber.  The light ray enters the 

fiber core from a medium of refracative index n at an angle θ0 with respect to the fiber axis and 

strikes the core-cladding interface at a normal angle φ.  If it strikes this interface at such an angle 

that it is totally internally reflected, the meridional rays follows a zig-zag path along the fiber core 
passing through the axis of the guide after each reflection. 
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   From Snell’s law the minimum angle that supports total internal reflection for the meridional ray 

is 2
min

1

sin( )
n

n
φ = …………(4.2.13) 

 
 

 

Rays striking the core-cladding interface at angles less than φmin will refract out of the core and be 

lost in the cladding.  The condition of Eq. (4.2.13) can be related to the maximum entrance angle  

θ0, max through the relationship   
2 2 1/ 2

,max 1 1 2sin sin ( )o cn n n nθ θ= = − ………(4.2.14) 

Where θC is the critical angle.  Thus those rays having entrance angles θ0 less than θ0, max will be 
totally internally reflected at the core-cladding interface.   

Equation (2-14) also defines the numerical aperture NA of a step-index fiber for meridional rays. 
2 2 1/ 2

,max 1 2 1sin ( ) 2oNA n n n nθ= = − ∆� ………….(4.2.15) 

The approximation on the right-hand side is valid for the typical case where ∆ as defined by 

Eq.(4.2.12) is much less than 1.  Since the numerical aperture is related to the maximum 
acceptance angle, it is commonly used to describe the light acceptance or gathering capability of a 

fiber and to calculate source-to-fiber optical power coupling efficiencies.  The numerical aperture 
is a dimensionless quantity, which is less than unity, with values normally ranging from 0.14 to 

0.50.   
 

4.2.3.5.  WAVE REPRESENTATION: 

 

The ray theory appears to allow rays at any angle θ1 less than the critical angle  to propagate along 
the fiber.  However, when the phase of the plane wave associated with the ray is taken into 

account, it is seen that only rays at certain discrete angles less than or equal to θC are capable of 

propagating along the fiber. 

Fig :4.2.11.Meridional ray optics representation of the propagation mechanism in an ideal step-index optical 

waveguide 
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To see this, consider a light ray in the core incident on the reflective surface at an angle θ as 

shown in Fig.4.2.12.  The plane wave associated with this ray is of the form given in Eq.(4.2.1).  

As the wave travels it undergoes a phase change δ given by   

1
1 1

2n s
k s n ks

π
δ

λ
= = = ……..(4.2.16) 

where  k1 = the propagation constant in the medium of refractive index n 

           k = k1/n1 is the free-space propagation constant 

           s = the distance traveled along the ray by the wave 

 

Fig 4.2.12. Light ray propagating along a fiber waveguide. Phase changes occur both as the wave 
travels through the fiber medium and at the reflection points. 

 

The phase of the wave changes not only as the wave travels but also upon reflection from a 

dielectric interface, as shown in Sec.4.2.2. 

   In order for the wave associated with a given ray to propagate along the waveguide shown in 

Fig.4. 2.12, the phase of the twice reflected wave must be the same as that of the incident wave.  

That is, the wave must interfere constructively with itself.  If this phase condition is not satisfied, 

the wave would interfere destructively with itself and just die out.  Thus the total phase shift that 

results when the wave traverses the guide twice (from points A to B to C) and gets reflected twice 

(at points A and B) must be equal to an integer multiple of 2π rad.  Using Eqs. (4.2.16) and 

(4.2.11), we let the phase change that occurs over the distance ABC be  AC 1
1

2dδ =n k
sinθ

 
 
 

   and 

the phase changes upon reflection each be (assuming for simplicity that the wave is polarized 
normal to the reflecting surface) 

 

 
2 2 1/ 2

1
1

1

( cos 1)
2arctan

sin

n

n

θ
δ

θ
−

= …………(4.2.17) 

Where n=n1/n2.  Then the following condition must be satisfied  

1
1

1

2
2 2

sin

n kd
Mδ π

θ
+ = ………(4.2.18) 

 

Where M is an integer that determines the allowed ray angles for waveguiding. 
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4.2.3 MODE THEORY FOR CIRCULAR WAVEGUIDES: 

To attain a more detailed understanding of the optical power propagation mechanism in a fiber, it 

is necessary to solve Maxwell’s equations subject to the cylindrical boundary conditions of the 

fiber.  This has been carried out in extensive detail in a number of works.  Since a complete 

treatment is beyond the scope of this book, only a general outline of the analyses will be given 

here. 
  Before we progress with our discussion of mode theory in circular optical fibers, let us first 

qualitatively examine the appearance of modal fields in the planar dielectric slab waveguide 
shown in Fig.4. 2.13.  This waveguide is composed of a dielectric slab of refractive index n1 

sandwiched between dielectric material of refractive index n2 < n1.which we shall call the 
cladding.  This represents the simplest form of an optical waveguide and can serve as a model to 

gain an understanding of wave propagation in optical fibers.  In fact, a cross-sectional view of an 
optical fiber cut along its axis.  Figure 4.2.13 shows the field patterns of several of the lower-order 

modes (which are solutions of Maxwell’s equations for the slab waveguide).  The order of a mode 
is equal to the number of field maxima across the guide.  The order of the mode is related to the 

angle that the ray congruence corresponding to this mode makes with the plane of the waveguide 
(or the axis of a fiber); that is, the steeper the angle, the higher the order of the mode.  The plots 

show that the electric fields of the guided modes are not completely confined to the central 

dielectric slab (that is, they do not go to zero at the guide-cladding interface), but, instead, they 

extend partially into the cladding.  The fields vary harmonically in the guiding region of refractive 

index n1 and decay exponentially outside of this region.  For low-order modes the fields are tightly 

concentrated near the center of the slab (or the axis of an optical fiber) with little penetration into 

the cladding region.  On the other hand, for higher-order modes the fields are distributed more 

toward the edges of the guide and penetrate further into the cladding region. 

 

 
Fig 4.2.13 . Electric field distribution for several of the lower order guided modes in a symmetrical 

slab waveguide. 
 

 

Solving Maxwell’s equations shows that, in addition to supporting a finite number of 

guided modes, the optical fiber waveguide has an infinite continuum of radiation modes that are 
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not trapped in the core and guided by the fiber but are still solutions of the same boundary-value 

problem.  The radiation field basically results from the optical power that is outside the fiber 

acceptance angle being refracted out of the core.  Because of the finite radius of the cladding, 

some of this radiation gets trapped in the cladding, hereby causing cladding modes to appear.  As 

the core and cladding modes propagate along the fiber, mode coupling occurs between the 

cladding modes and higher-order core modes.  This coupling occurs because the electric fields of 
the guided core modes are not completely confined to the core but extend partially into the 

cladding (see Fig.4.2.13) and likewise for the cladding modes.  A diffusion of power back and 
forth between the core and cladding modes this occurs, which generally results in a loss of power 

from the core modes.  In practice, the cladding modes will be suppressed by a lossy coating which 
covers the fiber or they will scatter out of the fiber after traveling a certain distance because of 

roughness on the cladding surface. 
                 In addition to bound and refracted modes, a third category of modes called leaky modes 

is present in optical fibers.  These leaky modes are only partially confined to the core region, and 

attenuate by continuously radiating their power out of the core as they propagate along the fiber.  

This power radiation out of the waveguide results from a quantum mechanical phenomenon 

known as the tunnel effect. However, it is essentially based on the upper and lower bounds that the 

boundary conditions for the solutions of Maxwell’s equations impose on the propagation constant 

β.  Mode remains guided as long as β satisfies the condition. 

 

                        
2 1n k n kβ< <  

 

        Where n1 and n2 are the refractive indices of the core and cladding, respectively, and k=2π/λ. 

The boundary between truly guided modes and leaky modes is defined by the cutoff condition  

β = n2k. As soon as β becomes smaller than n2k. Power leaks out of the core into the cladding 

region. Leaky modes can be carry significant amounts of optical power in short fibers. Most of 
these modes disappear after a few centimeters, but a few have sufficiently low losses to persist in 

fiber lengths of a kilometer. 

 

4.2.5. Summary: In this lesson we have examined the structure of optical fibers and have 

considered two mechanisms that show how light propagates along these fibers.  In its simplest 

form optical fiber is a coaxial cylindrical arrangement of two homogeneous dielectric materials. 

This fiber consists of a central core of refractive index n1 surrounded by a cladding region of 

refractive index n2 that is less than n1.  This configuration is referred to as a step-index fiber 

because the cross-sectional refractive index profile has a step function at the interface between the 

core and clad.  Graded index fibers are those in which the refractive index profile varies as a 

function of the radial coordinate r in the core but is constant in the cladding (often profile 

represented as a power law).  A general picture of light propagation in an optical fiber can be 

obtained by considering a ray-tracing (or geometrical optics) model in a slab waveguide.  Light 

rays propagate along the slab waveguide by undergoing total internal reflection in accordance with 
snell’s law in the interfaces of these two materials.  Further, mode theory approach has been 

explained. 
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4.2.6. Keywords:  

Light wave, waveguides, total internal reflection, propagation constant, step-index and  

graded-index optical fibers. Guided modes 

 

4.2.7. Self assessment questions 

 

1. What is total internal reflection and apply it to the optical fibers. 
2. Explain the mode theory of circular waveguides. Obtain the wave guide equations. 

3. Explain the terms step-index fibers, graded index fibers and modes and configurations in fibers. 

 

4.2.8. Text and reference books 
 

1. Optical fiber communications by G. Keiser, McGraw-Hill International Edition, 2000,    
     Third edition, and also see first edition. 

2. Optical fiber communications by Kato, McGraw-Hill, 1986 

3. Inhomogeneous optical waveguides by M.S. Sodha and A.K. Ghatak, Plenum Press, 1977 
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Unit IV 

Lesson 3 
 

OPTICAL FIBERS: WAVEGUIDING FUNDAMENTALS 

 

Objective:  To discuss about the wave propagation in the step and graded index optical fibers, 

their numerical apertures and different modes in the respective optical fibers 

 

Structure: 
 

4.3.1.      Maxwell’s equations 
4.3.2.      Waveguide equations: 

4.3.3.      Wave equations for step index fibers 
4.3.4.      Modal equation 

4.3.5.      Modes in step-index fibers 

4.3.6.      Power flow in step-index fibers 

4.3.7.      Graded-index fiber structure 

4.3.7.1    Graded index numerical aperture(na) 

4.3.7.2.   Modes in graded-index fibers 

4.3.8.      Summary 

4.3.9.      Keywords 

4.3.10.    Self assessment 

4.3.11.    Reference books 

  

4.3.1 MAXWELL’S EQUATIONS :                                                                                            

 
                To analyze the optical waveguide we need to consider Maxwell equations that give the 

relationship between the electrical and magnetic fields.  Assuming a linear isotopic dielectric 
material having no currents and free charges these equations take the form . 

B
E

t

∂
∇× = −

∂
……………..(4.3.1a) 

 

D
H

t

∂
∇× =

∂
………………(4.3.1b) 

 

. 0D∇ = …………………  (4.3.1c) 

 

. 0B∇ = ……………….   . (4.3.1d) 

 

where D = εE and B = µH. The parameter ε is the permittivity (or dielectric constant) and µ is the 

permeability of the medium. 
A relationship defining the wave phenomenon of the electro magnetic fields can be derived from 

maxwell’s equations. Taking the curl of equation (4.3.1a) and making use of equation (4.3.1b) 
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yields  

      
2

2
( ) ( )

E
E H

t t
µ εµ

∂ ∂
∇× ∇× = − ∇× = −

∂ ∂
………(4.3.2) 

Using the vector identity     2( ) ( . )E E E∇× ∇× = ∇ ∇ −∇  

And using eq (4.31c) (that is,∇.E = 0), Eq (4.3.2) becomes 

       
2

2

2

E
E

t
µ

∂
∇ =∈

∂
………..(4.3.3) 

Similarly, by taking the curl of equation (4.3.1 b) it can be shown that 

      
2

2

2

H
H

t
µ

∂
∇ =∈

∂
……………(4.3.4.) 

 

Equations (4.3.3) and (4.3.4.) are the standard wave equations. 

 
 

4.3.2 WAVEGUIDE EQUATIONS: 
 

 Consider electromagnetic waves propagating along a cylindrical fiber shown in fig. 4.3.1 

For this fiber a cylindrical coordinate system ( r,φ,z ) is defined with the z-axis lying along axis of 

the waveguide. If the electromagnetic waves are to propagate along the z-axis, they will have 

functional dependence of the form 

      ( )( , ) j t z

oE E r e ω βφ −= ………….(4.3.5.) 

     ( )( , ) k t z

oH H r e ω βφ −= …………(4.3.6) 

Which are harmonic in time t and coordinate z. the parameter β is the z-component of the 

propagation vector and will be determined by boundary conditions on the electromagnetic fields at 

the core –cladding interface. 

 

When eqs(4.3.5) and (43.6) are substituted into Maxwell’s curl equations. We have from eq 

(4.3.1a),  

1
( )z

r

E
jr E j H

r
φβ ωµ

φ
∂

+ = −
∂

…………..(4.3.7a) 

z
r

E
j E j H

r
φβ ωµ

∂
+ =

∂
……………….  (4.3.7b) 

1
[ ( ) ]r

z

E
rE j H

r r
φ µω

φ
∂∂

− = −
∂ ∂

………  (4.3.7c) 
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Fig 4.3.1: Cylindrical coordinate system used for analyzing electromagnetic wave propagation in an optical fiber. 

 

and from Eq (4.3.1b) 

 

1
( )z

r

H
jr H j E

r
φβ ω

φ
∂

+ = ∈
∂

………….(4.3.8a) 

z
r

H
j H j E

r
φβ ω

∂
+ = − ∈

∂
…………… (4.3.8b) 

1
[ ( ) ]rH

rH j E
r r

φ ω
φ

∂∂
− = ∈

∂ ∂
………  (4.3.8c) 

 

By eliminating variables these equations can be rewritten such that when Ez and Hz are known. 

The remaining transverse components Er, Eφ, Hr and Hφ can be determined. For example Eφ or Hr 

can be eliminated from eq (4.3.7b) and (4.3.8b) so that the components Hφ or Er respectively can 
be found interms Ez or Hz doing so yields  

 

2

z z
r

E Hj
E

q r r

µω
β

φ
 ∂ ∂

= − + ∂ ∂ 
……  (4.3.9a) 

2

z zE Hj
E

q r r
φ

β
µω

φ
 ∂ ∂

= − − ∂ ∂ 
…… .(4.3.9b) 

2

z z
r

H Ej e
H

q r r

ω
β

φ
 ∂ ∂

= − − ∂ ∂ 
……. (4.3.9c) 

2

z zH Ej
H

q r r
φ

β
ω

φ
 ∂ ∂

= − + ∈ ∂ ∂ 
……(4.3.9d) 

 

where 2 2 2 2 2q = kω εµ β β− = − , 

substitution of equations (4.3.9c) and (4.3.9d) into equation (4.3.8c) results in the wave equation in 

cylindrical coordinates. 
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2 2
2

2 2 2

1 1
0z z z

z

E E E
q E

r r r r φ
∂ ∂ ∂

+ + + =
∂ ∂ ∂

………(4.3.10) 

substitution of equations (4.3.9a) and (4.3.9b) into equation (4.3.7c) 
2 2

2

2 2 2

1 1
0z z z

z

H H H
q H

r r r r φ
∂ ∂ ∂

+ + + =
∂ ∂ ∂

……(4.3.11) 

It is interesting to note that eqs(4.3.10) and (4.3.11) each contain either only Ez or Hz . this appears 

to imply that the longitudinal components of E and H are uncoupled and can be chosen arbitrarily 
provided that they satisfy eqs(4.3.10) and (4.3.11).  However, in general, coupling Ez  and Hz is 

required by the boundary conditions of the electromagnetic field components described in (4.3.4) 

if the boundary conditions do not lead to components mode solutions can be obtained in which 

either the modes are called transverse, electric or TE modes and then transverse magnetic are TM 

modes result. Hybrid modes exist if both Ez and Hz are non-zero. It is the designated as HE or EH 

modes depending on whether Hz or Ez respectively makes a larger contribution to the transverse 

field. The fact that hybrid modes are present in optical waveguides make the analysis more 

complex compared to the simpler case hollow metallic waveguides. There only TE and TM modes 

are found. 

 

4.3.3 WAVE EQUATIONS FOR STEP INDEX FIBERS: 

    

                 We now use the above results to find the guided modes in a step index fiber .A standard 

mathematical procedure for solving eqs such as eq4.3.10 is to use the separation of variables 
methods, which assumes a solution of the form.  

1 2 3 4( ) ( ) ( ) ( )zE AF r F F z F tφ= …………(4.3.12) 

                   As was already assumed the time and z dependent factors are given by 
( )

3 4( ) ( ) j t zF z F t e ω β−= ……………….  (4.3.13) 

 

      Since the wave is sinusoidal in time and propagates in the z direction. In addition, because of 
the circular symmetry of the waveguide, each field component must not change when the 

coordinate φ is increased by 2π. We thus assume a periodic function of the term. 

2 ( ) jF e υφφ = …………….                   (4.3.14) 

          The constant ν can be positive or negative. But it must be an integer since the fields must be 

periodic in φ with a period of 2π. 

        Substituting eq 4.3.14 into eq 4.3.12.   The wave equation for EZ eq 4.3.10 becomes 
 

2 2
21 1

12 2

F F1
q F 0

v

r r r r

 ∂ ∂
+ + − = ∂ ∂  

…… .(4.3.15) 

 which is a well-known differential equation for Bessel functions. An exactly identical equation 

can be derived for Hz . 

 
         For the configuration of the step index fiber, we consider a homogeneous core of refractive 

index n1 and radius a, which is surrounded by an infinite cladding of index n2. The reason for 
assuming an infinitely thick cladding is that the guided modes in the core have exponentially 
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decaying fields outside the core, which must have in significant values at the outer boundary of the 

cladding. In practice optical fibers are designated claddings that are sufficiently thick. So that the 

guided mode field thus not reach the outer boundary of the cladding .To get an idea of the field 

patterns the electric field distribution for several of the lower order guided modes in a symmetrical 

slab waveguide we are shown in fig (4.2.13).  The fields vary harmonically in the guiding region 

of refractive index in n1 and decay exponentially outside of this region. 

             Eq (4.3.15) must now be solved for the regions inside and outside .The core for the inside 
region the solutions for the guided modes must remain finite as r� 0 whereas on the outside the 

solution must decay to zero as r�∝. Thus for r<a the solutions are Bessel functions of the first 

kind of order ν, for these functions we use the common designation Jν(ur). Here u
2
=k1

2
-β2 

with k1= 

2πn1/λ.. The expressions for Ez and Hz inside the core are thus 

( ) ( ) ( )j t zj

z
E r a AJ ur e e

ω βνφ
ν

−< = ………………(4.3.16) 

( ) ( ) ( )j t zj

zH r a BJ ur e e
ω βνφ

ν
−> = …………….  (4.3.17) 

Where A and B are arbitrary constants. 

 Outside of the core the solutions to Eq(4.3.15) are given by modified Bessel functions of 

the second kind Kν(wr), where w
2
= β2 

– k2
2
 with k2= 2πn2/λ. The expressions for Ez and Hz 

outside the core are, therefore, 

( ) ( ) ( )j t zj

z
E r a CK r e e

ω βνφ
ν ω −> = …………….(4.3.18)  

( ) ( ) ( )j t zj

z
H r a DK r e e

ω βνφ
ν ω −> = …………   .(4.3.19) 

With C and D being arbitrary constants. 

From the definition of the modified Bessel function, it is seen that ( )vK urwr e−→ as 

wr → ∞ . Since Kv(wr) must go to zero as  r → ∞ , it follows that w > 0.  This, in turn , implies 

that  
2β K≥  which represents a cutoff condition. The cutoff condition is the point at which a mode 

is no longer bound to the core region. A second condition on  β  can be deduced from the 

behaviour of  Jν(ur)   Inside the core the parameter u must be real for F1 to be real , from which it 

follows that  1K β≥ . The permissible range of  β for bound solutions is ,therefore, 

          
2 2 1 1

n k k k n kβ= ≤ ≤ = …………………….. (4.3.20) 

Where k = 
2π
λ

   is the free-space propagation constant. 

 

 

4.3.4 Modal Equation: 

         

          The solutions for β must be determined from the boundary conditions. The boundary 

conditions require that the tangential components Eφ and Ez of E inside and outside of the 

dielectric interface at r=a must be the same and, similarly, for the tangential components Hφ and 
Hz. Consider first the tangential components of E. For the z component we have, from 

Eq(4.3.16) at the inner core-cladding boundary (Ez = Ez1) and from Eq(4.3.18) at the outside of the 
boundary (Ez = Ez2) that,  

( ) ( )1 2 0z zE E AJ ua CK aν ν ω− = − = ……   (4.3.21) 
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The φ component is found from Eq(4.3.9b) .Inside the core the factor q
2
 is given by  

2 2 2 2

1q u k β= = − …………………………(4.3.22) 

   Where  k1 = 1

2π
ω ε µ

λ
= , while outside the core  

2 2 2

2kω β= − ………………                      (4.3.23) 

            while outside the core 2
2 2

2 n
k

π ω ε µλ= = , Substituting Eqs.(4.3.16)and (4.3.17) into 

Eq.(4.3.9b) to find Eφ1, and similarly using Eqs.(4.3.18) and (4.3.19) to determine Eφ2 yields  

at r = a. 

( ) ( ) ( ) ( )1 1

1 2 2 2

j j j j
E E A J ua B uJ ua C K wa D wK wa

u a w a
φ φ ν ν ν ν

νβ νβ
ωµ ωµ   − = − − − −      

= 0… 

         ………………(4.3.24) 

Where the prime indicates differentiation with respect to the argument. Similarly, for the 

tangential components of H it is readily shown that at r = a. 

( ) ( )1 2 0z zH H BJ ua DK waν ν− = − = ………     (4.3.25) 

and  

( ) ( ) ( ) ( )1 1

1 2 22 2
0i

j j j j
H H B J ua A uJ ua D K wa C wK wa

u a w a
φ φ ν ν ν ν

νβ νβ
ωε ωε

−    − = + − + =      
… 

         ………………(4.3.26) 
Equations (4.3.21),(4.3.24),(4.3.25)and(4.3.26) are a set of four equations with four unknown 

coefficients, A, B, C, and D. a solution to these equations exists only if the determinant of these 
coefficients is zero. 

 

( ) ( )

( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( )

1 1

2 2

1 11 2

2 2

0 0

0
0 0

J ua K wa

j j
J ua J ua K wa K wa

au u aw w

J ua K wa

j j
J ua J ua K wa K wa

u au w aw

ν ν

ν ν ν ν

ν ν

ν ν ν ν

βν ωµ βν ωµ

ωε ωεβν βν

−

=
−

− −

………    … (4.3.27) 

 

Evaluation of this determinant yields the following eigen value equation for β : 
2 2

2 2

1 2 2 2

1 1
( )( )v v v v

v
k k

a u w

β   + + = +   
   

I H I H …………………………….(4.3.28) 

where 
1( )

( )

v
v

v

J ua

uJ ua
=I  and 

1( )

( )

v
v

v

K wa

wK wa
=H  

Upon solving Eq(4.3.28) for   it will be found that only discrete values restricted to the range given 

by Eq(4.3.20) will be allowed.   Although Eq(4.3.28)  is a complicated transcendental equation 

which is generally solved by numerical techniques, its solution for any particular mode will 
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provide all the characteristics of that mode. We shall now consider this equation for some of the 

lower-order modes of a step-index waveguide. 

 

4.3.5 MODES IN STEP-INDEX FIBERS: 

 

            To help describe the modes we shall first examine  the behavior of the J-type .Bessel 

functions . these are plotted in fig.4.3.2. for the first three orders. The J-type Bessel functions are 
similar to harmonic functions. Since they exhibit oscillatory behaviour for real k as is the case for 

sinusoidal functions.  Because of the oscillatory behaviour of  Jν 

There will be m roots of Eq(4.3.28)for a given ν value. These roots will be designated by  βνm and 

the corresponding modes are either TEνm, TMνm, EHνm, HEνm. 

              For the dielectric fiber waveguide all modes are hybrid modes except those for which 

ν=0. when ν=0 the right –hand side of Eq(4.3.28) vanishes and two different eigen value equations 

result. These are  

0 0
0+ =I H …………..…………(4.3.29a) 

or,  

1 1

0 0

( ) ( )
0

( ) ( )

J ua K wa

uJ ua wK wa
+ = ………. (4.3.29b) 

which corresponds to TMνm, modes (Ez=0), and 
2 2

1 0 2 0 0k k+ =I H ………….        (4.3.30a) 

or 

 
2 2

1 1 2 1

0 0

( ) ( )
0

( ) ( )

k J ua k K wa

uJ ua wK wa
+ = …… (4.3.30b) 

 

Fig: 4.3.2: Variation of the Bessel function Jx(x)  for the first three orders (ν=1,2,3) plotted as a functions of x. 
 

Jy(x) 
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which corresponds to TMνmmodes (Hz=0).  

              When  ν≠o  the situation is more complex and numerical methods are needed to solve 

Eq(4.3.28) exactly.  However, simplified and highly accurate approximations based on the 
principle that the core and cladding refractive indices are nearly the same have been derived by 

Synder and Gloge. The condition that n1-n2<<1 was referred to by Gloge as giving rise to weakly 
guided modes.  

Let us next examine the cutoff conditions for fiber modes. As was mentioned in relation to 

Eq(4.3.20), a mode is referred to as being cutoff when it is no longer bound to the core of the fiber 

so that its field no longer decays on the outside of the core. The cutoffs for the various modes are 

found by solving Eq(4.3.28) in the limit. This is, in general fairly complex so that only the results, 

which are listed in Table4.3.1, is given here. 

 

Table4.3.1.  Cutoff conditions for some lower order modes 

 

_______________________________________________________________ 

 

  ν Modes    Cutoff condition 

______________________________________________________________ 

 0 TEνm TMνm   Jν (ua) =  0 

 1 HEνm EMνm   Jν (ua) = 0 

 ≥ 2 EHνm    Jν (ua) = 0 
 

  HEνm  [(n1
2
/n2

2
 )+ 1]Jν-1(ua) = Jν(ua) [ua/ν-1] 

 -------------------------------------------------------------------------------------------- 

 

 

                   An important parameter connected with the cutoff condition is the normalized 

frequency V (also called the V-number or V-parameter) defined by 
2

2 2 2 2 2 2

1 2

2
( ) ( )

a
V u w a n n

π
λ

 = + = − 
 

………………(4.3.31) 

Which is a dimensionless number that determinates how many modes a fiber can support. The 
number of modes that can exists in a waveguide as a function of V may be conveniently 

represented interms of a normalized propagation constant b defined by 
2 22 2

2

2 2 2

1 2

( / )k na w
b

V n n

β −
= =

−  

A plot of b as a function of V is shown in Fig.4.3.3. for a few of the low-order modes. This figure 

shows that each mode can exist only for values of V that exceed a certain limiting value. The 

modes are cut off when β/k = n2. The HE11mode has no cutoff and ceases to exist only when the 

core diameter is zero. This is the principle on which the single-mode fiber is based. By 

appropriately choosing a, n1, and n2 so that 
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( )1/ 2
2 2

1 2

2
V= 2.405

a
n n

π
λ

− ≥ ………………..(4.3.32) 

 

 

 

fig 4.3.3. The normalized propagation parameter b as a function of the V number. When V≠1. The curve numbers vm 
designate HEv+1,m and EHv-1,m modes. For v=1, the curve numbers vm give the HE2m, TE0m, TM0m modes.  

 

 

Which is the value at which the lowest –order Bessel function J0 is zero (see  Fig.4.3.2), all  
modes except the HE11mode are cut-off. 

 
Single –mode fibers are constructed by letting the dimension of the core diameter be a few 

wavelength (usually 8 to 12) and by having small index differences between the core and the 
cladding. From Eq(4.3.32)with V=2.4 , it can be seen that single –mode propagation is possible 

for fairly large variations in values  of the physical core sizes a and the core-cladding index 

differences ∆. However, in practical design of single mode fibers, the core –cladding index 

difference varies between 0.1 and0.2 percent, and the core diameter should be chosen to be just 

below the cutoff of the first higher-mode; that is, for V slightly less than 2.4. for example , a 

typical single mode fiber may have a core radius of 3 µm  and a numerical aperture of 0.1 at a 

wavelength of 0.8µ m. From Eqs.(4.2.15) and (4.3-31) this yields V=2.356. 

 The parameter V can also be related to the number of modes M in a multimode fiber when 
M is large. An approximate relationship for step-index fibers can be derived from ray theory. A 

V 

2

1 2

( / )k n
b

n n

β −
=

−
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ray congruence incident on the end of a fiber will be accepted by the fiber if it lies within an angle   

defined by the numerical aperture as given in Eq.(4.2-15) 

( )1/ 2
2 2

1 2NA = sin  = n nθ − …………………(4.3.33) 

 

For practical numerical apertures sin θ is small so that sin θ ≈ θ. the solid acceptance angle for the 

fiber is therefore 

( )2 2 2

1 2 = θ n nπ πΩ = − …………………….(4.3.34) 

For electromagnetic radiation of wavelength λ emanating from a laser or a waveguide the number 

of modes per unit solid angle is given by 2A/ λ2, where A is the area the mode is leaving of 

entering. The area  A in this case is the core cross section. The factor 2 comes from the fact that 

the plane wave can have two polarization orientations. The total number of modes M entering the 

fiber is thus given by 

( )
2 2 2

2 2

1 22 2

2A 2 V
M =   = 

2

a
n n

π
λ λ

Ω = − … .(4.3.35) 

 

4.3.6. Power Flow in Step-Index Fibers:   

 

 A final quantity of interest for step-index fibers is the fractional power flow in the core and 

cladding for a given mode. As is illustrated in Fig 4.2-13,the electromagnetic field for a given 

mode does not go to zero at the core – cladding interface, but changes from an oscillating form in 

the core to an exponential decay in the cladding. Thus the electromagnetic energy of a guided 

mode is carried partially in the core and partially in the cladding. The further away a mode is from 

its cutoff frequency the more concentrated its energy is in the core. A s cutoff is approached, 
energy travels in the cladding. At cutoff the field no longer decays outside the core and the mode 

now becomes a fully radiating mode. 
 The relative amounts of power flowing in the core and the cladding can be obtained by 

integrating the pointing vector in the axial direction. 

( )*

2 2

1
Re E×H .e

2
S = ………………          (4.3.36) 

 

over the fiber cross-section. Thus the power in the core and cladding, respectively, is given by 

( )
2

0 0

1

2

a

core x y y xP r E H E H d dr

π

φ∗ ∗= −∫ ∫ ……  ..(4.3.37) 

( )
2

0

1

2

x

clad x y y x

a

P r E H E H d dr
π

φ∗ ∗= −∫ ∫ ……  .(4.3.38) 

 

Where the star denotes the complex conjugate. Gloge has shown that, based on the weakly guided 

mode approximation which has an accuracy on the order of the index difference ∆ between the 

core and cladding. The relative core and cladding powers for a particular mode ν is given by  
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22

2

1 1

( )
1 1

( ) ( )

ycore

v v

J uaP u

P V J ua J ua+ −

  
= − −  

    
…………..(4.3.39) 

and      1clad coreP P

P P
= − …………………………………...(4.3.40) 

 

Where P is the power ν. The relationship between Pcore and Pclad are plotted in Fig 4.3.4. in terms 

of the fractional powers Pcore /P and Pclad /P. In addition, far from cutoff the average total power in 

the cladding has been derives for fibers in which many modes can propagate. Because of this large 

number of modes, those few modes that are appreciably close to cutoff can be ignored to a 

reasonable approximation. The derivation assumes an incoherent source, such as a tungsten 

filament lamp or a light–emitting diode, which , in general , excites every fiber mode with the 
same amount of power. The total average cladding power is thus approximated by 

1
2

4

3

clad

total

P
M

P

−  = 
 

………………………….….(4.3.41) 

 

From fig. 4.3.4. and Eq (4.3.41) it can be seen that, since M is proportional to V2.  The power flow 

in the cladding decreases as V increases. 

 
 

 

Fig 4.3.4. Fractional power flow in the cladding of a step-index optical fiber as a function of the V number. When 

V≠1. The curve numbers vm designate HEv+1,m and EHv-1,m modes. For v=1, the curve numbers vm give the HE2m, 
TE0m, TM0m modes. 

  

  As an example, consider a fiber having a core radius of 25 , a core index of 1.48,and 

∆=0.01. At an operating wavelength 0.84   the value of V is 39 and there are 760 modes in the 

Pclad/P Pcore/P 
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fiber .From Eq(4.3.41) approximately  5 percent of the power propagates in the cladding. If  ∆ is 

decreased to, say 0.003, in order to decrease signal dispersion, then 242 modes propagate in the 

fiber and about 9 percent of the power resides in the cladding. For the case of the single-mode 

fiber ,considering the HE11 mode in fig.4.3.4, it is seen that for V=1 about 70 percent of the 

propagates in the cladding , whereas for V=2.405, which is where the TE01 mode begins, 

approximately 84 percent of the power is now within the core. 

 

4.3.7.  GRADED-INDEX FIBER STRUCTURE: 

 

    In the graded-index fiber design the core refractive index decreases continuously with radial 

distance r from the center of the fiber but is generally constant in the cladding. The most 
commonly used construction for the refractive index variation in the core is power law relationship 

1
2

1

1
2

1 1 2

[1 2 ( ) ] 0

( )
(1 2 ) (1 )

r
n for r a

a
n r

n n n for r a

α− ∆ ≤ ≤

=
− ∆ −∆ = ≥�

………………(4.3.42) 

Here r is the radial distance from the fiber axis, a is the core radius, n1 is the refractive index at the 

core axis n2 is the refractive index of the cladding, and the dimensionless parameter α defines the 

shape of the index profile. The index difference ∆ for the graded-index is given by 

 
2 2

1 2 1 2

2

1 12

n n n n

n n

− −
∆ = � ………………………………………….(4.3.43) 

The approximation on the right hand side of this equation reduces the expression for ∆ to that of 

the step-index fiber given by eq(4.2-12). Thus the same symbol is used in both cases.  For α=∝ , 

eq(4.3.42) reduces to the step-index profile n(r)=n1. 

 

4.3.7.1.  GRADED INDEX NUMERICAL APERTURE (NA): 

            

             The determination of the NA for graded – index fibers is more complex than for step-

index fibers. In graded –index fibers the NA is a function of position across the core end face. This 

is in contrast to the step-index fiber where the NA is constant across the core. Geometrical optics 

considerations show that light incident on the fiber core at position r will propagate as a guided 

mode only if it is within the local numerical aperture NA(r) at that point. The local numerical 

aperture is defined as 

 
 

( )1
2 2 2

2( ) (0) 1
( )

0

rn r n NA for r a
aNA r

for r a

α
 − − ≤ = 

 >

�
………(4.3.44) 

 
Where the axial numerical aperture is defined as 
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( )
11

2 2 2 2 22

2 1 2 1(0) (0) 2NA n n n n n = − = − ∆  � ……………..(4.3.45) 

 

 

 

Fig..4. 3.5. A comparison of the numerical aperture for fibers having various α profiles. 

 

 

4.3.7.2.  MODES IN GRADED-INDEX FIBERS 

   
A modal analysis of an optical fiber based on solving Maxwell’s equations can only be 

carried out rigorously if the core refractive index is uniform, that is, for step-index fibers. In other 

cases, such as for graded-index fibers, approximation methods are needed. The most widely used 

analysis of modes in a graded-index fiber is an approximation cased on the WKB method (named 
after Wenzel, Kramers, and Brilliouin) which is the commonly used in Quantum Mechanics. The 

purpose of the WKB method is to obtain an asymptotic representation for the solution of a 
differential equation containing a parameter that varies slowly over the desired range of the 

equation. That parameter in this case in the refractive-index profile n® which varies only slightly 
over distance on the order of the optical wavelength. 

          
Analogous to the step- index fiber, Eq.(4.3.15) for the radial component of the wave 

equation must be solved. 

  
2 2

2 2 21 1
12 2

1
( ) 0

d F dF
k n r F

dr r dr r

ν
β

 
+ + − − = 

 
………….(4.3.46) 
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              Where n ( r) is given by Eq. (4.3.42). The general procedure in the WKB method is to let     

  

 ( )

1

jkQ rF Ae= ………..(4.3.47) 

where the coefficient A is independent of r. Substituting this into Eq(4.2.64) gives 

( )
2

2
11 1 1 2 2 2

2
( )

jk
jkQ kQ Q k n r

r r

ν
β

 
− + + − − 

 
…………….(4.3.48) 

where the primes denote differentiation with respect to r.  Since n ( r ) varies slowly 

over a distance on the order of a wavelength, an expansion of the function Q ( r ) in powers of  

λ or, equivalently, in powers of k
-1

  =  λ/2π is expected to converge rapidly.  Thus we let 

0 1

1
( ) ............Q r Q Q

k
= + + ……………(4.3.49) 

Where Qo, Q1,…….. are certain functions of r.  Substituting Eq. (4.3.49) into Eq. (4.3-48) and 

collecting equal powers of k yield 

 

( )
2

2
2 1 2 2 2 11 1 1 1 0 1 2

0 0 0 1 02
( ) 2 ( , , ,...) 0

jk
k Q k n r jkQ kQ Q Q termsoforder k k k

r r

ν
β − −     − + − − + − + + =    

    
                   

…………..(4.3.50) 

A sequence of defining relations for the Q1 functions are obtained by setting to zero the terms in 

equal powers of k.  Thus, for the first two terms of Eq. (4.3.50), 
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2
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2 1 2 2 2

0 2
( ) 0k Q k n r

r

ν
β

 
− + − − = 

 
……………………(4.3.51) 
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Integration of Eq. (4.2-69) yields 
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∫ ………..                     (4.3.53) 
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Fig.4.3.6.  Cross-sectional projection of a skew ray in a graded index fiber and the graphical  representation of its mode solution 
from the WKB method. The field is oscillatory between the turning points r1 and r2 and is evanescent outside of this region. 

 

 

A mode is bound in the fiber core only if Qo is real.  For Qo to be real, the radical in the 

integrand must be greater than zero.  In general, for a given mode v, there are two values r1 and r2 

for which the radical is zero as is indicated by the limits of integration in Eq. (4.3.52).  Note that 

these values of r are functions of v.  Guided modes exist for r between these two values.  For other 

values of r the function Qo is imaginary, which leads to decaying fields. 

To help visualize the solutions to Eq. (4.3.52), consider the cross-sectional projection of a skew 

ray in a graded-index fiber shown in Fig..4.3.6. The path followed by the ray lies completely 

within the boundaries of two coaxial cylindrical surfaces, known as the caustic surfaces, that have 
inner and outer radii r1 and r2, respectively.  The radii r1 and r2 are those points at which the radical 

in the integrand of Eq. (4.3.52.) becomes zero.  They are called turning points since the ray turns 
from increasing to decreasing values of r or vice versa.  To evaluate the turning points, consider 

the functions 2 2 2( )k n r β− and  2 2rν  plotted in Fig.4.3.6. as solid and dashed curves, 

respectively.  The crossing points of these two curves give the points r1 and r2.  An oscillating field 

exists when the solid curve lies above the dashed curve, which indicates bound mode solutions.  
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Evanescent (nonbound decaying mode) fields occur when the solid curve lies below the dashed 

curve.  

        To form a bound mode of the graded-index fiber, each wave associated with the ray 

congruence corresponding to this mode must interfere constructively with  itself in such a way as 

to form a standing-wave pattern in the radial cross-sectional direction. This requirement imposes 

the condition that the phase function Qo between r1 and r2 must be a multiple of π (that is, an 

integer number of half-periods), so that  

2

1

1
2 2

2 2 2

2
( )

r

r

m k n r dr
r

ν
π β

 
− − 

 
∫� ………….(4.3.53) 

 

Where m=0,1,2,………. is the radial mode number that counts the number of half-periods between 

the turning points.  The total number of bound modes m(β ) can be found by summing Eq. (4.3.53) 

over all v from o to v max, where vmax is the highest-order bound mode for a given value of β.  If 

vmax is a large number, the sum can be replaced by an integral yielding 

max 2

1

1
( ) 2 2

2 2 2

2

0 ( )

4
( ) ( )

r r

r

m k n r drd
r

ν

ν

ν
β β ν

π
 

= − − 
 

∫ ∫ …………….(4.3.54) 

The factor 4 arises from the fact that each combination (m,v) designates a degenerate group of 

four modes of different polarization or orientation.  If we change the order of integration, the 

lower limit on r must be r1=0 in order to count all the modes, and the upper limit on v is found 

from the condition 
2

2 2 2 max

2
( ) 0k n r

r

ν
β

 
− − = 

 
…………………(4.3.55) 

thus 
max2
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2 2

2 2 2

2

0 0

4
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π
 

= − − 
 

∫ ∫ …………….(4.3.56) 

 

Evaluating the integral over v with vmax given by Eq. (4.3-55) yields 
2

2 2 2

0

( ) [ ( ) ]

r

m k n r rdrβ β= −∫ …………………..(4.3.57) 

 
To evaluate this further, we choose the index profile n(r) given by Eq. (4.3.42).  The upper limit of 

integration r2 is determined from the condition that  
( )kn r β=  

 

Combining this condition with Eq. (4.3.42) gives 
1

2

2 2 2

1

1
1

2

a

r a
k n

β  
= −  ∆   

……………..(4.3.58) 

 

Using Eqs. (4.3.42) and (4.3.58), the number of modes is  
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All bound modes in a fiber must have β  ≥  kn2.  If this condition does not hold, the mode is no 

longer perfectly trapped inside the core and loses power by leakage into the cladding.  The  

maximum number of bound modes M is thus found by letting 

( )2 1 1kn knβ = = − ∆  

Where Eq. (4.3.42) was used for the relationship between n1 and n2.  Thus 

2 2 2

2 1( )
2

M m kn a k n
α

α
= = ∆

+
…………..(4.3.60) 

gives the total number of bound modes in a graded-index fiber having a refractive-index profile 

given by Eq. (4.3.51). 

 

4.3.8.  SUMMARY: Solving Maxwell’s equations for a dielectric medium subject to the boundary 

conditions of the step and graded index optical fibers, the propagation of waves are understood.  

The boundary conditions at the core-cladding interface lead to a coupling between the longitudinal 

components of the E and H field.  This coupling leads to involve hybrid mode solutions. 

 
 

4.3.9.  Keywords:  Maxwell’s equations, boundary conditions, Numerical aperture, modes, 
 

4.3.10. Self assessment questions 

 

1.  Discuss the wave equations for step index fibers and hence derive mode equations.  
     Describe modes there in. 

2.  Write notes on power flow in step index fibers 

3.  Discuss the wave equations for graded index fibers and hence derive mode equations.  
     Describe modes there in. 

4. Define numerical aperture in step and graded index fibers.  Explain the importance of it. 

 

4.3.11.   Reference Books 
 

1. Optical fiber communications by G. Keiser, McGraw-Hill International Edition, 2000,    
     Third edition, and also see first edition. 

2. Optical fiber communications by Kato, McGraw-Hill, 1986 

3. Inhomogeneous optical waveguides by M.S. Sodha and A.K. Ghatak, Plenum Press, 1977 
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Unit IV 

Lesson 4 

 

SIGNAL ATTENUATION IN OPTICAL FIBERS 

 
Objective: To know about signal attenuation while it is propagating in optical fibers, different 

attenuation mechanisms operating in the optical fibers. 
 

Structure 

4.4.    Introduction 

4.4.1       Fiber Materials and Fabrication Methods: An Overview 

4.4.2       Attenuation    

4.4.2.1    Attenuation Units 
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4.4.2.3    Scattering Losses 

4.4.2.4    Radiative Losses 

4.4.2.5   Core and cladding losses 

4.4.3      Summary 

4.4.4      Keywords 

4.4.5      Self assessment questions 

4.4.6      Reference and text books 
 

4.4.       Introduction 

 

In lessons 2 and 3 we showed the structure of optical fibers and examined the concept of how light 

propagates along a cylindrical dielectric optical waveguide. Here we shall continue the discussion 

of optical fibers by answering two very important questions: 

1. What are the loss or signal attenuation mechanisms in a fiber? 

2. Why and to what degree do optical signals get distorted as they propagate along a fiber? 

 

Signal attenuation (also known as fiber loss or signal loss) is one of the most important 

properties of an optical fiber, because it largely determines the maximum repeater less separation 

between a transmitter and a receiver. Since repeaters are expensive to fabricate, install, and 

maintain, the degree of attenuation in a fiber has a large influence on system cost. Of equal 

importance is signal distortion. The distortion mechanisms in a fiber cause optical signal pulses to 

broaden as they travel along a fiber. If these pulses travel sufficiently far, they will eventually 

overlap with neighboring pulses, thereby creating errors in the receiver output. The signal 

distortion mechanisms thus limit the information carrying capacity of a fiber. 
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Since these two factors are closely tied to how and of what a fiber is constructed, we shall first 

discuss fiber materials and construction methods. This will be in the form of a very brief overview 

that defines the terminology and gives the necessary background concepts. A more detailed 

treatment of fiber materials and fabrication methods is given in chap.10. Here we shall mainly 

concentrate on low loss glass fibers that are suitable for long distance information transmission. 

 

4.4.1 Fiber Materials and Fabrication Methods: An Overview 

In selecting materials for optical fibers a number of requirements must be satisfied. For example: 

 1. It must be possible to make long, thin, flexible fibers from the materials. 

 2. The material must be transparent at a particular optical wavelength in order to the fiber to        

guide light efficiently. 

3. Physically compatible materials having slightly different refractive indices for the core and 

cladding must be available. 

Materials satisfying these requirements are glasses and plastics. 

    The largest categories of optically transparent glasses from which optical fibers are made 

are the oxide glasses. Of these the most common is silica SiO2, which has a refractive index of 

1.458 at 850 nm. To produce two similar materials having slightly different indices of 

refraction for the core and cladding, trace amounts of either fluorine or various oxides 

(referred to as dopants) such as B2O3 ,GeO2 ,or P2O5 are added to the silica .  As shown in  

Figure . 4.4.1. the addition of GeO2 or P2O5  increases the refractive index ,where as doping 

the silica with fluorine or B2O3 decreases it. When referring to a doped silicon glass, notations 

such as GeO2-SiO2 are used, for example, to denote a GeO2 dopant. 

      Two basic techniques are used in the fabrication of all-glass optical wave-guides. These are 

the vapor phase oxidation processes and the direct melt methods. The direct melt method 

follows traditional glass-making procedures in that optical fibers are made directly from the 

molten state of purified components of silicate glasses.  In the vapor phase oxidation 

processes, highly pure vapors of metal halides (for example, SiCl4 and GeCl4) react with 

oxygen to form a white powder of SiO2 particles. The particles are then collected on the 

surface of a bulk glass by one of three commonly used processes and are then sintered 
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(transformed to a homogeneous glass mass by heating without melting) by a variety of 

techniques to form a clear glass rod or tube (depending on the process). 

 

 

 

 

 

 

 

 

 

Fig 4.4.1: Variation in refractive index as a function of doping concentration in silica glass. 

 

Fig 4.4.2: Schematic of fiber drawing apparatus. 
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   This rod or tube is a called a preform. It is typically around 10mm in diameter and 60 to 

90 cm long. Fibers are made from the preform by using the equipment shown in fig 4.4.2. The 

preform is precision fed into a circular heater called the drawing furnace. Here the perform end 

is softened to the point where it can be drawn into a very thin filament which becomes the 

optical fiber. 

 

4.4.2 Attenuation    

 

Attenuation of a light signal as it propagates along a fiber is an important consideration in the 

design of an optical communication system, since it plays a major role in determination the 

maximum transmission distance between a transmitter and a receiver. The basic attenuation 

mechanisms in a fiber are absorption, scattering and radiative losses of the optical energy 

absroption is related to the fiber material, where as scattering is associated both with the fiber 

material and with structural imperfections in the optical waveguide. Attenuation owing to 

radiative effects originates from perturbation (both microscopic and macroscopic) of the fiber 

geometry. 

We shall  discuss the units in which fiber losses are measured and then present the physical 

phenomenon giving rise to attenuation. 

 

4.4.2.1 Attenuation Units 

 

Signal attenuation (or fiber loss) is defined as the ratio of the optical output power Pout from a fiber 

length L to the optical input power Pin. This power ratio is a function of wavelength, as is shown 

by the general attenuation curve in fig 4.4.3.  
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fig 4.4.3: Attenuation Vs wavelength curve of a typical early technology fiber having a high water impurity content. 

 

       The symbol α is commonly used to express attenuation in decibels per kilometer  

in out(P  / P )
           = 10 log 

L
α  

  
…………………….(4.4.1)          

 

As ideal fiber would have no loss so that Pout =Pin. This corresponds to a 0-dB attenuation, which 

in practice is impossible. An actual low loss fiber may have a 3-dB/km average loss, for example. 

This means that the optical signal power would decrease by 50% over a 1-km length and would 

decrease by 75% (a 6-dB loss) over a 2-km length since loss contributions expressed in decibels 

are additive. 

 

4.4.2.2.  Absorption 

Absorption is caused by three different mechanisms:  

1. Absorption by atomic defects in the glass composition. 

2. Extrinsic absorption by impurity atoms in the glass materials. 

3. Intrinsic absorption by the basic constituent atoms of the fiber material. 



 

 

M.Sc. Physics 6 Signal degradation in optical fibres 

 

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

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

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

impurity absorption effects. However, they can be significant if the fiber is exposed to intense 

nuclear radiation levels, as might occur inside a nuclear reactor, during a nuclear explosion, or 

in the earths Van Allen belts. 

 

The dominant absorption factor in fibers prepaid by the direct melt method is the presence 

of impurities in the fiber material. Impurity absorption results predominantly from transition 

metal ions such as iron, chromium, cobalt, and copper, and from OH (water) ions. The 

transition metal impurities which are present in the starting materials used for direct melt fibers 

range between 1and 10 parts per billion (ppb) causing losses from 1 to 10 dB/km. The 

impurity levels in vapor phase deposition processes are usually one to two orders of magnitude 

lower. Impurity absorption losses occur either from electronic transitions between the energy 

levels associated with the incompletely filled inner sub-shell of these ions or because of charge 

transitions from one ion to another. The absorption peaks of the various transition metal 

impurities tend to be broad, and several peaks may overlap, which further broadens the 

absorption region. 

           The presence of OH ion impurities in fibers performs results mainly from the 

oxyhydrogen flame used for the hydrolysis reaction of the SiCl4, GeCl4, and POCl3 starting 

materials. Water impurity concentrations of less than a few parts per billion are required if the 

attenuation is to be less than 20 dB /km. Early optical fibers had high levels of OH ions which 

resulted in large absorption peaks occurring at 1400, 950, and 725 nm. These are the first, 

second, and third overtones, respectively, of the fundamental absorption peak of water near 2.7 

µm, as shown in fig 4.4.3. Between these absorption peaks there are regions of low 

attenuation. 

     The peaks and valleys in the attenuation curve resulted in the assignment of various 

transmission windows to early optical fibers. Significant progress has been made in reducing 
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the residual OH content of fibers to less than 1 ppb. For example, the loss curve of a fiber 

prepared by the VAD method with an OH content of less than 0.8 ppb is shown in fig 4.4.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Intrinsic absorption is associated with the basic fiber material (for example, pure SiO2) and 

is the principle physical factor that defines the transparency window of a material over a 

specified spectral region. It occurs when the material is in a perfect state with no density 

variations, impurities, material inhomogeneties, etc. Intrinsic absorption thus sets the 

fundamental lower limit on absorption for any particular material. 

    Intrinsic absorption results from electronic absorption bands in the ultraviolet region and 

from atomic vibration bands in the near infrared region. The electronic absorption bands are 

associated with the band gaps of the amorphous glass materials. Absorption occurs when a 

photon interacts with an electron in the valence band and excites it to a higher level, as is 

Fig. 4.4.4.   Attenuation versus wavelength curve of a VAD fiber with very low OH 
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described in sec. 4.2.1. The ultraviolet edge of the electron absorption bands of both 

amorphous or crystalline materials follow the empirical relationship  

                         E/E0

uv   = Ceα ------------------- -(4.4.2) 

Which is known as Urbach’s rule. Here C and Eo are empirical constants and E is the photon 

energy. The magnitude and characteristic exponential decay of the ultraviolet absorption are 

shown in fig 4.4.5. 

 

      

Fig 4.4.5 Optical fiber attenuation characteristics and their limiting mechanisms for a GeO2-doped low-loss low-

OH content  fiber.   
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In the near infrared region above 1.2 µm, the optical wave-guide loss is predominantly 

determined by the presence of OH ions and the inherent infrared absorption of the constituent 

material. The inherent infrared absorption is associated with the characteristic vibration 

frequency of the particular chemical bond between the atoms of which the fiber is composed. 

An interaction between the vibrating bond and the electromagnetic field of the optical signal 

results in a transfer of energy from the field to the bond, thereby giving rise to absorption. This 

absorption is quite strong because of the many bond present in the fiber. 

    These mechanisms result in a wedge shaped spectral loss characteristic. Within these wedge 

losses as low as 0.2 dB/km at 1.55 µm in a single mode fiber have been measured. A 

comparison of the infrared absorption induced by various doping materials in low water 

content fibers is shown in fig. 4.4.6. This indicates that for operation at longer wavelengths a 

GeO2 - doped fiber material is the most desirable. Note that the absorption curve in fig 4.4.5 is 

for a GeO2-doped fiber. 

 

 

 

Fig 4.4.6 A comparison of the infrared absorption induced by various doping materials in low-loss fibers. 
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4.4.2.3 Scattering Losses: 

 

     Scattering losses in glass arise from microscopic variations in the material density, from 

compositional fluctuations, and from structural inhomogeneities or defects occurring during 

fiber manufacture. Glass is composed of a randomly connected network of molecules. Such a 

structure naturally contains regions in which the molecular density is either higher or lower 

than the average density in the glass. In addition since glass is made up of several oxides, such 

as SiO2,GeO2, and P2O5, compositional fluctuations can occur. These two effects give rise to 

refractive index variations, which occur within the glass over distances that are small 

compared to the wavelength. These index variations cause a Rayleigh- type scattering of the 

light. Rayleigh scattering in glass is the same phenomenon that scatters light from the sun in 

the atmosphere, thereby giving rise to a blue sky. 

     The expressions for scattering induced attenuation are fairly complex owing to the random 

molecular nature and the various oxide constituents of glass. For single component glass the 

scattering loss at a wavelength λ resulting from density fluctuations can be approximated by 

(in base e units)  

      
3

2 2

scat B f T4

8
  = (n  -1 ) k T

3

π
α β

λ
 
 
 

---------------4.4.3 

 

here n is the refractive index, kB is Boltzmann constant, βτ is the isothermal compressibility of 

the material , and the fictive temperature _Tf _is the temperature at which the density 

fluctuations are frozen into the glass as it solidifies (after having been drawn into a fiber ). 

Alternatively the relation (in base e units ). 

 

3
8 2

scat B f T4

8
      =   n p k T

3

π
α β

λ
 
 
 

------------------4.4.4 

 

has been derived, where p is the photoelastic coffecient. Note that  Eqs. 4.4.3 and 4.4.4 are 

given in units of nepers (that is, base e units). To change this to decibels for optical power 

attenuation calculations, multiply these equations by 10 log e = 4.343. 
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For multi-component glasses the scattering is given by  

                     
3

2 2

4

8
 = ( n ) V

3

π
α δ δ

λ
 
 
 

---------------4.4.5 

      where the square of the mean- squared refractive index fluctuation (δn
2
)

2
 over a volume of δV      

           is      ( )
22 2m

22 2 2

i

i=1 i

n n
( n )   = p  + ( C )  

p C
δ δ δ

  ∂ ∂
  ∂ ∂   

∑ ---------4.4.6 

 

      Here δp is the density fluctuation and δCi is the concentration fluctuation of the ith glass 

component. The magnitudes of the composition and density flutuations are generally not known 

and must be determined from experimental scattering data. Once they are known the scattering 

loss can be calculated. 

     Structural inhomogeneties and defects created during fiber fabrication can also cause scattering 

of light out of the fiber. These defects may be in the form of trapped gas bubbles, unreacted 

starting materials, and crystallized regions in the glass. In these extrinsic effects to the point where 

scattering resulting from them is negligible compared to the intrinsic Rayleigh scattering. 

    Since Rayleigh scattering follows a characteristic λ−4
 dependence it decreases dramatically with 

increasing wavelength, as shown in fig. 4.4.5. for wavelengths below about 1µm it is the dominant 

loss mechanism in a fiber and gives the attenuation versus wavelength plots their characteristic 

downward trend with increasing wavelength. At wavelengths longer than 1µm, infrared absorption 

effects tends to dominate optical signal attenuation.    

  

 4.4.2.4  Radiative Losses 

 

      Radiative losses occur whenever an optical fiber undergoes a bend of finite radius of 

curvature. Fibers can be subject to two types of bends:  

(a ) bends having radii that are large compared to the fiber diameter, such as occur when a fiber  

      cable turns a corner, and  

(b) random microscopic bends of the fiber axis that can arise when the fibers are incorporated into  

     cables. 
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        Fig 4.4-7:Sketch of the fundamental mode field in a curved optical wave-guide. 

 

          Let us first examine large curvature radiation losses. For slight bends the excess loss is 

extremely small and is essentially unobservable. As the radius of curvature decreases, the loss 

increases exponentially until at a certain critical radius the curvature loss becomes observable. If 

the bend radius is made a bit smaller once this threshold point has been reached, the losses 

suddenly become extremely large. 

          Qualitatively these curvature loss effects can be explained by examining the modal electric 

field distributions shown in fig 4.2.13.  Recall that this figure shows that any bound core mode has 

an evanescent field tail in the cladding which decays exponentially as a function of distance from 

the core, part of the energy of a propagating mode travels in the fiber cladding. When a fiber is 

bent, the field tail on the far side of the center of curvature must move faster to keep up with the 

field in the core, as is shown in fig 4.4.7 for the lowest order fiber mode. At a certain critical 

distance xc from the center of the fiber the field tail would have to move faster than the speed of 
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light to keep up with the core field. Since this is not possible the optical energy in the field tail 

beyond xc radiates away. 

           The amounts of optical radiation from a bent fiber depends on the field strength at xc and on 

the radius of curvature R. Since higher order modes are bound less tightly to the fiber core than 

lower-order modes, the higher-order modes will radiate out of the fiber first. Thus the total number 

of modes that can be supported by a curved fiber is less than in a straight fiber. Gloge has derived 

the following expression for the effective number of modes Neff that are guided by a curved fiber 

of radius a: 

           

2/3

eff x

2

( +2) 2 3
     N  =N  1-  +  

2 R 2n kR

α α
α

          ∆      

------------------(4.4.7) 

 

                 Where α defines the graded index profile, ∆ is the core cladding index difference, n2 is 

the cladding refractive index, k =2π/λ is the wave propagation constant, and  

           

          Fig-4.4.8:Microbends shown as repetitive changes in the radius of curvature of the fiber axis 

 

                      ( )2

1
2

N n kaα

α
α

= ∆
+

-----------------(4.4.8) 

is the total number of modes in a straight fiber.  As an example, let us find the radius of curvature 

R at which the number of modes decreases by 50% in a graded index fiber. For this fiber let α =2, 

n2 =1.5, ∆ =0.01, a =25 µm, and let the wavelength of the guided light be 1.3 µm. solving 

Eq.4.4.7. yields R =1cm. 

                 Another form of radiation loss in optical wave-guides results from mode coupling 

caused by random microbends of the optical fiber. Microbends are repetitive changes in the radius 

of curvature of the fiber axis, as is illustrated in the fig. 4.4.8. they are caused either by non-

uniformities in the sheathing of fiber or by non-uniform lateral pressures created during the 

cabling of the fiber. The latter effect is often referred to as cabling or packing losses. An increase 
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in attenuation results from microbending because the fiber curvature causes repetitive coupling of 

energy between the guided modes and the leaky or non-guided modes in the fiber.                  

              One method of minimizing micro-bending losses is by extruding a compressible jacket 

over the fiber. When external forces are applied to this configuration, the jacket will be deformed 

but the fiber will tend to stay relatively straight, as shown in fig.4.4.9. for a graded index fiber 

having a core radius a, outer radius b (excluding the jacket ), and an index difference ∆, the micro-

bending loss αΜ of a jacketed fiber is reduced from that of an unjacketed fiber by a factor  

                   ( )
2

4

21
f

M

j

Eb
F

a E
α π

−    = + ∆   
     

  -------------(4.4.9) 

 

Here Ej and Ef are the Young modulii of the jacket and fiber, respectively. The Young modulus of 

common jacket materials ranges from 20 to 500 Mpa. The Young modulus of fused silica glass is 

about 65 Gpa. 

 

 

          

Fig 4.4.9.:  A compressible jacket extruded over a fiber minimizes micro-bending resulting from external forces. 

 

4.4.2.5 Core and cladding losses: 

Upon measuring the propagation losses in an actual fiber, all the dissipative and scattering losses 

will be manifested simultaneously. Since the core and cladding have different indices of refraction 

and, therefore, differ in composition, the core and cladding generally have different attenuation co-

efficients denoted α1 and α2, respectively. If the influence of modal coupling is ignored, the loss 

for a mode of order (ν, m) for a step index wave-guide is  

          1 2
core clad

m

P P

P P
υα α α= + --------------(4.4.10) 

External 

force 
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where the fractional power Pcore /P and Pclad /P are shown in fig 4.2-17 for several low order 

modes. Using Eq. 2.58, this can be written as    

( )1 2 1
clad

m

P

P
υα α α α= + − -----------(4.4.11) 

The total loss of the wave-guide can be found by summing over all modes weighted by the 

fractional power in that mode. 

              For the case of a graded index fiber the situation is much more complicated. In this case, 

both the attenuation coefficients and the modal power tend to be functions of the radial coordinate. 

At a distance r from the core axis the loss is  

           ( ) ( ) ( ) ( )
( )

2 2

1 2 1 2 2

2

0

0

n n r
r

n n
α α α α

−
= + −

−
-------------(4.4.12) 

where α1 and α1 are the axial and cladding attenuation coefficient, respectively. And the ns are 

defined by Eq. 2.60. The loss encountered by a given mode is then  

( ) ( )

( )

0

0

gl

r p r rdr

P r rdr

α
α

∞

∞=
∫

∫
------------------(4.4.13) 

Where p(r) is the power density of that mode at r. the complexity of the multimode wave-guide 

has prevented an experimental correlation with a model. However, it has generally been observed 

that the loss increase mode number.  

4.4.3 Summary:  In this lesson the definition of attenuation and its units, the responsible operating 

mechanism like scattering, absorption, radiative losses and core-cladding losses is discussed.   

4.4.4 Keywords: Signal losses, Attenuation, dB/km, Scattering, Absorption losses, Radiative 

losses,  Core-cladding losses 

4.4.5 Self assessment questions: 

1.  What is signal loss. Define attenuation constant. What are the units.  Explain its importance. 

2. Explain briefly scattering, absorption and radiative losses in optical fibers. 

3. Discuss about the core-cladding losses in optical fibers. 

 

4.4.6 Reference Books 

1. Optical fiber communications by G. Keiser, McGraw-Hill International Edition, 2000,    

     International student edition   1980 

2. Optical fiber communications by Kato, McGraw-Hill, 1986 
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Unit IV 

Lesson 5 
 

SIGNAL DISTORTION IN OPTICAL WAVE-GUIDES 

 

Objective: To understand about the signal distortion in optical fibers while it is propagating.  The 

signal distortion is due to intrinsic and extrinsic properties of the fiber materials. 

Structure 

4.5.      Introduction 
4.5.1.   Information capacity determination 

4.5.2.   Group delay 

4.5.3    Material Dispersion 

4.5.4    Waveguide dispersion 

4.5.5    Inter-modal Dispersion 

4.5.6    Pulse broadening in graded index wave-guide 

4.5.7    Mode Coupling 

4.5.8    Summary 

4.5.9.   Keywords 

4.5.10. Self assessment 

4.5.11. Reference and text books 

 

4.5.       Introduction 

            An optical signal becomes increasingly distorted as it travels along a fiber. This distortion 

is a consequence of intra-modal dispersion and inter-modal delay effects. These distortion effects 

can be explained by examining the behavior of the group velocities of the guided modes, where 

the group velocities is the speed at which energy in a particular mode travels along the fiber. 

             Intra-modal dispersion is pulse spreading that occurs within a single mode. It is a result of 

the group velocity being a function of the wave-length λ and is, therefore, often referred to as 

chromatic dispersion. Since intra-modal dispersion depends on the wavelength, its effect on signal 

distortion increases with the spectral width of the optical source. This spectral width is the band of 

wavelengths over which the source emits light. It is normally characterized by the root-mean-

square (rms) spectral width σλ for light emitting diodes (LEDs) the rms spectral width is 

approximately 5% of a central wavelength. For example, if the peak emission wavelength of an 

LED source is 850 nm, a typical source spectral width would be 40 nm; that is, the source emits 
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most of its optical power in the 830 to 870 nm wavelength band. Laser diode optical sources have 

much narrower spectral widths, typical values being 1 to 2 nm.  

The two main causes of intra-modal dispersion are: 

1. Material dispersion, which arises from the variation of the refractive index of the core material 

as a function of wavelength. This causes a wavelength dependence of the group velocity of 

any given mode.  

2. Wave-guide dispersion, which occurs because the modal propagation constant β is a function 

of a/λ (the optical fiber dimension relative to the wavelength λ, where a is the core radius). 

The other factor giving rise to pulse spreading is inter-modal delay which is a result each mode 

having a different value of the group velocity at a single frequency.  

        Of these three, wave-guide dispersion usually can be ignored in multimode fibers. However, 

this effect can be significant in single mode fibers. The full effects of these three distortion 

mechanisms are seldom observed in practice since they tend to be mitigated by other factors, such 

as non-ideal index profiles, optical power launching conditions (different amounts of optical 

power launched into the various modes), non-uniform mode attenuation, mode mixing in the fiber 

and in splices, and by statistical variations in these effects along the fiber. In this section we shall 

first discuss the general effects of signal distortion and then examine the various dispersion 

mechanisms. 

 

4.5.1 Information capacity determination: 

A result of the dispersion-induced signal distortion is that a light pulse will broaden as it travels 

along the fiber. As shown in fig 4.5.1 this pulse broadening will eventually cause a pulse to 

overlap with neighboring pulses. After a certain amount of overlap has occurred, adjacent pulses 

can no longer be individually distinguished at the receiver and errors will occur. Thus the 

dispersive properties determine the limit of the information capacity of the fiber a measure of the 

information capacity of an optical wave-guide is usually specified by the band-width distance 

product in MHz. Km. For a step index fiber the various distortion effects tend to limit the 

bandwidth distance product to about 20 MHz. Km. In graded index fibers the radial refractive 

index profile can be carefully selected so that pulse broadening is minimized at a specific 

operating wavelength. This had led to band width distance products as high as 2.5 GHz. Km.  
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Fig. 4.5.1 Broadening and attenuation of two adjacent pulses as they along a fiber. 

 

        Single mode fibers can have capacities well in excess of this. A comparison of the 

information capacity of an 800 MHz. Km. Optical fiber with the capacities of typical coaxial 

cables used for UHF and VHF transmission is shown in fig 4.5.2. The curves are shown in terms 

of signal attenuation versus data rate. The fiber has a 6-dB/km low frequency attenuation. The 

flatness of the attenuation curve for this fiber extends up-to the micro wave spectrum.  

The information carrying capacity can be determined by examining the deformation of 

short light pulses propagating along the fiber. The following discussion on signal distortion is 

thus carried out primarily from the stand point of pulse broadening. Which is representative of 

digital transmission.  
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Fig 4.5.2: A comparison of the attenuation as a function of frequency or data rate of various coaxial cables and an 

800    

                MHz. Km optical wave-guide. 

 

4.5.2 Group delay : 

Let us examine a signal that modulates in optical source. We shall assume that the modulated 

optical signal excites all modes equally at the input end of the fiber. Each mode thus carries an 

equal amount of energy through the fiber. Furthermore, each mode contains all of the spectral 

components in the wavelength band over which the source emits. The signal may be considered as 

modulating each of these spectral components in the same way. As the signal propagates along the 

fiber, each spectral component can be assumed to travel independently and to under go a time 

delay or group delay per unit length in the direction of propagation given by  

21 1

2

g

g

t d d

L V C dk c d

β λ β
π λ

= = = − ----------- 4.5.1 

Here L is the distance traveled by the pulse, β is the propagation constant along the fiber axis, k 

=2π/λ, and the group velocity  

1

g

dk
V c

dβ

−
 

=  
 
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is the velocity at which the energy in a pulse travels along a fiber.     

 Since the group delay depends on the wavelength, each spectral component of any particular 

mode takes a different amount of time to travel a certain distance. As a result of this difference in 

time delays, the optical signal pulse spreads out with time as it is transmitted over the fiber. The 

quantity we are thus interested in is the amount of pulse spreading that arises from the group delay 

variation. 

 If the spectral width of the optical source is not too wide the delay difference per unit wavelength 

along the propagation path is approximately dtg /dλ. for spectral components which are ∆λ apart 

and which lie ∆λ /2 above and below a central wavelength λ0, the total delay difference τ over a 

distance L is  

            
gdt

d
τ λ

λ
= ∆ ----------------4.5.2 

if the spectral width ∆λ of an optical source is characterized by its rms value σλ, then the pulse 

spreading can be approximated by  

2
2

2
2

2

g

g

dt L d d

d c d d

λ
λ

σ β β
τ σ λ λ

λ π λ λ
 

= = − + 
 

-----------4.5.3 

 

The factor          
1 gdt

D
L dλ

=  ----------4.5.4 

is designated as the dispersion. It defines the pulse spread as a function of wavelength and is 

measured in nanoseconds per kilometer. It is a result of material and waveguide dispersion. In 

many theoretical treatments of intra-modal dispersion it is assumed for simplicity that material 

dispersion and wave-guide dispersion can be calculated separately and then added to give the total 

dispersion of the mode. In reality these two mechanisms are intricately related since the dispersive 

properties of the refractive index (which gives rise to material dispersion ) also affects the wave-

guide dispersion. However, an examination of the inter-dependence of material and waveguide 

dispersion has shown that , unless a very precise value is desired, a good estimate of the total intra-

modal dispersion can be obtained by calculating the effect of signal distortion arising from one 

type of dispersion in the absence of the other, and then adding the results. Material dispersion and 

waveguide dispersion are, therefore, considered separately. 
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4.5.3 Material Dispersion : 

        Material dispersion occurs because the index of refraction varies as a non-linear function of 

the optical wavelength. This is exemplified in fig 4.5.3. for silica. As a consequence, since the 

group velocity Vg of a mode is a function of the index of refraction the various spectral 

components of a given mode will travel at different speeds, depending on the wavelength. Material 

dispersion is, therefore, an intra-modal dispersion effect, and is of particular importance for single 

mode waveguides and for LED systems (since an LED has a broader output spectrum than a laser 

diode). 

       
 Fig  4.5.3  Variation in the index of refraction as a function of the optical wavelength for 

silica. 
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          To calculate material induced dispersion, we consider a plane wave propagating in an 

infinitely extended dielectric medium that has a refractive index n (λ ) equal to that of the fiber 

core. The propagation constant β is thus given by  

( )2 nπ λ
β

λ
= ----------------4.5.5. 

Substituting this expression for β, into Eq. 4.5.1. with k = 2π /λ yields the group delay tmat   

resulting from material dispersion  

mat

L dn
t n

c d
λ

λ
 = − 
 

-------------4.5.6.  

 Using Eq. 4.5.3. the pulse spread τmat for a source of spectral width σλ is found by differentiating 

this group delay with respect to wavelength and multiplying by σλ to yield  
2

2

mat
mat

dt L d n

d c d
λ λτ σ λ σ

λ λ
= = −    --------4.5.7.. 

A plot of Eq. 4.5.7. for unit length L and unit optical source spectral width σλ is given in fig 4.5.4. 
for the silica material shown in fig 4.5.3. from Eq.4.5.7. and fig 4.5.4. it can be seen that material 

dispersion can be reduced either by choosing sources with narrower spectral output widths 

(reducing σλ ) or by operating at longer wavelengths. As an example, consider a typical GaAlAs 

LED having a spectral width of 40 nm at an 800 nm peak output so that σλ /λ = 5%. As can be 

seen from fig 4.5.4. and Eq.4.5.7. this produces a pulse spread of 4.4ns / km. Note that material 

dispersion goes to zero at 1.27 µm for pure silica. 
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Fig 4.5.4 : material dispersion as a function of optical wavelength for silica.  

 

 

4.5.4 WAVEGUIDE DISPERSION: 

 

The effect of waveguide dispersion on pulse spreading can be approximately by assuming 

that the refractive index of the material is independent of wavelength. Let us first consider the 

group delay, that is, the time required for a mode to travel along a fiber of length L. To make the 

results independently of fiber configuration, we shall express the group delay in terms of the 

normalized propagation constant ‘b’ defined by  

                             

2
22

2 2

2 2

1 2

1
nua kb

V n n

β − = − =  − 
………………..4.5.8  

For small values of the index difference ∆=(n1 –n2)/n1, Eq.4.5.8. can be approximated by  

                           
2

1 2

n
kb
n n

β −
=

−
……………4.5.9.  

 

Solving Eq.4.5.9 for β, we have 

                        ( )2 1n k bβ = ∆ + …………. 4.5.10. 
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With this expression for β and using the assumption that n2 is not a function of wavelength, we 

find that the group delay tug arising from wave-guide dispersion is  

                   
( )

2 2wg

d kbL d L
t n n

c dk c dk

β  
= = + ∆ 

 
…….4.5.11. 

The modal propagation constant β is obtained from the eigen-value equation expressed by Eq.2.46, 

and is generally given in terms of the normalized frequency V defined by eq,4.3.31. we shall 

therefore use the approximation  

V = ka (n1
2
 –n2

2
)

1/2
 ≅ kan2√2∆ which is valid for small values of ∆, to write the group delay in Eq. 

4.5.11. in terms of V instead of k, yielding 

( )
2 2wg

d VbL
t n n

c dV

 
= + ∆ 

 
…………………. 4.5.12 

. The first term in Eq.4.5.12. is a constant and the second term represents the group delay arising 

from waveguide dispersion. The factor d(Vb)/dV can be expressed as 

             
( ) ( )

( ) ( )

2

1 1

2
1 v

v v

d Vb J ua
b

dV J ua J ua+ −

 
= − 

 
 

 waveguide dispersion is generally very small compared where u is defined by Eq.2.404.3.22 and a 

is the fiber radius. This factor is plotted in fig 4.5.5. as a function of V. the plots show that for a 

fixed value of V, the group delay is different for every guided mode. When a light pulse is 

launched into a fiber, it is distributed among many guided modes. These various modes arrive at 

the fiber end at different times depending on their group delay, so that a pulse spreading results. 

For multimode fibers the waveto material dispersion and can therefore be neglected. 
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Figure 4.5.5: The group delay arising from wave-guide dispersion as a function of the V number 

for a step-index fiber. When ν≠1, the curve numbers νm designate the HEν+1, m and EHν−1,m modes. 

For  ν=1, the curve numbers νm give the HE2m, TE0m modes. 

 

For single mode fibers, however, wave-guide dispersion is of importance and can be of the same 

order of magnitude as a material dispersion. To see this let us compare the two dispersion factors. 

The pulse spread τωg occurring over a distribution of wavelengths σλ is obtained from the 

derivative of the group delay with respect to wavelength  

( )2

2

2

wg wg

wg

dt dt d Vbn LV
V

d dV c dV

λ
λ λ

σ
τ σ σ

λ λ λ
∆

= = − = − ………….. 4.5.13.  

The factor Vd2(Vb)/dV2 is plotted as a function of V in fig 4.5.6. for the fundamental mode shown 

in fig 4.5.5. this factor reaches a maximum at V=1.2 but runs between 0.2 and 0.1 for a practical 

single-mode operating range of V=2 to 2.4. thus for values of ∆=0.01 and n2=1.5,  

0.003wg

L c

λ
τ σ

λ
= − ……………… 4.5.14 

.Comparing this with the material dispersion induced pulse spreading from Eq 4.5.7. for λ=900 

nm, where 
0.02

-mat

L c

λτ σ
λ

≈ …………..4.5.15 
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Fig 4.5.6 The waveguide parameter b and its derivatives d(Vb)/dV and Vd2(Vb)/dV2 plotted as a 

function of the V number. 

 
It is clear that material dispersion dominates at lower wavelengths. However, at longer 

wavelengths such as at 1.3 µm, which is the spectral region of extremely low material dispersion 

in silica waveguide dispersion can become the dominating pulse distorting mechanism. Examples 

of the magnitudes of material and wave-guide dispersions are given in fig 4.5.7. for a fused silica 

core single mode fiber having V=2.4. in this figure the approximation that material and wave-

guide dispersions are additive was used. 

                  Figure 4.5.7. shows that in single mode fibers the total dispersion can be reduced to 

zero at a particular wavelength through the mutual cancellation of material and wave-guide 

dispersions. The particular wavelength at which the total dispersion is reduced to a minimum can 

be selected anywhere in the 1.3 to 1.7µm spectral range. For GeO2 doped fibers this is achieved by 

varying the amount of GeO2 dopant to obtain different material behavior, and by controlling the 

wave-guide effects through variations in core diameter and core cladding index difference. For 

example fibers designed for zero dispersion in the minimum attenuation region of 1.55µm could 



 

 

Physics 12 Signal Distortion in optical wave-guides 

have core diameters of approximately 4 to 4.8µm, core dopant concentrations of about 13 mol % 

GeO2 , and index differences ranging from 0.55 to 1.8%. 

 

Fig 4.5.7 Examples of the magnitudes of material and waveguide dispersions as a function of optical wavelength 

for a single mode fused silica-core fiber. 

 

4.5.5 Inter-modal Dispersion: 

The final factor giving rise to signal distortion is inter-modal dispersion, which is a result 

of different values of the group delay for each individual mode at a single frequency. The steeper 

the angle of propagation of the ray congruence, the higher is the mode number and consequently 

the slower the axial group velocity. This variation in the group velocities of the different modes 

results in a group delay spread or inter-modal dispersion. This distortion mechanism is eliminated 

by single mode operation, but is important in multi-mode fibers. The pulse broadening arising 

from inter-modal dispersion is the difference in travel time between the longest ray congruence 

paths (the highest-order mode) and the shortest ray congruence paths (the fundamental mode). 

This is simply obtained from ray tracing and is given by  

                           1
mod max min-

n L
T T

c
τ

∆
= = ………………4.5.16 

Dispersion

(ps/(nm-

km)) 
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For values of n1 =1.5 and ∆=0.01the modal spread is τmod =0.015L/c. comparing this with Eqs. 

4.5.14. and 4.5.15. with a relative spectral width of σλ/λ=4% for a LED, we have τωg = 1.2×10
-4

 

L/c and τmat =8 ×10
-4 

L/c, which shows that τmod dominates the pulse spreading by about an order 

of magnitude in step-index fibers. The relative dominance of τmod is even greater if a laser diode 

light source, which has a narrower spectral output width than an LED, is used.Pulse broadening in 

graded index wave-guide. 

 

4.5.6. Pulse broadening in graded index wave-guide. 

                   The analysis is more involved owing to the radial variation in n1. The feature of 

this grading of the refractive index profile is that it offers multimedia propagation in a 

relatively large core together with the possibility of very low inter-modal delay distortion. This 

combination allows the transmission of  high data rates over long distances while still 

maintaining a reasonable degree of light launching and coupling and coupling ease.  

      Since the index of refraction is lower at the outer edges of the core, light rays will travel 

faster in this region that in the center of the core where the refractive index in higher. This can 

be seen from the fundamental relationship ν=c ⁄ n, where ν is the speed of light in a medium of 

refractive index n. Thus the ray congruence characterizing the higher order mode will tend to 

travel further than the fundamental ray congruence, but at a faster rate.  The higher order mode 

will thereby tend to keep up with the lower order mode, which, in turn, reduces the spread in 

the modal delay. The root mean square (rms) pulse broadening σ in a graded index fiber can be 

obtained from the sum  

( )1/ 2
2 2

int mod int ra modaler elσ σ σ= + …………4.5.17. 

 

where σ inter-modal is the rms pulse width resulting from inter-modal delay distortion and σ inter-

modal is the rms pulse width resulting from pulse broadening within each mode. To find the 

inter-modal delay distortion, we use the relationship connecting inter-modal delay to pulse 

broadening derived by Personick  

( )1/ 22
2

int er mod al g gσ τ τ= − ……………. 4.5.18. 



 

 

Physics 14 Signal Distortion in optical wave-guides 

where the group-delay τg of a mode is given by Eq. 4.5.1. and the quantity <Α> is defined as 

the average of the variable Aνm over the mode distribution, that is, it is given by  

,

m m

v m

P A
A

M

υ υ=∑ ……………. 4.5.19 

where Pνm is the power contained in the mode of order (ν, m). 

The group delay 

 

 
g

L

c k

β
τ

∂
=

∂
…………. 4.5.20 

is the time it takes energy in a mode having a propagation constant β to travel a distance L. to 

evaluate τg we solve Eq.2.78 4.3.59.for β, which yields  

/ 2

2 2 2 2 2 / 2 1/ 2

1 12

2
- 2 ( ( ) ]

m
k n n k

a

α α

αα
β

α

+

+ +  = ∆    
………….. 4.5.21. 

or, equivalently,  

/ 2 1/ 2

2 1- 2 ( / )kn m M
α α

β
+ = ∆   

where m is the number of  possible guided modes having propagation constants between n,k 

and β, M is the total number of  possible guided modes given by Eq. (2.79)4.3.60. substituting 

Eq. (4.5.21) into Eq. (4.5.20), keeping in mind that n1 and  also depend on k, we obtain 

/ 2

1 1
1 1

4

2 2

kn n kL m
N N

c M k

α α

τ
β α

+ ∂∆∆   = − +    + ∆∂     
  

/ 2

1 1 1 (4 )
2

LN kn m

c M

α α

ε
β α

+ ∆  = − +  +    
 ………… 4.5.22 

Where we have used Eq. (2.79)4.3.60. for M and have defined the quantities 

1
1 1

n
N n k

k

∂
= +

∂
 …………. 4.5.23a 

1

1

2n k

N k
ε

∂∆
=

∆ ∂
 ……………4.5.23b 

As we noted in Eq. (2.38)4.2.20, guided modes only exit for values of β lying between kn2 and 

kn1. Since n1 differs very little from n2, that is   

( )2 1 1n n= − ∆  
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Where  ∆<<1 is the core-cladding index difference, it follows that β ≅n1k. Thus we can use the 

relationship 

/ 2

1
m

y
M

α α+
 = ∆ << 
 

 ……….. 4.5.24. 

In order to expand Eq.(4.5.22.) in a power series in y.  Using the approximation 

( )
2

1/ 21 3
1 2 1

2

kn y
y y

β
−

= − ≈ + +  ………….4.5.25 

We have that 

( )

/ 2 2 / 2

2 31 2 3 2 2
1 ( )

2 2 2

N L m m
O

c M M

α α α α
α ε α ε

τ
α α

+ + − − − −   = + ∆ + ∆ + ∆    + +     
 …..…4.5.26  

Equation (4.5.26.) shows that to first order .  The group delay difference between modes is 

zero if 

 

                  α = 2+∈ ………4.5.27 

          

Since ∈ is generally small, this indicates that minimum intermodal distortion will result from 

core refractive-index profiles which are nearly, that is,α≅2. 

 

If we assume that all modes are equally excited, that is, pmn  =p for all modes, and  if the 

number of fiber mode is assumed to be large, then the summation in Eq. (4.5.19) can be 

replaced by integral. Using these assumptions, eq.(4.5.26) can be sub. Into eq. (4.5.18) to yield  

( ) ( )
( )( )

1/ 2
22 21/ 2

221 1 2
int mod 1

16 14 ( 1)2
3 2 2 1 5 2 3 22 1

er al

cLN c c
c

c

ααα ασ
α α α αα

 ∆ +∆ + ∆+= × + + 
+ + + ++   

 …4.5.28. 

Where we have used the abbreviations  

       1

2

2
c

α ε
α
− −

=
+

 

       2

3 2 2

2( 2)
c

α ε
α
− −

=
+

……………4.5.2      

To find the intramodal pulse broadening, we use the definition 
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Where  σλ is the rms spectral width of the optical source.  Eq.(4.5.26) can be used to evaluate 

the parentheses.  If we neglect all terms second and higher order in ∆.  We obtain  

( )
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2

2 2

2 2

gd d n N LL m
Md C d c
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λ λ α α

+∆ − −
= − +
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 ……………...4.5.31 

 

Here we have kept only the largest terms , that is term involving factors such as d∆/dλ and ∆ 

dn1/dλ are negligibly small.  Both term in Eq.(4.5.21) contributes to λ dτg /dλ . For large values of 

α , since λ2 d2n1/dλ
2 and ∆ are the same order of magnitute.  However , the second term in 

Eq.(4.5.21) is small compared to the first term  when α is closely to 2 . 

      To evaluate σinter-modal we again assume that all modes are equally excited and that the 

summation in eq.(4.5.19) can be replaced by an integral.  Thus substituting eq.(4.5.31) into 

Eq.(4.5.30) we have  
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 …….4.5.32 

Olshansky and Keck
 
 have evaluated  σ as a function of α at λ=900 nm for a titania-dopped  silica 

fiber having a numerical aperture of 0.16.  This is shown in fig. 4.5.8. here the uncorrected curve 

assumes ∈=0 and includes only intermodal dispersion(no material dispersion).  The inclusion of 

the effect of ∈ shifts the curve to higher values of α.  The effect of the spectral width of the optical 

source on the rms pulse width is clearly demonstrated in fig.4.5.8.  The light sources shown of an 

LED, an injection laser diode, and a distributed – feedback laser having rms spectral widths 

of15,1and 0.2nm, respectively. The data transmission  capacities of the sources are approximately  

0.13, 2, and 10 (Gb.km)/s, respectively. 
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Figure: 4.5.8 calcutated rms pulse spreading in a graded  index fiber versus the index 

parameter alpha at 900 nm . the uncorrected pulse curve is for ε=0 and  assumes  mode 

dispersion only . the other curves in to material dispersion for an LED , an injection laser 

diode , and a distributed feed back laser having spectral widths of 15, 1 , and 0.2 nm 

respectively .  

 

 

The value of  α which minimizes pulse distortion depends strongly on wavelength. To see this, let 

us examine the structure of a graded index fiber. A simple model of this structure is to consider the 

core to be composed of concentric cylindrical layer the refractive index has a different variation 

with wavelength λ since the glass composition is different in each layer.  Consequently , a fiber 

with a given index profile α will exhibit different pulse spreading according to the source 

wavelength used. This is generally called profile dispersion. An example of this is given in 

fig.4.5.9. for a GeO2 – SiO2 fiber.  This shows that the optimum value of α decreases with 

Rms pulse 

width (ns/km) 
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increasing wavelength.  Suppose one wishes to transmit at 900nm.a fiber having an optimum 

profile αopt at 900nm should exhibit a sharp bandwidth peak at that wavelength.  Fibers with under 

compensates profiles, characterized by α >αopt (900nm) , tend to have a peak bandwidth at a 

shorter wavelength.  On the other hand, over compensated fibers which have an index profile α< α 

opt (900nm) become optimal at a longer wavelength.  

          
Figure 4.5.9: Profile dispersion effect on the optimum value of α as a function of a wavelength for 

a GeO2 – SiO 2 graded index fiber. 

 

            If the effect of material dispersion is ignored (that is for dn1/dλ =0 ), an expression for the 

optimum index profile can be found from the minimum of Eq. 4.5.28 as a function of α.  This 

occur at
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 ………….. 4.5.33 

 

If we take ε=0 and dn1/dλ=0, then Eq. 4.5.28. reduces to 

             
2

1

20 3
opt

n L

c
σ

∆
= ………………..454.34.  

This can be compared with the dispersion in a step-index fiber by setting α=∝ and ε=0 in 

Eq.4.5.28, yielding 
2 1/ 2

1 112
5

1
1 3

2 3 2 3
step

n L n L

c c
σ ∆∆ ∆ = + ∆ + =  ……………..4.5.35.  

Thus under the assumption made in Eqs. 4.5.34 and 4.5.35, 

           
10step
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σ
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∆

………….4.5.36 
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Hence since typical values of ∆ are 0.01, Eq.4.5.36 indicates that the capacity of a graded index 

fiber is about three orders of magnitude larger than that of a step index fiber. For ∆=1% the rms 

pulse spreading in a step index fiber is about 14 ns/km, whereas that for a graded index fiber is 

calculated to be 0.014 ns/km. 

 
Fig 4.5.10 Variations in bandwidth resulting from slight deviations in the refractive index profile 

for a graded-index fiber with  ∆=0.0135. 

 

 In practice these values are greater because of manufacturing difficulties. For example, it has been 

shown that although theory predicts a band-width of about 8 GHz. Km, in practice very slight 

deviations of the refractive index profile from its optimum shape, owing to unavoidable 

manufacturing tolerances, can decrease the fiber band width dramatically. This is illustrated in fig 

4.5.10.  for a fiber with ∆ =0.0135. A change in α of a few percent can decrease the bandwidth by 

an order of magnitude. 

 

4.5.7. Mode Coupling: 
         In real systems pulse distortion will increase less rapidly after a certain initial length of fiber 

because of mode coupling and differential mode loss. In this initial length of fiber, coupling of 

energy from one mode to another arises because of structural imperfections, fiber diameter and 

refractive index variations, and cabling induced micro-bends. The mode coupling tends to average 

out the propagation delays associated with the modes, thereby reducing inter-modal dispersion. 

Associated with this coupling is an additional loss, which has units of dB/km. The result of this 

phenomenon is that, after a certain coupling length Lc, the pulse distortion will change from an L 

dependence to a (LcL)
1/2

 dependence. The improvement in pulse spreading caused by mode 
coupling over the distance Z<Lc is related to the excess loss hZ incurred over this distance by the    
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σ = ……………….4.5.37. 

 

 

 

 

 

 
 

 
 

 
 

 
 

 
 

 

 

 

 

Here C is a constant,  σ c is the pulse width increase in the absence of mode coupling, σ c is the 

pulse broadening in the presence of strong mode coupling, and hZ is the excess attenuation 
resulting from mode coupling.  The constant C in Eq, (4.5.37) is independent of all dimensional 

quantities and refractive indices.  It depends only on the fiber profile shape, the mode-coupling 
strength, and the modal attenuations. 

 
The effect of mode coupling on pulse distortion can be significant for long fibers, as is 

shown in Fig. 4.5.11. for various coupling losses in a graded-index fiber.  The parameters of this 

fiber are ∆=1 percent, α =4,and C=1.1.  The coupling loss h must be determined experimentally, 

since a calculation would require a detailed knowledge of the mode coupling introduced by the 

various waveguide perturbations.  Measurement of bandwidth as a function of distance have 

produced values of Lc ranging from about 100 to 550m. 

 

4.5.8. Summary: Optical signals are increasingly distorted as they travel along a fiber.  This 

distortion is a consequence of intramodal and intermodal dispersion effect.  Intramodal dispersion 

is pulse spreading that occurs within a single mode due to two main causes. In multimode fibers, 

pulse distortion also occurs since each mode travels at a different group velocity.  Mode delay is 

the dominant pulse-distorting mechanism in step-index fibers.  Intermodal delay distortion can be 

made very small by careful tailoring of the core refractive index profile. Material dispersion thus 

tends to be the dominant pulse-distorting effect in graded index fibers 

 

4.5.9.  Keywords: Signal distortion, information capacity, group delay, dispersion -  intermodal, 
intramodal, waveguide , pulse broadening,  

 

Distance 

Fig 4.5.11: Mode coupling effects on pulse distortion in long 

fibers for various coupling losses. 
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4.5.10. Self assessment 

1. Explain information capacity and group delay in optical fibers. 

2. Explain in detail about the intermadal and intramodal dispersions in the optical fibers. 

3. Discuss the pulse broadening mechanism in optical fibers. 

4. Write short notes on waveguide dispersion and material dispersion.  

5.Write notes on mode coupling. 

 

4.5.11. Reference and text Books 

 
1. Optical fiber communications by G. Keiser, McGraw-Hill International Edition, 2000,    

    Third edition, and also see first edition.  
2. Optical fiber communications by Kato, McGraw-Hill, 1986 
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Unit IV 

Lesson 6 

OPTICAL FIEBER FABRICATION AND CABLING 

 

Objective:  To know the materials used for optical fibers, the different fabrication processes for 
optical fibers and their mechanical properties along with the cabling of optical fibers. 

 

Structure 

 
4.6.1.       Fiber materials 

4.6.1.1.    Glass fibers 
4.6.1.2..   Halide Glass fibers 

4.6.1.3..   Active Glass fibers 

4.6.1.4..   Chalgenide Glass Fibers 

4.6.1.5..   Plastic-Clad Glass Fibers 

4.6.2.       Fiber fabrication 

4.6.2.1.    Outside vapor phase oxidation 

4.6.2.2..   Vapor phase axial deposition 

4.6.2.3.    Modified chemical vapor deposition 

4.6.2.4.    Plasma-Activated Chemical Vapor Deposition 

4.6.2.5.    Double-Crucible Method 

4.6.3.       Mechanical properties of fibers 

4.6.4.       Fiber optic cables  

4.6.5.      Summary 

4.6.6.      Keywords 
4.6.7.      Self- assessment questions 

4.6.8.      Text Books 
 

 

4.6.1.   FIBER MATERIALS: 

 

The structure and material composition of a fiber also dictate how and what degree optical 

signals get attenuated and distorted as they propagate along a fiber. To conclude the discussion of 

optical fibers, we shall show here what materials are used and how fibers are manufactured.  We 

shall analyze their mechanical strengths and illustrate how they can be incorporated into cable 

structures, which protect the  waveguides from the external environ-ment.  In selecting material 

for optical fibers, a number of requirements must be satisfied. 

For example: 

 
   1. It must be possible for make long, thin, flexible fibers from the material. 

   2. The material must be transparent at a particular optical wavelength in order for the fiber to    
       guide light efficiently. 
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   3. Physically compatible materials having slightly different refractive indices for the core and          

       clad must be available. 

 

Materials satisfying these requirements are glasses and plastics. 

 

The majority of fibers are made of glass consisting either of silica or a silicate. The variety of 

available glass fibers ranges from high-loss glass fibers with large cores used.  For short-
transmission, distances to very transparent, (low-loss) fibers employed in long-haul applications. 

Plastic fibers are less widely used because of their substantially higher attenuation compared to 
glass fibers. The main use of plastic fibers is in short distance applications and in abusive 

environments, where the greater mechanical strength of plastic fibers offer an advantage over the 
use of glass fibers. 

 

4.6.1.1.    GLASS FIBERS:- 

 

           Glass is made by fusing mixtures of metal oxides, sulfides, or selenides. The resulting 

material is a randomly connected molecular network rather than a well defined ordered structure 

as found in crystalline materials. A consequence of this random order is that glasses do not have 

well defined melting points. When glass is heated up from room temperature, it remains a hard 

solid up to several hundred degrees centigrade. As the temperature is increased further, the glass 

gradually begins to soften until at very high temperatures it becomes a viscous liquid.  The 

expression “melting temperature” is commonly used in glass manufacture. This term refers only to 

an extended temperature range in which the glass becomes fluid enough to free itself fairly quickly 

of gas bubbles.  

 

               The largest category of optically transparent glasses from which optical fibers are made 

consists of the oxide glasses. Of these the most common is silica, which has a refractive index of 
1.458 at 850nm. To produce two similar materials having slightly different indices of refraction 

for the core and cladding, either fluorine or various oxides (referred to as dopants) such as  B2O3, 

GeO2 are added to the silica. As shown in fig.4.6.1.,  the addition of GeO2 increases the refractive 

index whereas doping the silica with fluorine or B2O3  decreases it. Since the cladding must have a 
lower index than the core, examples of fiber compositions are:  

 
1. GeO2-SiO2 core; SiO2 cladding 

2. P2O5-SiO2 core; SiO2 cladding 

3. SiO2 core; B2O3- SiO2 cladding 

4. GeO2- B2O3- SiO2 core; B2O3- SiO2 cladding 

 

Here the notation GeO2-SiO2, for examples, denotes a GeO2-doped silica glass. 

 

 

 



 

 

ACHARYA NAGARJUNAUNIVERSITY 3 CENTRE FOR DISTANCE EDUCATION            

 

 

 

 

 

 

 

 

                   

Fig 4.6.1: Variation in refractive index as a function of doping concentration in silica glass. 

          

            The principal raw material for silica is sand. Glass composed of pure silica is referred to 

either as silica glass, fused silica, or vitreous silica. Some of its desirable properties are a 
resistance to deformation at temperatures  as high as 1000 centigrade degrees, a high resistance to 

breakage from thermal shock because of its low thermal expansion, good chemical durability, and 

high transparency in both the visible and infrared regions of interest fiber optic communication 

systems. Its high melting temperature is a disadvantage if the glass is prepared from a molten state. 

However, this problem is partially avoided when using vapour deposition techniques. 

 

An alternative to the silica glasses is the low-melting silicates. Typical glasses used for optical 

fibers are the soda lime silicates, the germanosilicates, and various borosilicates. The soda lime 

silicates, for example, are combinations of silica, an alkaline oxide such as Na2O, or Li2O, and a 
second oxide such as CaO (lime), MgO, ZnO, or BaO. These glasses are   relatively easy to melt 

and fabricate. The raw materials of soda-lime silicates are ultra pure powdered forms of oxides 

(SiO2, GeO2 & B2O3) and carbonates (Na2CO3, K2CO3, CaCO3, and BaCO3). 

 

4.6.1.2.   Halide Glass fibers: 

 

In 1975 at the Universite de Rennes discovered fluoride glasses that have extremely low 

transmission losses at mid-infrared wavelengths (0.2-0.8 µm ) with the lowest loss being around 

2.55 µm).  Fluoride glasses belong to a general family of halide glasses in which the anions are 

from elements in a heavy metal fluoride glass, which uses ZrF4 as the major component and glass 

network former.  Several other constituent need to be added to make that has moderate resistance 

to crystallization.  Table 4.6.1. lists the constituents and their molecular percentages of a  

particular fluoride glass refereed to as ZBLAN ( after its elements  ZrF4, BaF3, LaF3, AlF3 and 
NaF). This material forms the core of a glass fiber. To make a lower-refractive index glas, one 

partially replaces ZrF4 by HaF4 to get a ZHBLAN cladding.  Although these glasses potentially 
offer intrinsic minimum losses of 0.01-0.001 dB/km, fabricating long lengths of these fibers is 

difficult.  First, ultra pure materials must be used to reach this low level.  Second, fluoride glass is 
prone to devitrification. Fiber making techniques have to take this into account to avoid the 

formation of microcrystallinetes, which have a drastic effect on scattering losses. 
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Table 4.6.1. : Molecular composition of a ZBLAN fluoride glass 

_______________________________________ 

Material  Molecular percentage 

_______________________________________ 

ZrF4   54 

BaF2   20 

LaF2    4.5 
AlF3    3.5 

NaF   18 
_______________________________________  

 
In 1978 investigations were reported on materials having extremely low light transmission loss in 

the 2 to 5 mm wavelength region. The principle materials in this mid-infrared range are various 
halide crystals (for example, TiBrI, TiBr, KCl, CSi, and AgBr) and fluoride glasses composed of 

mixtures of GdF3,BaF2,ZrF4 and AlF3. One limitation of these materials was that only short 

lengths of fibers could be fabricated because conventional glass-drawing techniques can not be 

used for crystalline materials. However, investigations are now actively continuing in achieving 

longer lengths by extrusion methods. Another problem is that, since these materials are inherently 

weaker than oxide glasses, special cabling must be done to strengthen the fiber and to protect it 

from moisture. 

 

4.6.1.3.     Active Glass fibers: 

 

Incorporating rare-earth elements (atomic number 57 – 71) into a normally passive glass 

gives the resulting material new optical na diamagnetic properties.  These new properties allow the 

material to perform amplification, attenuation, and phase retardation on the light passing through 

it.  Doping can be carried out for both silica and halide glasses.  Two commonly used materials for 
fiber lasers are erbium and neodymium.  The ionic concentrations of the rare earth elements are 

low to avoid clustering effect.  By examining the absorption and fluorescence spectra of these 
materials, one can use an optical source, which emits at an absorption wavelength to excite 

electrons to higher energy level in the rare earth dopants. When these excited electrons drop to 
lower energy levels, they emit light in a narrow optical spectrum at the fluorescence wavelengths. 

 
4.6.1.4.    Chalgenide Glass fibers: 

 

In addition to allowing the creation of optical amplifiers, the nonlinear properties of glass 

fibers can be exploited for other applications, such as all-optical switches and fiber lasers.  

Chalgenide glass is one candidate for these uses because of its high optical nonlinearity and its 

long interaction length.  These glasses contain at least one chalcogen element (S, Se or Te) and 

typically one other element such as P,I,Cl, Br, Cd, Bas, Si, or Tl for tailoring the thermal , 

mechanical and optical properties of the glass.  Among the various chalgenide glasses As2S3 is one 

fo the most well known materials. Single-mode fibers have been made using As40 S58 Se2 and 

As2S3 for core and cladding materials, respectively. Losses in these glasses typically ranged 

around 1dB/km. 
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4.6.1.5.  Plastic-Clad Glass Fibers 

 

Optical fibers constructed with glass cores and glass cladding are very important for long –

distance applications where the very low losses achievable in these fibers are needed for short-

distance applications (up to several hundred meters), where higher losses are tolerable, the less 

expensive plastic clad silica fibers can be used. These fibers are composed of silica cores with the 

lower refractive index cladding being a polymer (plastic) material. These fibers are often referred 
to as PCS (plastic-clad silica) fibers. 

             
A common material source for the silica core is selected high purity natural quartz. 

A common cladding material is a silicone resin having a refractive index of 1.405 at 850 nm. 
Silicone resin is also frequently used as a protective coating for other types of fibers. Another 

popular plastic cladding material is perfluoronated ethylene propylene (Teflon FEP). The low 
refractive index of 1.338 of this material results in fibers with potentially large numerical apertures   

Plastic claddings are only used for step-index fibers. The core diameters are larger (510 to 600 

mm) than the standard 50 mm diameter core of all glass graded index fibers, and the larger 

difference in the core and cladding indices results in a high numerical aperture. This allows low 

cost large are a light sources to be used for coupling optical power into these fibers, there by 

yielding comparatively inexpensive but lower quality systems which are quite satisfactory for 

many applications. 

 

 

able 4.6.2. : Sample characteristics of PMMA  and   PFP polymer optical fibers 

Characteristics   PMMA  POF    PFP POF 

Core diameter   0.4µm     0.125-0.30 mm 

Cladding diameter  1.0mm     0.25-0.60 mm 
Numerical aperture  0.25     0.20 

Attenuation   150bB/km at 650nm   60-80 dB/km at 650-1300 nm 
Bandwidth   2.5 Gb/s over 100m   2.5 Gb/s over 300m 

 

All plastic multimode step index fibers are good candidates for fairly short (up to about 

100 m) and low –cost links. Although they exhibit considerably greater optical signal attenuations 

than glass fibers, the toughness and durability of plastic allow these fibers to be handled with out 

special care. The high refractive index differences that can be achieved between the core and 

cladding materials yield numerical apertures as high as 0.6 and large acceptance angles of up to 

70. In addition, the mechanical flexibility of plastic allows these fibers to have cores, with typical 

diameters ranging from 110 to 1400 mm. These factors permit the   use of inexpensive   large area 

light emitting diodes, which, in conjunction with the less expensive plastic fibers, make an 

economically attractive system. 
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Examples of plastic fiber constructions are; 

1. A polystyrene core (n1 =1.60) and a methy1 methacrylate cladding (n2 = 1.49) to give an 

NA of 0.60 

2. A polymethacrylate core (n1= 1.49) and a cladding made of its copolymer (n2 =1.40) to 

give an NA of 0.50 

   

  FIBER FABRICATION  

 

                   Two basic techniques are used in the fabrication of all glass optical waveguides. 

These are the vapour phase oxidation processes and the direct melt methods. The direct melt 

method follows traditional glass making procedures in that optical fibers are made directly from 

the molten state of purified components of silicate glasses. In the vapour phase oxidation process, 

highly pure vapours of metal halides (e.g., SiCl4 and GeCl4) react with oxygen to form a white 

powder of SiO2 particles .The particles are then collected on the surface of a bulk glass by one of 

three different commonly used processes and are sintered (transformed to a homogeneous glass 

mass by heating with out melting) by one of a variety of techniques to from a clear glass rod or 

tube (depending on the process). This rod or tube is called a preform. It is typically around 10 mm 

in diameter and 60 to 90 cm long. Fibers are made from the preform by using the equipment 

shown in fig. 4.6.2.  

 

                 The preform is precision –fed into a circular heater called the drawing furnace. Here the 

preform end is softened to the point where it can be drawn into a very thin filament, which 

becomes the optical fiber. The turning speed of the take up drum at the bottom of the draw tower 

determines how fast the fiber is drawn. This, in turn, will determine the thickness of the fiber, so 

that a precise rotation rate must be maintained. An optical fiber thickness monitor is used in a 

feedback loop for this speed regulation. To protect the bare glass fiber from external contaminants 

such as dust and water vapor, an coating is applied to the fiber immediately after it is drawn. 
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fig 4.5.2. schematic of fiber drawing apparatus 

 

We hall now briefly examine some details of the direct melt and vapour phase oxidation processes. 

 

4.6.2.1.    OUTSIDE VAPOUR PHASE OXIDATION 

The first fiber to have a loss of less than 20 db/km was made at the Corning glass works by 

the out side vapour phase oxidation (OVPO) process. This method is illustrated in fig .4.6.3.  First, 

a layer of SiO2 particles called a soot is deposited from a burner on to a rotating or ceramic 

mandrel. The glass soot adhere to this bait rod and, layer by layer, a cylindrical, porous glass 

preform is built up .By properly controlling the constituents of the metal halide vapor stream 

during the deposition process, the glass compositions and dimensions desired for the core and 

cladding can be incorporated into the preform . Either step or graded index preforms can thus be 

made. 
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Fig 4.6.3 Basic steps in preparing a perform by the OVPO process  

(a) Balt rod rotates and moves back and forth under the burner to produce a uniform deposition of a 

glass soot particles along the rod . 

(b) Profiles can be step or graded index 

(c) Following deposition, the soot perform is sintered into a clear glass preform 

  

When the deposition process is completed, thus mandrel is removed and the porous tube is then 

vitrified in a dry atmosphere at a high temperature (above 1400 
o
C) to a clear glass preform. This 

clear preform is subsequently mounted in a fiber drawing tower and made into a fiber as shown in 

fig. 4.6.2. The central hole in the tube preform collapses during this drawing process. 

 

4.6.2.2.  VAPOUR PHASE AXIAL DEPOSITION (VAD) 

 

    The OVPO process described in sec.4.6.2.1. is a lateral deposition method. Another OVPO type 

process is the vapor phase axial deposition method (VAD), illustrated in fig.10-4. In this method 

the SiO2 particles are formed in the same way as described in the OVPO process. As these 

particles emerge from the torches. They are deposited on to the end surface of a silica glass rod, 

which acts as a seed. A porous preform is grown in the axial direction by moving the rod upward. 

The rod is also continuously rotated to maintain cylindrical symmetry of the particle deposition. 

(a) soot deposition 
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As the porous Preform moves upward, it is transformed in to a solid, transparent rod preform by 

melting (heating in a narrow localized zone) with the carbon ring heater shown in fig. 10-4. The 

resultant preform can be drawn into a fiber by heating it in another furnace, as shown in  fig.4.6.2.   

Both step and graded index fibers in either multimode or single mode varieties can be 

made by the VAD method. The advantage of the VAD method are : (1) the preform has no central  

hole as occurs in the OVPO process: (2) the preform can be fabricated in continuous lengths  

which can affect process costs and product yields; and (3) the fact that the deposition chamber and 

the zone melting ring heater are tightly  connected to each other in the same enclosure allows the 

achievements of a clean environment  

.  

 

Fig 4.6.4.  Apparatus used for the VAD (vapour phase axial deposition) process 
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.4.6.2.3.   MODIFIED CHEMICAL VAPOUR DEPOSITION  

The modified chemical vapour deposition (MCVD) process shown in fig. 4.6.5. was pioneered at 

Bell laboratories and widely adopted else where to produce very low loss graded index fibers. The 

glass vapor particles arising from the reaction of the constituent metal halide gases and oxygen 

flow through the inside of a revolving silica tube. As the SiO2 particles are deposited, they are 

sintered to a clear glass layer by an oxyhydrogen torch, which travels back and forth along the 

tube. When the desired thickness of glass has been deposited, the vapour flow is shut off and the 

tube is heated strongly to cause it to collapse into a solid rod preform.  The fiber that is 

subsequently drawn from this perform rod will have a core that consists of the vapour-deposited 

material and a cladding that consists of the original silica tube.       

 

 

 

fig. 4.6.5 Schematic view of MCVD (modified chemical vapour deposition) process 

 

4.6.2.4.   Plasma-Activiated Chemical Vapour Deposition 

Philips Research Scientists invented the Plasma-Activiated Chemical Vapour Deposition (PCVD) 

process. PCVD  method is similar to the MCVD process in that deposition occurs within a silica 

tube. However, a  nonisothermal plasma operating at low pressure initiates the chemical reaction.  

With the silica tube held at temperatures in the range 1000-1200  
o
C to reduce mechanical stresses 

in the growing glass films, a moving microwave resonator operating at 2.45 GHz  generates a 

plasma inside the tube to activate the chemical reaction. Thus, no sintering is required.  When one 

has deposited the desired glass thickness, the tube is collapsed into a preform just as in the MCVD 

case. 
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Figure  4.6.6.:  Schematic of PCVD process 

4.6.2.5.  Double-Crucible Method 

 

Multi component glasses are generally drawn into fibers by using a direct-melt technique.  

In this method, glass rods for the core and cladding materials are first made separately melting 

mixtures of purified powders to make the appropriate glass composition. These rods are then used 

as feed stock for each of two concentric crucibles, as shown in Fig. 4.6.7.  The inner crucible 

contains molten core glass and the outer one contains the cladding glass. The fibers are drawn 

from the molten state through orifices in the bottom of the two concentric crucibles in a 

continuous production process. 
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Fig 4.6.7.  Double crucible arrangement for drawing fibers from the molten state of glass. 

 

        Although this method has the advantage of being a continuous process, careful attention must 

be paid to avoid contaminants during the melting process.  The main sources of contamination 

arise from the furnace environment and from the crucible.  Silica crucibles are usually used in 

preparing the glass seed rods, whereas the concentric double crucibles used in the drawing furnace 

are made from platinum.   

 

4.6.3. MECHANICAL PROPERTIES OF FIBERS 

              In addition to the transmission properties of optical wavedguides, their mechanical 

characters play a very important role when they are used as the transmission medium in optical 

communication systems.  Fibers must be able to withstand the stresses and strains that occur 

during the cabling process and the loads induced during the installation and service of the fiber can 

be either impulsive or gradually varying.  Once the cable is in place, the service loads are usually 

slowly varying ones, which can arise from temperature variations or a general settling of the cable 

following installation. 
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            Strength and static fatigue are the two basic mechanical characteristics of glass optical 

fibers.  Since the sight and sound of shattering glass are quite familiar, one intuitively suspects that 

glass is not a  very strong material.  However, the longitudinal breaking stress of pristine glass 

fibers is comparable to that of metal wires.  The cohesive bond strength of the constituent atoms of 

a glass fiber governs its theoretical intrinsic strength.  Maximum tensile strengths of 14 Gpa 

(2×106 lb/in2) have been observed in short-gauge-length glass fibers.  This is close to the20-Gpa 

tensile strength of steel wire.  The difference between glass and metal is that, under an applied 

stress, glass will extend elastically up to its breaking strength, whereas metals can be stretched 

plastically well beyond their true elastic range.  Copper wires, for example, can be elongated 

plastically by more than 20 percent before they fracture.  For glass fibers elongations of only about 

one percent are possible before fracture occurs. 

 

Fig 4.6.8. A hypothetical model of a microcrack in an optical fiber 

   

    In practice the existence of stress concentrations at surface flaws or micro-cracks limits the 

median strength of long glass fibers to the 700-to 3500-Mpa (1 to 5×10
5
 lb/in

2
 ) range.  The 

fracture strength of a given length of glass fiber is determined by the size and geometry of the 

severest flaw (the one that produces the largest stress concentration) in the fiber.  A hypothetical, 

physical flaw model is shown in fig.4.6.8..  This elliptically shaped crack is generally referred to 

as a Griffith microcrack.  It has a width w, a depth χ and a tip radius ρ. The strength of the crack 

for silica fibers follows the relation. 

1
2K Yχ σ= ……………(4.6.1) 

 

Where the stress intensity factor K is given in terms of the stress σ  in  megapascals applied to the  

fiber, the crack depth  is given in millimeters, and Y is a dimensionless constant that depends on 

flaw geometry.  For surface flaws, which are the most critical in glass fibers,Y π= . From this 
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equation the maximum crack size allowable for a given applied stress level can be calculated.  The 

maximum values of k depend upon the glass composition but tend to be in the range of 0.6 to 0.9 

MN/m
3/2

 

                   Since an optical fiber generally contains many flaws having a random distribution of 

size, the fracture strength of a fiber must be viewed statistically.  If  F(σ,L) is defined as the 

cumulative probability that a fiber of length L will fail below a stress level σ    then, under the 

assumption that the flaws are independent and randomly distributed in the fiber and that the 

fracture will occur at the most severe flaw, we have 

( )( , ) 1 LNF L e σσ −= − ……………..(4.6.2) 

Where  N(σ) is the cumulative number of flaws per unit length with a strength less than σ. A 

widely used form for N(σ) is the empirical expression proposed by weibull 

0 0

1
( )

m

N
L

σ
σ

σ
 

=  
 

……………(4.6.3) 

 

Where m, σ0, L0 are constants related to the initial inert strength distribution.  This leads to the so-

called Weibull expression. 

0 0

( , ) 1 exp

m

L
F L

L

σ
σ

σ

  
 = − − 
   

………………(4.6.4) 

         A plot of a weibull expression is shown in fig. 4.6.9. for measurements performed on long-

fiber samples.  These data were obtained by testing to destruction a large number of fiber samples.  

The fact that a single curve can be drawn through the data indicates that the failures arise from a 

single type of flaw.  Earlier works showed a double-curve weibull distribution with different 

slopes for short fiber manufacturing process and the other from fundamental flaws occurring in the 

glass perform and the fiber.  By careful environmental control of the fiber-drawing furnace, 

numerous 1-km lengths of silica fiber having a single failure distribution and a maximum strength 

of 3500 Mpa have been fabricated. 
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Fig 4.6.9.: A weibull plot showing the cumulative probability that fiber of 20m and 1km lengths will fracture at the 

indicated applied stresses. 

 

                In contrast to strength, which deals with instantaneous failure under an applied load, 

static fatigue relates to the slow growth of preexisting flaws in the glass fiber under humid 

conditions and tensile stress.  This gradual flaw growth causes the fiber to fail at a lower stress 

level than that which could be reached under a strength test.  A flaw such as the one shown in fig. 

4.6.8. propagates through the fiber because of chemical erosion of the fiber material at the flaw tip.  

The primary cause of this erosion is the presence of water in the environment, which reduces the 

strength of the bonds in the glass.  The speed of the growth reaction is increased when the fiber is 

put under stress.  However based on experimental investigations, it is generally believed (but not 

yet fully substantiated) that static fatigue does not occur if the stress level is less than 

approximately 0.20 if the inert strength (in a dry environment, such as a vacuum.). Certain fiber 

materials are more resistant to static fatigue than others, with fused silica being the most resistant 

of the glasses in water.  In general, coatings, which are applied to the fiber immediately during the 

manufacturing process, afford a good degree off protection against environmental corrosion. 

 
    Another important factor to consider is dynamic fatigue.  When an optical cable is being 

installed in a duct, it experiences repeated stress owing to surging effects.  The surging is caused 
by varying degrees of friction between the optical cable and the duct or guiding tool in a manhole 
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on a curved route.  Varying stress also arise in aerial cables that are set into transverse vibration by 

the wind.  Theoretical and experimental investigations have shown that the time to failure under 

these conditions is related to the maximum allowable stress by the same lifetime parameters that 

are found from the cases of static stress and stress that increases at a constant rate. 

 

 A high assurance of fiber reliability can be provided by proof testing.  In this method, an optical 

fiber is subjected to a tensile load greater than that expected at any time during the cable 
manufacturing, installation, and service.  Any fibers, which do not meet the proof test, are 

rejected. Empirical studies of slow crack growth show that the growth rate dχ/dt is approximately 

proportional to a power of the stress intensity factor, that is 

 

bd
AK

dt

χ
= …………………..(4.6.5) 

Here A and b are material constants and the stress intensity factor is given by Eq(4.6.1). For most 

glasses b ranges between 15 to 50. 

       If a proof test stress σ0 is applied for a time ts, then from Eq(4.6..5) we have 

( )2 2b b b

i p p pB tσ σ σ− −− = ………………….(4.6.6) 

Where σ0 is the initial inert strength and 
2

2 1

2

b

b

K
B

b Y AY

−
 =  −  

………………..(4.6.7) 

 

When this fiber is subjected to a static stress σ0 after proof testing, the time to failure ts is found 
from eq. (4.6.5) to be 

( )2 2b b b

p s s sB tσ σ σ− −− = ………………..(4.6.8) 

Combining Eqs. (4.6.6) and (4.6.8) yields 

( )2 2b b b t

i s p p s sB t tσ σ σ σ− −− = + ……………(4.6.9) 

To find the failure probability F, of a fiber after a time ts after proof testing, we first define N(t, σ)           

to be the number of flaws per unit length which will fail in a time t under an applied stress  σ.       

Assuming that N(σi) >> N(σs), then, 

( )( , )s s iN t Nσ σ� ………………..(4.6.10) 

Solving  Eq. (4.6.9)  for σI and substituting into Eq.  (4.6.3), we have from Eq.(4.6.10), 
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………………..(4.6.11) 

 

The failure number N(tp, σp) per unit length during proof testing is found from Eq. (4.6.11) by 

setting   σs= σp and letting   ts=0, so that 
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Letting N(tx, σx)= Nx the failure probability  Fs for a fiber after it has been proof-tested is given by 
 

( )
1 s pL N N

sF e
− −= − ……………….(4.6.13) 

Substituting Eqs. (4.6.11) and (4.6.12) into Eq. (4.6.13), we have 
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Where   2

p p

BC
tσ

=  and where we have ignored the term  

2
1

b

s

p s p

B

t

σ
σ σ

 
  
 

� …………….(4.6.15) 

 

This holds since typical values of the parameters in this term are σx/σp ≈ 0.3 to 0.4, tp≈ 10 s, b> 15, 

σp= 350 MN/m
2
, and B ≈ 0.05 to 0.5 (MN/m

2
)

2
 s 

 

         The expression for Fs given by Eq. (4.6.14) is valid only when the proof stress is unloaded 

immediately, which is not the case in actual proof testing of optical fibers.  When the proof stress 

is released within a finite duration, the C value should be rewritten as. 

2

p p

B
C

t
γ
σ

= ……………..(4.6.16) 

where γ is a coefficient of slow-crack growth effect arising during the unloading period. 

 

4.6.4.   FIBER OPTIC CABLES  
         In any practical application of optical waveguide technology, the fibers need to be 

incorporated in some type of cable structure. The cable structure will vary greatly, depending on 
whether the cable is to be pulled into underground or intra-building ducts, buried directly in the 

ground, installed on outdoor poles, or submerged under water.  Different cable designs are 

required for each type of application, but certain fundamental cable design principles will apply in 

every case.  The objectives of cable manufacturers have been that the optical fiber cables should 

be installable with the same equipment, installation techniques, and precautions as those used in 

conventional wire cables.  This requires special cable designs because of the mechanical properties 

of glass fibers. 

One important mechanical property is the maximum allowable axial load on the cable 

since this factor determines the length of cable that can be reliably installed.  In copper cables the 
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wires themselves are generally the principal load-bearing members of the cable, and elongations of 

more than 20 percent are possible without fracture.  On the other hand, extremely strong optical 

fibers tend to break at 4 percent elongation, whereas typical good-quality fibers exhibit long-

length breaking elongations of about 0.5 to 1.0 percent.  Since static fatigue occurs very quickly at 

stress levels above 40 percent of the permissible elongation and very slowly below 20 percent of 

the breaking limit, fiber elongations during cable manufacture and installation should be limited to 

0.1 to 0.2 percent. 
 

 

 

Fig 4.6.10. A hypothetical two fiber cable design. The basic building block on the left is identical to that shown for the 
right hand fiber. 

 

              Steel wire, which has a young’s modulus of 2x104Mpa, has been extensively used for 

reinforcing conventional electric cables and can also be employed for optical fiber cables.  For 

some applications it is desirable to use nonmetallic constructions, either to avoid the effects of 

electromagnetic induction or to reduce cable weight.  In this case plastic strength members and 

high-tensile-strength organic yarns such as Kelvar (a product of the Dupont Chemical 

Corporation) are used.  With good fabrication practices the optical fibers are isolated from other 

cable components, they are kept close to the neutral axis of the cable, and room is provided for the 

fibers to move when the cable is flexed or stretched. 

 

Another factor to consider is fiber brittleness.  Since glass fibers do not deform plastically, 
they have a low tolerance for absorbing energy from impact loads.  Hence, the outer sheath of an 

optical cable must be designed to protect the glass fibers inside from impact forces.  In addition, 
the outer sheath should not crush when subjected to side forces, and it should provide protection 

from corrosive environmental elements.  In underground installations, a heavy-gauge-metal outer  
sleeve may also be required to protect against potential damage from burrowing rodents, such as 

gophers. 
 

In designing optical fiber cables, several types of fiber arrangements are possible and a 
large variety of components could be included in the construction.  The simplest designs are one-

or two-fiber cables intended for indoor use.  In a hypothetical two-fiber design shown in Fig 

4.6.10, a fiber is first coated with a buffer material and placed loosely in a tough, oriented polymer 

tube, such as polyethylene.  For strength purposes this tube is surrounded by strands of aramid 

yarn which, in turn, is encapsulated in a polyurethane jacket.  A final outer jacket of polyurethane, 

polyethylene, or nylon binds the two encapsulated fiber units together.  Larger cables can be 
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created by stranding several basic fiber building blocks (as shown in Fig.4.6.10) around a central 

strength member.  This is illustrated in Fig 10-10 for a six-fiber cable.  The fiber units are bound 

onto the strength member with paper or plastic binding tape, and then surrounded by an outer 

jacket.  If repeaters are required along the route where the cable is to be installed, it may be 

advantageous to include wires within the cable structure for powering these repeaters.  The wires 

can also be used for fault isolation or as an engineering order wire for voice communications 

during cable installation. 

 

Fig 4.6.11.: A typical six-fiber cable created by stranding six basic fiber blocks around a central member. 

 

4.6.1. Summary: 
 In this lesson, different materials used for optical fibers, different fabrication process for 

optical fibers are given.  The characteristic mechanical properties are also given.  Finally, the 

prepared optical fibers can be used actually. So their cabling is mentioned.  

 

4.6.6. Keywords: Fiber materials – fiber fabrication techniques – mechanical properties of 

optical fibers, cabling 
 

4.6.7.  Self- assessment questions 
1.  Give in detail about the materials used for optical fibers. 

2.  Explain in detail about the different fabrication techniques for the optical fibers. Mention about   
     the merits. 

3.  Write the mechanical properties of optical fibers. 
4.  Explain the different cabling of optical fibers. 

 

4.6.8.  Text books 

1. “Optical fiber communications” by G. Keisser, McGraw-Hill International Edition, 2000,    

     Third edition, and also see first edition. 

2. “Optical fiber systems: Technology, design, and applications” by Charles K. Kao, McGraw  

     -Hill, 1986. 


