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OPTICS IlI

COURSE GUIDE

Course Introduction

In the preceding courses in Optics (I and 1l), y@ave learnt that light is an electromagnetic
wave. It exhibits polarisation, interference, difftion, etc. As you have seen, these phenomena
are well understood in terms of the wave theoryiglt. This block, as the title indicates,
essentially deals with lasers - a source of coheigint - and their applications, particularly in
the areas of photography and optical communicatiasers owe its invention to the quantum
theory according to which, light energy consistsnifiute packets or quanta. The invention of
lasers and related developments has once agaighirthe field of optics to the forefront of
basic research and technological applications. ¥gisead use of light from laser is because of
its high degree of coherence, high directionalityprecedented brightness, etc. Without fear of
exaggeration, we may say that the present periogtics may be called the Laser Age. In this
block, we intend to give you a flavour of the bagiktysical principles involved in the design
and operation of lasers and also about some whjisrtant applications.

Laser is a coherent source of light. But what isezence? You learnt about coherent source
of light in OPTICS Il in connection with Young's amle-slit interference experiment. It was
emphasized there that for obtaining observablafarence fringe pattern, the light from the
slits must be coherent. In Unit 1 of this couramy will learn about the concept of coherence of
waves. If the phases of two waves have a defirlitese relationship, they are said to be
coherent. This phase relationship between waveshwtan be in time or space, gives rise to
temporal coherence and spatial coherence. You ledin that temporal coherence of
electromagnetic waves manifests as monochromatigity the visibility of the interference
fringe pattern indicates the extent of spatial cehee between the interfering waves.

In Unit 2, you will learn the working principle d&sers. In particular, we have discussed the
concept of stimulated emission of radiation and pinerequisites for obtaining laser light.
Though the first laser used ruby (solid) as aatieslium, now lasers which employ liquids and
gases as the active medium are available. You ledn about different type of lasers.
Coherence (Monochromaticity), high directionalitydebrightness are some of the properties of
lasers which are responsible for their so manysandaried applications. In this unit, you will
also learn about some of these applications.

Holography is a technique of three-dimensional pb@phy. This technique was invented by
Dennis Gabor much before the invention of lasemwvéter, the full potential of this technique

could be realised only after this invention. In U&j you will learn the details of this novel

technigue. Some of the applications of hologrampme also been discussed.

The use of lasers has revolutionised communicaéiohnology. The monochromaticity of laser
light makes it an efficient carrier of informaticdommunication - transmission of speech, data,
etc. - at optical frequency is much faster and rmeli@able compared to radio and microwave
communication. However, optical communication sisffflom the drawback that signals get
attenuated by dust particles, rains, etc. Thus,eféicient terrestrial optical communication,
optical fibres are used. How is light transmittdttotigh optical fibres? What are the
characteristics of such fibre? These and othetaglguestions form the subject matter of Unit
4.

We wish you success.
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1.1 INTRODUCTION

In Unit 1 of Optics Il, you studied the Young's dbetslit interference experiment. We
emphasized that for observing interference fringtepn, the light from two sources must be
coherent. By coherence, we mean that the light svdr@m two slits have a constant phase
relationship. Can you recall how this conditioncoherence is achieved? If you are unable to
do so, you should refer back to relevant pages. Nmvgquestion arises why coherence is a
prerequisite for observing interference? You vé#in about coherence in detail now.

In Sec. 1.2, we elaborate the concept of coheraa@pplied to waves in general. Further, the
most elementary definition of coherence says thatphases of the coherent waves have a
predictable relationship at different points andliffierent times in space. This space and time
predictability of the phase relationship of wavégeg rise to two types of coherence, namely,
spatial coherence and temporal coherence. The pbotéemporal coherence, which refers to
the phase relationship at different times at atpbias been discussed in Sec. 1.3. You will also
learn about the correlation between the width gipectral line and temporal coherence. In Sec.
1.4, we have discussed spatial coherence whictesdia the coherence of two waves travelling
side by side. The relationship between the visibiif fringe pattern with spatial coherence is
also discussed in detail.

Objectives
After going through this unit, you should be alde t
» explain the concept of coherence
» distinguish temporal coherence from spatial cohmren
» relate temporal coherence with the width of spétitras
» relate spatial coherence with the visibility ohfye pattern, and «
» solve numerical problems based on coherence.

1.2 WHAT IS COHERENCE?

If you are asked what is coherence, you may sayite the condition necessary to produce
observable interference of light. And if you ardeas what is interference, you may say it is
connected with the interaction of waves that ateeoent. Well, nothing definite follows from
such circular arguments! In fact, coherence isapgnty of light whereas interference is the
effect of interaction of light waves. The cruciahsideration in interference phenomenon is the
relative phase of waves arriving at a given paiabf two or more sources. That is, in order to
observe interference fringes, there must exist faitke phase relationship between the light



waves from two sources. Hence, we may say thahelessity of having coherent sources for
observing interference fringes essentially implieat the waves from the two sources must
have a constant and predictable phase relation#hiis. the absence of a definite phase
relationship between light waves from ordinary segrthat we do not obtain any observable
interference fringe pattern.

Now, you may ask: Why is there no definite phagatimship between light waves from two
ordinary light sources? Well, the basic mechani§enuission of light involves atoms radiating
electromagnetic waves in the form of photons. Estom radiates for a small time (of the order

of 107°s). Meanwhile, other atoms begin to radiate. Theasph of these emitted
electromagnetic waves are, therefore, random;eifettare two such sources, there can be no
definite phase relationship between the light waeragted from them.

In general, sources, and the waves they emit,addet@ be coherent if they
® have equal frequencies,
(i) maintain a phase difference that is constatime.

If either of these properties is lacking, the segrare incoherent and the waves do not produce
any observable interference.

Let us pause for a while and ask ourselves: Wiy dt prerequisite for observing interference
fringe pattern? To answer this question, let ossider the origin of the bright and dark

fringes in the Young's experiment (Fig. 1.1). ket and E, be the electric fields associated
with the light waves emanating from slitS, and S,. These waves superpose and the
combined electric field at any point on the scrisegiven by,

E=E, +E, (1.1)

You may recall that in the interference pattern,olsserve the intensity of light, not the electric
field. Since the average intensity of light is podmnal to the time-averaged value of the
associated electric field, we have

| O<E?> (1.2)
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Fig. 1.1 Young's interference experiment

Thus, we have, from Eq. (1.1) and (1.2),

| <E?>+<E’>+2<EE, >

|, +1,+2<EE, > (1.3)

Eq. (1.3) shows that the resultant intensity ondbteeen is the sum of intensitiés and |,

(due to individual slit sources) and an interfeeeterm 2 < E,E, >. The interference term is

crucial because it determines whether the resultaahsity is a uniform illumination or a
fringe pattern on the screen. The contributionhef interference term to the resultant intensity
depends primarily on the phase relationship betwkerlight waves emanating from the two
slits.

Let us first consider the case when the light waaresin phase at one instance and are out of
phase at another instance. In such a situatiomrthaguct E,E, will be positive at one instance

and negative at the other. As a result, the timezage ofE E, will be zero, i.e.
<EE,> =0

Waves having this kind of phase relationship (vagyivith time) are said to bacoherentand
the resultant intensity will be

| =1, +1, (1.4)

Thus, when light waves from two incoherent souinterfere, the resultant intensity will be the
sum of individual intensities and the screen wdluniformly illuminated. To give you a simple
example, when the headlights of a car illuminate same area, their combined intensity is
simply the sum of two separate intensities. Thedlglats are incoherent sources and there is
no contribution of the interference term.

Now, what will happen if the light waves from twlits have a definite phase relationship i.e. a
phase relationship which is constant in time. Tharse of light emitting such waves is
coherent. When light sources are coherent, thdta@suntensity is not simply the sum of
individual intensities. It is so because in thataion, the interference term in equation (1.3) is
non-zero. Let us see what is the form of the ieterice term when two coherent light waves
superpose. There are two cases:

€) WhenE, = E,, that is, the two waves have the same amplitudguéncy and phase.
Thus,

— 2 — 2 ~—
I, =<E >=<E; >=1,
and

2<EE, >=2<E} >=2I,

The resultant intensity,



| =1,+1,+2<EFE,>
=1+l +21,
=4,

Thus, at the points on the screen where two infagavaves are in phase, the resultant
intensity is four times that due to an individualisce. These points will, therefore,
appear bright on the screen.

(b) E, =-E,, that s, the two waves have same amplitude agliéncy but their phases

differ by 180° which remains constant in time. Imat case, the two waves are
completely out of phase and the resultant wave il and intensity will be zero.

E=E+E,=0
= | =0

The points on the screen where the interferingt hghives satisfy the above condition
will have zero intensity and hence they will appéairk.

Thus, the constant phase relationship between gogiag light waves i.e. coherence,
is a necessary condition for obtaining interferefriege pattern. When the phase
relationship is not constant, the points where sgmeng light waves arrive in phase at
one instant may receive light waves which are cetepf out of phase at another
instance. This results in uniform illumination dietscreen and no interference fringe
pattern can be observed.

In the above discussion, you have studied the sigesf having coherent sources for
observing interference fringe pattern. As mentioeadier, coherence, which is essentially a
correlation phenomenon between two waves, can te respect to time and/or space. Thus,
for expediency, we distinguish two types of coheeenTemporal Coherence and Spatial
Coherence. Temporal coherence, or the longitudispétial coherence (often called
monochromaticity) applies to waves travelling aldhg same path. It refers to the constancy
and predictability of phase relationship as a fiomcbf time. Spatial coherence, or transverse
spatial coherence refers to the phase relationstiyween waves travelling side by side, at a
certain distance from one another. The furthertapartwo waves are, the less likely they are
to be in phase, and the less coherent the lightheil You will study these two types of
coherences in the following sections.

1.2.3 Temporal Coherence

While studying interference and diffraction of ligh the previous two blocks of this course,
we assumed that electromagnetic waves remainedagtigréinusoidal for all time. This kind of

electromagnetic waves are, however, practicallyossjble to obtain from ordinary light

sources. Why is it so? It is because light emifteth an ordinary source consists of finite size
wave trains. Each wave train is sinusoidal in ftsgld has a characteristic frequency (or
wavelength) and phase. However, the collection afevtrains is not sinusoidal. Thus, light
waves coming from an ordinary source cannot hawe gingle frequency (monochromatic).



Instead, it has a range of frequencies; that isast a frequency bandwidth. For these reasons,
the so-called monochromatic light, such as from dissharge tube, is more appropriately
called quasi- monochromatic.

This aspect of light (i.e. monochromaticity) refeis its temporal coherence. Temporal
coherence can be identified qualitatively as theriral of time during which the phase of the
wave motion changes in a predictable manner asigs through a fixed point in space. And in
wave motion corresponding to light from ordinarysmes, a predictable phase relationship can
be observed only within the average length of tageatrains on time scale.

To elaborate the concept of temporal coherenceysletonsider a typical time variation of the
amplitude of an electromagnetic wave as showndgn ER.

You may notice from the figure that the electrigldi at timet andt + At will have a definite
phase relationship i\t << 7, and will not have any phase relationshighif >> 7, where 7,

represents the average duration of the wave traims.timer, is known as coherence time of
the radiation and the wave is said to be coherenttime 7,. And the path length

corresponding ta,, given asL_ = cr, is called theeoherence lengthof the radiation, where
cis the velocity of light.
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Fig. 1.2 Typical variation or the amplitude of daatromagnetic wave with time. Three typical
wave trains have been shown. The coherence timés the average duration of the wave
trains.

In order to study the time-coherence of the ragimtilet us re-consider Michelson's
interferometer experiment. For completeness, we e hagproduced the experimental
arrangement in Fig. 1.3. A nearly monochromatihtligpurce is used in the investigation.

For the sourced) we may use a neon lamp in front of which we placfilter ) so that
radiation corresponding td = 6328 A is allowed to fall on the beam-split@r Glass plat&'

is the compensating plate. You may recall from Bnif Optics 1] if the eye is in the position
as shown in the figure, circular fringes are obsérdue to the interference of the beams

reflected from mirrordVl, andM ,.
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Fig. 1.3 Light paths for Michelson Interferometer

You may also recall that for obtaining these ciaciitinges, the mirrors should be at right angle
to each other and the path differen€eM, — GM,) should be small. If mirroM , is moved

away from the beam splitt&, the visibility, and hence the contrast of thesiférence fringes

will become poorer, and, eventually, the fringetgrat will disappear. Why does it happen?
Does disappearance of interference fringes ha®tsodhething with temporal coherence of
light waves from neon lamp? Yes, it is so. The plig@rance of the fringes is due to the

following phenomenon. When mirrd¥l , is moved through a distana, an additional path
2d is introduced for the beam which gets reflectedMby. As a result, the beam reflected from
M, interferes with the one reflected froM ; which had originatedZd /c) s, wherec is the
velocity of light, earlier from the light sourcele@rly, if this time delay 2d / ¢) is greater than
the coherence timer() of the radiation from the source, the waves rearhive eye after
reflection from mirrorsM and M, will not have any definite phase relationship.oler
words, the waves reflected from mirroM ,and M, are incoherent. Thus, no interference
fringes will be seen. On the other hand,2l(/c) < < 7, a definite phase relationship exists

between the two reflected waves and hence inteiderfinges with good contrast will be seen.
It is so because in this case, we are superposiogvave trains (after reflection from mirrors

M, and M ,) which are derived from the same wave train (fromgburce) and hence they are
temporally coherent.

For the neon light 4 = 6328 A), the disappearance of fringes occurs viherpath difference
between the reflected waves from mirrdls and M ,, is about a few cm. This path difference,

L, =cr7, is known as coherence length. Hence for the neam, Ir, ~10™°s. For

commercially available lasers, the coherence leegtteeds a few kilometres. Thus, if light
beam from a laser be used in the above experimentan observe interference fringesdas
long as a few kilometres (provided, of course, @weehsuch a big laboratory!).

In short, if the two pathsGM; and GM, in Fig. 1.3 are equal in length, the fringes have
maximum contrast, hence a maximum temporal coherdfthey are not of equal length then
the contrast is less. Hence temporal coherencess. I[Temporal coherence is, therefore,



inversely proportional to the magnitude of the pdifference and directly proportional to the
length of the wave train. The wave trains are oitdi length; each containing only a limited
number of waves. The length of a wavetrain is,dafwe, the product of the number of waves,

N, contained in a wave train and of its wave lendthso L, = AN . Since visibility or the

contrast of the interference fringes is directlggmrtional to the length of the wave train, it can
also be taken as proportional to the produdiaind A . Further, for a given source of light,
you can have some idea about its temporal coheiiengems of the path difference between
two interfering waves of the Michelson interferoeretY ou should now work out the following
SAQ.

SAQ 1
If light of 660 nm wavelength has a wavetrd&f4 long, what is its (a) coherence length and
(b) coherence time.

1.3.1 Width of Spectral Line

You might have studied in school physics courseutitite origin of spectral lines. You may
recall that when an atom undergoes a transitiom fam excited state to the ground state, it
emits electromagnetic radiation. The energy (amtédrequency) of the radiation is equal to
the difference in energies of the excited and tloeigd state. Each substance has a unique set
of energy state to which its atoms can be exclEagh substance, therefore, has a characteristic
set of energy values (and hence frequencies) ®ethitted radiations. This set of frequency
values constitutes the spectrum of the substance.

Due to one of the fundamental principles of quantm@chanics, namely, the uncertainty
principle, the lines in the spectrum are not sharpcorresponding to each spectral line, there is
a continuous distribution of frequency in a narfoaguency interval. This narrow frequency or
wavelength interval is known as the width of the@mal line. For example, for Cd red line, the
width of this interval is about 0.007 A.

You may now be interested in knowing what determitie width of the spectral lines? Is the
width of spectral lines related to temporal coheegnYes, temporal coherence of the source of
light is intimately related to the width of its spp&l lines. To see how, let us again consider the
interference fringes obtained by Michelson intesfeeter. You may recall from Unit 3 of
Optics IlI, that Michelson's Interferometer can Is=difor the measurement of two closely
spaced wavelengths. Let us consider a sodium lamae which emits predominantly two

closely spaced wavelengthd,= 5896 A andA,= 5890 A. Now, you may recall from Unit 3

of Optics Il that nead = 0, the fringe patterns corresponding to both theelengths will
overlap. If the mirror is moved away from the pl&eby a distancel, Fig. 1.3, the maxima

corresponding to the wavelengt will not, in general, occur at the same angleoasff,. It is
so because the spacing between the fringesifoand A, will be different. Indeed, if the
distanced is such that the bright fringe correspondingAp coincides with the dark fringe
corresponding tol,, we have

2d =mi, (bright fringe) (1.4a)
and

2d = (m + %j)lz (dark fringe) (1.4b)
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and the fringe system will disappear. The condifiondisappearance of fringe pattern can,
therefore, be expressed as (see box remark below).

If “d’" is the distance through which one of the mirtos been moved, the effect
path difference will b&d. And the condition for bright fringe is
2d =mA
and the condition for dark fringe is
2d =(m+1/2)A
wheremis an integer.
2d=mA, = m=2d/A,
and
2d =(m+1/2)A, = (2d/A,)-1/2
2d 2d 1

=2 ==
A, A2

o

2d_2d_
/12 /11
N A

20, -A,) 24, -Ay)

N

d= (1.5)

U
()

SinceA; = A,.

Now, if we assume that the light beam consists lbfwavelengths lying betweem
andA + A, instead of two discrete valuels and A,, fringes will not be observed if

AZ
2d <2 (1.6)
JAY)

To arrive at equation (1.6) you should solve tHfang SAQ.

SAQ 2
Starting from Eg. (1.5) which gives the path difiece (&), in terms of two distinct

wavelengthsA, and A,, for which fringes will disappear, derive Eq. (Lwhich is for all
wavelengths lying betweeA andA +AA.

Now, can you see the basic reason why the fringtenpadisappears? Is it somehow related to
the non-monochromaticity of the light beam? Yess #o. If fact, the moment we consider that
the light beam consists of all wavelengths lyingween A and A + A1, we are essentially
considering the interference pattern produced hy-monochromatic light beam. You may
notice from equation (1.6) that as the spreadeénvthvelength 44 ) becomes small (more and
more monochromatic), the path differen@sl)(for disappearance of fringes becomes large.
And as mentioned earlier, the larger the valueath glifference for which fringe pattern does

11



not disappear, the more temporally coherent thehtlipeam is. In other words,
monochromaticity or the sinusoidal nature of ligl#gam is strongly related to its temporal
coherence. The temporal coherence of the beaimeigfore, directly associated with the width
of the spectral line. Since no fringe pattern isevied if the path differenced,2exceeds the

coherence lengthl ., we may assume that the beam consists of all theelengths lying
betweenA and A + AA with

A =2 (1.7)

This gives the relation between coherence lengthspnead in the wavelength of a light beam.
Further, sincev =c/ A, the spread in frequendyv is

Av=A%A/1

=c/L,
And, the coherence time is defined &sr L /c. Therefore, we have
Af ~1/T, (1.8)

Thus the frequency spread of a spectral line th@brder of the inverse of the coherence time.

In this section, we discussed about temporal (or tadgial spatial) coherence which relates
the predictability or constancy of the phase refehip between two waves arriving at the same
point after traversing different optical paths.dtier words, we talked about the constancy of
phases of waves travelling along the same linentliigam was considered as a series of wave
trains. As per requirement of temporal cohererfabgise wave trains are to produce observable
interference fringe pattern, they must (a) havesdmae frequency and (b) overlap at the point
of observation (i.e. path difference should be thas the coherence length). Now, what about
the phase relationship between two waves travedlidg by side at a certain distance from each
other? Well, the constancy of the phase relatignshisuch waves relates to another type of
coherence called spatial (or transverse spati@@¢remce. This is the subject matter of the next
section.

1.4 SPATIAL COHERENCE

In unit 2 of Optics Il, you studied Young's doulslé- experiment for obtaining interference
fringe pattern. You may recall that one of the egeiisites for observing the interference
pattern was that the source of light should be iatfmurce. Can you say why this condition
was imposed? What will happen if, instead of a psource, an extended source of light is
used? These are some of the issues which reldke tepatial coherence about which we will
study now.

You are aware that in an extended conventionalceoof light, the radiations emitted from
different parts are independent of each other,imnlat sense, such sources may be thought of
as incoherent. But our interest is not so muchhértature of the source itself as in the quality
of the illumination field it produces, for exampla,a plane at some distance from the source.
Thus, in Young's experiment we are interested énektent to which there is a constant phase

12



relationship betweeB, andS;,, Fig. 1.4a, so that interference effects can berobde In other
words, we are interested in examining the effecthef finite size of the sourc& on the
interference pattern.

12

(a)

(b)

Fig. 1.4 (a) Young's double slit experiment withant source, S, (b) Young's double silt
experiment with an extended source S'S

In order to understand the effect of an extendedcso(and hence of spatial coherence) on the
interference fringes, let us consider Young's dedlit experiment with an extended source.
Fig. 12.4b shows schematically the two sf{sand S, with an extended light sour® Sof
width W at adistancer. Light from some points in the source illuminates the slits, and
interference fringes are produced on the screghelsource consisted of just this single peint
(as in an idealised Young's experiment, Fig. 1.4, fringes of maximum visibility would
have been observed. A real source (such'&in Fig. 1.4b) is, however, of finite size and the
fringes produced by illumination from other pointisthe source are displaced relative to those
due tos. Light from the extended source, therefore, produzespread in fringes with a
consequent reduction in the visibility of the fringattern.

In order to have some quantitative idea about flagia coherence, let us assume that the two
extreme points of the extended source (Fig. 1.8band S act as two independent sources.
Each source will produce its own interference pattéet us assume th&3 = SS and the
point O is such thag0 = S,0. Clearly the point sourc8 will produce a maximum arourd.

On the other hand, the intensity@tue toS'will depend on the path leng(B' S - S' $). You
may recall from Unit 2 of Optics Il, that if thish difference

SS,-SS =1/2 (1.9)

the minima of interference pattern dueStwill fall on the maxima of that due 8. As a result,
there will not be any observable interference pattérom Fig. 1.4b, we have

SS,-8S,=S,P=ad

13



But

d/i2 W
qad=—=—
r2 r1
Thus,
1 d
r=r,+r,=—|W+—
=2 (wed)
or
a:W+Ed/2)
Therefore,
SSZ—SSl=ad=(W+%j%:WTd

(neglectingd? term)

Thus, no fringes will occur if

W_dzlj

r 2

w=" (1.10)
2d

For every point on an extended source of extenr/d, there is a point at
distancer/2d which produces interference fringes separated dy & fringe
width. Thus, for sources of such an extensionvibibility of the fringes would
be poor.

We may, therefore, conclude that if we have anrsld¢d source whose linear dimension is
~Ar/d, no interference fringe pattern will be observeduikglently, for a given source of
width W, interference fringes will not be observable if Haparationd, between slitsS, andS

is greater thamdr /W . If @ denotes the angle subtended by the so8cg)(at the poinQO'

(midpoint of slitsS; S), thend =W /r . So,
d=2 (1.12)

which gives the maximum lateral distance betweis S| andS; such that the light beam from
the extended source may be assumed to have someedsfgcoherence (i.e., the light waves
from an extended source, after passing throughSliandS, are able to produce interference
fringes). The quantity A/0 is known dsateral (or transversg Coherence Width and is

denoted byl,. You may note that the coherence width is lingardimension and is

approximately perpendicular to the direction of eigropagation. By contrast, the coherence
length, introduced in relation to temporal coheggrig along the direction of wave propagation.
For this reason, temporal coherence is sometimisdckngitudinal coherence and spatial

coherence is sometimes called lateral coherence.
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Further, closely related to coherence width isramp&ter called coherence area given
as

a, , /12)?
71(A [ 26)? (1.12)

The waves at any two points within the coherenea are coherent. You may have noticed that
Egs. (1.11) and (1.12) apply to the case in whithextended source is essentially a uniform
linear source. If the source is in the form of &#amm circular disc, the lateral coherence width
is given as

|, =1224/6 (1.13)

Well, in order to recapitulate what you have stddiethis section, how about solving an SAQ!

SAQ3

Suppose we set up Young's experiment with a sriralilar hole of diameter 0.1 mm in front
of a sodium lamp A4 = 589.3nm) source. If the distance from the sotwdbe slitss 1m, how
far apart will the slits be when the fringe pattdisappears?

1.4.1 Angular Diameter of Stars
Now, let us consider an application of the concefpspatial coherence. In the preceding
paragraphs, we have seen that the angle subtendén lextended source at the midpoint of

the slit separation is related to the lateral cehee width (). Also for a critical value of

the interference fringes will disappear. If, instezf an ordinary extended source of light, we
consider a terrestrial extended source such aaraystu may like to know: Is it possible to
know its angular diameter (i.e. the angle subterimiethe star on the slits) by observing the
disappearance of fringes? Indeed, it is possilde.nfeasuring the angular diameter of a star,
Young's double slit experiment set-up needs matifio. Modification in the experimental set-
up is necessitated because, for such an arrangernemt take a typical value of the angular

diameter of a star asH0 ™' radians, the distanakbetween the slits for which fringes disappear
will be

_ 122 _ 122x 5x107’

d
6 1077

=6m
And for such a large value df the fringe width will be too small.
To overcome this difficulty, Michelson used an iniis technique. He achieved an effectively

large value ofl by using two movable mirrofsl andM ' as shown in Fig. 1.5. This modified
interferometer is known adichelson's Stellar Interferometer.
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Fig. 1.5 Michelson's stellar interferometer

Since you have studied in detail about the MichelStellar interferometer in Unit 3 of Optics
II, we would just mention here the results of oyidal experiment. In a typical experiment the
first disappearance of fringes occurred when tetadce between mirroMd andM ' was about

7.3 m which gave the angular diametras (takingA ~5x107" m)

6 =1221/d

122x5x107’
7.3

84x10°® rad

From the known distance of star and the valuesohitgular diametef, we can estimate its
diameter.

1.4.2 Visibility of Fringes

Till now, we have been discussing coherence andriortance for observing interference
fringes. We have been talking about the disappearahfringes under different circumstances.
For example, in the Young's double slit experimanerference fringes are seen on a screen
with highly spatially coherent light. The fringeseaather distinct; their visibility is high. As
the two slits are moved further apart the fringesraore closely spaced and will lose visibility.
The degree of visibility, therefore, is the measfrepatial coherence.

Assume that two wave trains of light, each of édigngthAl , overlap to their full extent. Such
complete overlap will result in distinct maxima aminima of highest degree of visibility.
Even if the wave trains overlap partially, as ig.FL.6, interference is possible. However, the
degree of visibility of the fringes will diminishegending on the extent of overlap. The
guestion, therefore, is not how much the wave s$rammust overlap to produce interference;
rather, the question is how much visibility we néedee a fringe pattern?

The amount of radiation nower incident ner unitharecalled arear

The definition of visibility is essentially a mattef comparison. Visibility,VV , can be defined
as the ratio of the difference between the maxiraveanak, _ , and minimum areank,, , to
the sum of the areanas; i.e.
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V - Emax - Emin (1'14)
E ax + Emin

m

Fa¥

|

7

v |
Fig. 1.6 Partial overlap of two wave trains

Let us assume thdt , can take any arbitrary value bkt = 0. Then visibility,V =1. On

the other hand, ik, = E.,, V = 0, fringes cannot be seen. Thus, the visibiligyrassume

any value between 0 and 1. Generally, a visibdity.8 is considered high, but a value 0.2 is
barely visible.

Now, you may like to know whether visibility is eded to coherence? Yes, it is. To see how,
let two points on a distant screen be illuminatgdvo light sources that produce equal areanas

E, . Light waves from each consists of two parts — cefied) and incoherents). Areana due
to the coherent parf can be expressed as

EA =p Eo
where, p is the degree of coherence, and, the areana doedioerent part is,

E, =1-0)E;
Interference fringes are observed because of Aafithe coherent part forms fringes whose
maxima have intensities. Areana of the maxima isr fomes as high as the individual

contribution. Thus, the maximum areand:,) ... IS 40E, and the minimum is zero.

Moreover, on this interference fringe pattern, de the coherent parfh, a uniform
distribution due to the incoherent pdBt is superimposed. The areana of this distributvdh

be twice as high as the contributiéty, , because it comes from two sources. Hence,

(EB)max = 2EB = 2(1_10)EO = (EB)min

As a result, the areana in the maxima is
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Erax = (Ea) max + (Eg) max
=4pE, +2(1- p)E,
= 2(1+ p)E,
and the areana in the minima
Evin = (E)min * (Eg) min
=0+ 2(1- p)E,
Therefore, Eq. (1.14) for visibility of the fringean be written as,

20+ p)E, —2(1- p)E,
20+ p)E, + 2(1- p)E,

V =

P, the degree of coherence.

Thus, the degree of visibility (or the contrast)tieé fringes produced by two light waves is
equal to the degree of coherence between them.

The highest visibility and hence the highest degfeeoherence will occur when the minimum
areana in the expression f& is zero. In that case, both the visibility and tiegree of
coherence are unity. Although conceivable in thetirig is not possible in practice. Complete
coherence is merely a theoretical result. Howewéh the development of laser, about which
you would study in the next unit, it is now possibb have light beam of extremely high degree
of coherence.

15 SUMMARY
Coherence is a property of light. A predictable ggheelation exists (when there is coherence)
between light waves passing through a point agdifit times.

Temporal coherence or longitudinal spatial cohezaréers to the predictability of the phase of
radiation as a function of time. In other wordanp®ral coherence can be identified as the
interval of time during which the phase of the wal@nges in a predictable manner as it

passes through a fixed point in space. This tinterwal is known asoherence time 7. And

the path length corresponding 1@ given aslL_ = cr, is called thecoherence lengthof the
radiation.

Temporal coherence is related with the width ofgpectral lines. The spread in wavelength is
given as,
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and the corresponding spread in the frequencyeo$pectral line is
Av =1/T,

Spatial coherence or transverse spatial coherefieesito the correlation between the phases of
two light waves travelling side by side. The useaopoint source in Young's double slit
experiment is essentially to meet the requireménpatial coherence.

If an extended source of light of widiV is used in Young's interference experiment, for
observing interference fringe pattern, the follogvitondition must be satisfied

W=A1/6

where, A is the wavelength of the light, aréll is the angle subtended by the extended source
on the slits.

The quantity(A/6) is known adateral (or transversg coherence width,| .

For a circular extended source, the coherence Wjgdib given as

1221
l, = 5
Visibility of an interference pattern is given as

Emax B Emin
Emax + Emin

where, E_ . is the maximum areana arkg,,, is the minimum areana.

max

In terms of the degree of coherengghe visibility is given as

v = 20+ PEy 20~ P)E,
201+ P)E, + 2(1- P)E,

where, E, is the areana produced on the screen by individyrlsource.

1.6 TERMINAL QUESTIONS

1. The sodium line ad = 5890 A, produced in a low-pressure discharge,spasad in
wavelength,AA = 0.0194 A. Calculate (a) the coherence length (@hdine width in
hertz.

2. If the visibility in an interference fringeattern is 50 percent and the maxima receive

15 units of light, how much light does the mininezeive?
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1.7

SAQs

SOLUTIONS AND ANSWERS

The wavelength of the lighd = 660 nm andN , the number of waves in the wave
train is 20.
(a) So, the coherence length

L = NA

C

= 20x660 nm

=13200 nm =132x10* m

(b) Coherence time
T = L_/c, wherec = velocity of light =3x10° m/s

C

_13200x10°m
3x10®¥ms™

= 4400x10"s
= 44x10™"s

Eq. (1.5),2d = A*/2(A, - A,) gives the path difference for the disappearance of

fringe pattern due to light of wavelengtbsand A,. When this expression is to be
used for the disappearance of the fringe patteentduhe light beam consisting of all
wavelengths lying betweed and A + AA, we must divide the interval (width) into
two equal parts ofAA /2. Thus, the fringe pattern will be produced by wargth

values
A =A+(A1/2)
A, =/
With these values, Eq. (1.5) reduces to

A2 A2 A2
d= = =
AN+DAI)=A) 28412 DA

which is Eq. (1.6)

Now, for each wavelength lying betweeAdand A +AA/2, there will be a

corresponding wavelength lying betweeh+AA/2 and A+AA, such that the
minima of one falls on the maxima of the other. rBfi@re, the fringe pattern will
disappear.
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3. Width (or the diameter) of the source

W=0.1 mm =1x10"m
And distance between the source and slits
r=1m

Hence the angle subtended by the source on slits

Wavelength of the light

A =5893x10° m

The lateral coherence width for a circular extenstaagrce

1221 122x5893x10°m

l, -
17 1C"rad

=0.72cm
Thus, if the separation between the slits is mioaa 0.72 cm, the fringe pattern will disappear.

TQs
1. A =5890 A5890x107° m

AA=0.0194 A =0.0194x107"° m
(a) From equation (1.7), we have

2
= i— , where L= coherence length

C

_ A _ (5890%x107'%)*m?
= Le="5= -10
AA 0.0194x1C7"m

=0.18 m

(b) The spread in frequencddV (line width in hertz) and coherence tirig is related
as (equation (1.8))



wherec = velocity of light =3x10° m/s

_ 3x10®m/s
018m
=16x10°Hz

Av

The visibility of an interference fringe pattésrgiven as

Emax B Emin
E ax + Emin

m

where E__ is the maximum areana, i.e., the amount of radigtimver contained in the

maxima of the fringe pattern; arfd,,, is the minimum areana.

From the problem, we have

V =50 percent % v Emax =15 units, E_; = ?
So, from above equation for visibility, we have

1_15-E,,
2 15+E_.

= (15+ Emin) = 2(15_ Emin)
= E..,= 5 units

Hence, 5 units of light will be received in the inia of the fringe pattern.
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UNIT 2 PHYSICS OF LASERS

Structure
2.1 Introduction
Objectives

2.2 Light Emission and Absorption
Quantum Theory: A Brief Outline
Stimulated Emission: Einstein's Prediction
Einstein's Prediction Realised

2.3 Prerequisites for a Laser
Active Medium
Excitation (or Pumping)
Feedback Mechanism

2.4 Types of Lasers
Solid State Lasers
Liquid Lasers
Gas Lasers

2.5 Applications of Lasers
Communication
Basic Research
Medicine
Industry
Environmental Measurements
Photography

2.6 Summary

2.7 Terminal Questions

2.8 Solutions and Answers

2.1 INTRODUCTION

In the previous unit, you learnt about coherenak @herent sources of light. It was explained
there, why conventional thermal sources of lightteadiation which have very low degree of
coherence. However, phenomenon like interferenbé&hwequires coherent light sources, can
indeed be observed with conventional light sourtés. quest for obtaining a light source with
high degree of coherence led to the invention ediis. As you know, a useful indicator of the
degree of coherence is the coherence length. Eamasy light, the coherence length is of the

order10® m, whereas the coherence length for a laser tightbe as long a0’ m! So, you
may appreciate the difference in the degree ofrestoe between an ordinary light and the laser
light. In the present unit, we will discuss thisusm® of highly coherent light beam — the
LASER.

The name laser is an acronym Eaght Amplification by Stimulated Emission of Radiation.

You must realise that the key words here are aim@libn and stimulated emission. The
existence of stimulated emission of radiation, whadiation interacts with matter, was
predicted by Einstein in 1916. His theoretical jiredn was realised by C. Hoownes and co-
workers in 1954 when they developed microwave dination by stimulated emission of
radiation (maser). The principle of maser was agthfr light in visible range by A. Schawlow
and C. H. Townes in 1958 but the first laser devies developed by T. H. Maiman in 1960.
Once the laser was invented, it has found apptinatin such diverse fields as basic research,
industry, medicine, space, photography, commuminatiefence, etc.
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In Sec. 2.2, you will learn about the quantum maats description of the emission Physics of
Lasers and absorption of light. In particular, ywill learn about spontaneous emission and
stimulated emission of radiation. In Sec. 2.3, phgsical principles involved in the operation
of lasers viz., excitation (or pumping), the neddaa active medium and the feedback
mechanism have been explained. Since the invenfiteser by Maiman using small ruby rod
as active medium, Lasers have come a long wayeRitgslasers are built using solid or liquid
or gas as active media. Apart from these, now semitluctor based lasers are findingle
applications. These different types of lasers hbagen briefly discussed in Sec. 2.4. The
applications of lasers are so many and so varigtthieir detailed account will take us too far.
In Sec. 2.5, we have, however, briefly discussquligations of lasers in industry, medicine,
communication and basic research. In the next yoit, will study about holography, which
would not have been possible without laser lighidAn Unit 4, you will study about optical
fibres — a medium of transporting

light — which is a very active area of researcld development for long distance optical
communication purposes.

Objectives
After going through this unit, you should be alie t
» explain the concept of stimulated emission of rdalia and differentiate it from
spontaneous emission
» describe the need and methods of pumping
» list the characteristics of the active medium &xdrs
» describe different types of lasers, and
» describe the important applications of lasers.

2.2 LIGHT EMISSION AND ABSORPTION

As you are aware, most of the man-made sourceéghifdre the solids and gases heated to high
temperatures. For example, in case of incandebedint the tungsten filament is heated, and in
case of mercury tube light, the gas is heated. érteegy of the heating source is absorbed by
the atoms or molecules of the solid or the gascihin turn, emit light. The basic mechanism
of the origin of light from within gas moleculeguids and solids is similar in many respect to
that from an individual atom. And the process ofssion and absorption of light from atoms
can be understood in terms of Bohr's atomic motledugh you might have studied Bohr's
model in a previous course, we briefly discus®itetfor the sake of completeness.

2.2.1 Quantum Theory: A Brief Outline

According to Bohr's theory, the energy of an atomaamolecule can take on only definite

(discrete) values. These are known as the enevgislef the atom. The transition of an atom
from one energy level to another energy level aeénrquantum jump. This was one of the

basic assumptions of Bohr's theory. On the basiBi®foresumption, Bohr postulated that light
is not emitted by an electron when it is revolvingone of its allowed orbits (and hence has a
fixed value of energy). Light emission takes pladeen the atom makes a transition from an

excited state (of energye,) to a state of lower energfe, . The frequency of the emitted
radiation is given by

hv =E - E;
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where E; is the energy of the initial orbifz; is the energy of the final orbit; the frequency

of the emitted light andl is the Planck's constant. The quantized orbithefdectron and the
energy level diagram of the simplest atom — the¢yen atom — are shown in Fig. 2.1.

n=5 E,
n=4 E,
n=3 E,
n=2 E

/
Nucleus

Ground level

(a) (b)

Fig. 2.1 (a) Bohr circular orbits for the revolvingectron of hydrogen atom, showing
transitions,
giving rise to the emitted light waves of differdréquencies; (b) Energy level diagram
for the hydrogen atom

The quantum mechanical explanation about the odfjliight, as discussed above, applies to all
the known light sources. To focus our attentiontbe atomic processes involved in the
emission and absorption of light, let us considely dwo energy levels of an atom. Let the

energy of the lower level b&, and that of the upper level e,. An atom lying in levelE,

will tend to make a transition to levdt, so that it occupies a state of lower energy. Such

emission process is known as spontaneous emissicaube it occurs in the absence of any
external stimulus. The process of spontaneous &miss shown in Fig. 2.2(a). The photon

emitted in spontaneous emission will have the gnékg, — E;), while its other characteristics

such as momentum, polarisation, will be arbitrditye light emitted by ordinary sources results
due to spontaneous emission. Absorption of lighihésconverse process of emission. The atom

in a lower energy state can absorb a photon ofggnkr (=E, — E;) and get excited to the
upper levelE, . The absorption process is depicted in Fig. 2.2(b).

Now, can you guess what will happen if an atonmithe higher energy leveE, and a photon

of energyhv (= E, — E)) interacts with it? Well, in such a situation, theofon may trigger

the atom in the upper level to emit radiation. Taisission process is known as stimulated
emission. When the atom is already in the highe@rgnlevel, the photon, instead of being

absorbed, may play the role of a trigger, and iedhe transition fronkE, to E;. As a result,
the atom falls into lower energy level and additional photon of energyhv = E, - E, is
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emitted.In this process of stimulated emission, shown in §i 2.2(c), both the inducing and
the induced photons have the same energy¥he light from laser is due to the stimulated

emission of radiation.

It is worth mentioning here that of the three pss@s mentioned above, only the first two, that
is, the spontaneous emission and the absorptitightfwere postulated on the basis of Bohr's
theory. It was only when Einstein considered theolehidea of emission and absorption of
radiation in terms of thermodynamic equilibriumveeén matter and radiation that stimulated
emission of radiation could be predicted. What wenestein's theoretical arguments for the

prediction? Let us learn these now.

E, O £,
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Fig. 2.2 (a) Spontaneous Emission (b) Absorptiah @h Stimulated Emission of light

2.2.2 Stimulated Emission of Radiation: Einstein'®rediction

Stimulated emission, as mentioned above, is theersev of the process in which
electromagnetic radiation or photons are absorlyethé atomic systems. When a photon is
absorbed by an atom, the energy of the photonrigested into the internal energy of the atom.
The atom is then raised to an excited (higher efestate and it may radiate this energy
spontaneously, emitting a photon and revertinghto dround (or some lower energy) state.
However, during the period the atom is in the extistate, it can be stimulated to emit a
photon if it interacts with another photon. Thigratlating photon should have precisely the
energy of the one that would otherwise be emitmmht&aneously. Let us took at the theoretical
arguments put forward by Einstein for the existenfcgtimulated emission.

No. of atoms _ ,
in the level Spontancous Stimulated

N emission  emission Absorption

e

AuN,  ByNau(v) By, Nu(v)

g -=L

! 1

Energy

-
=

Fig. 2.3 An atomic system of two energy levels singvdifferent emission and absorption
processes
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Refer to Fig. 2.3 which shows a system of two epdegels E, and E, with population of

atoms N, , and N, respectively. LetE, < E,. According to Maxwell-Boltzmann distribution,

the ratio of population of atoms in different lewdbr the system in thermal equilibrium is
given

N, = o (BB kT
N,
or

N2 = Nle—hv/kBT
where, K is the Boltzmann constant afids the absolute temperature.

Now what will be the ratio of the population of teeergy levels if radiation of enerdyv is
introduced into the system? Einstein proposed ith#tis system of energy levels and the
radiations is to remain in thermal equilibrium, thete of downward transition (due to
spontaneous and stimulated emission) must be eguhk rate of upward transition (due to
absorption). He, therefore, arrived at the relasme box below),

Bu(v)

A, +B,u(v) @3

N2 —
Nl
where u(v) is the energy density of radiation at frequemcyand B,,, A,;, B,; are Einstein's

co-efficient. A,, is associated with spontaneous emissiBy, is associated with stimulated
emission andB,, is associated with absorption.

Form Egs. (2.2) and (2.3), we have

L(V) = e'hV/kBT
A, +u(v)B,,
or

ad ! (2.4)

uv)=——
( ) 812 th/kBT _(B21/ Blz)

The energy density of black body radiation is gibgrPlanck’s radiation law:

_8mv? 1
u(v) = ¢ ekl 1 (2.5)
Equation (2.5) must be same as Eq. (2.4). So w¢ maws
B,1 =By (2.6)

and
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grhv®
A 1By = 2 (2.7)

These are Einstein's relations. On the basis ofté&iims relations, we can conclude the
following:

Following Einstein, let us write down the ratesspbntaneous and stimulated emission and the rg
of absorption of radiation. The rate of spontaneemsssion will be independent of the energy
density of the radiation field because for thisgass to occur, the presence of photon is ng

required. This emission process will be proportidoathe number of atomsN,, in the higher
energy state. So, we may write the rate of spoontaemission as
P = NLA, (i)

where A21 is constant of proportionality.

Assume next that the system of atoms is subjecbtoe external radiation field. In that case,
mentioned earlier, one of the two processes, nantiedy stimulated emission and absorption, m
occur. The probability of their occurrence depeonshe energy density of radiation at the particy
frequency separating the two levels and the pojpulaif states from which transition takes plag
Therefore, the rate of stimulated emission willgseportional to the energy density of the radiati

and the population of higher energy stdﬂg. Thus, the rate of stimulated emission

P, = N,B,u(v) (ii)
where B, is another constant of proportionality ard(V) is energy density of radiation &
frequencyV .

On the other hand, the rate of absorption will depen U(V) and the population of the lows
energy stateN, . Thus, the rate of absorption

P, = NB,u(v) (i)
where By, is the constant of proportionality. The constafls,, B,, and B,, are known as
Einstein's coefficients

With the system in thermal equilibrium, the neeraf downward transition must be equal to the
rate of upward transition. Thus, we may write

N,A,; + N,Byu(v) = N,Bu(v) (iv)
Dividing both side byN, , we get

N N
Wz Ayt Wz B,,u(v) = B,u(v)

1 1
N
or WZ (Ay Tu(v)By,) = Bu(v)
1
so that& = L(V) (v)
N, A, +u(v)B,

te

—

as
ay
la
e.

on

\t

het

(@)

Eqg. (2.6) indicates that the probabilitiesabSorption and stimulated emission are the

same. In other words, when an atomic system is quilibrium, absorption and
emission take place side by side. Normally, < N,, and absorption dominates

stimulated emission. An incident photon is morelljkto be absorbed than to cause

28



stimulated emission. But, if we could find a maiethat could be induced to have a
majority of atoms in the higher state than in toevér state, i.e.N, >N, the
stimulated emission may dominate absorption. Thisdition of the atomic system
(where N, > N, ) is known as population inversion. And when thmstated emission
dominates over absorption in the atomic systeis,gtid to lase.

(b) If we substituteB,, = B,, in equation (2.4), we get the ratio of the numbér
spontaneous emission to stimulated emission
AZl = th/kBT _1 (28)
B,,u(v)

When the system is in thermal equilibrium at terapee T, for hv <<k,T, Eq. (2.8)
suggests that stimulated emission will dominatenspteous emission. On the other hand,
when hv >>Kk,T, spontaneous emission will dominate stimulatedssion. Now which of

these two processes will dominate for ordinaryf@rsources of light? To know that, you
should do the following SAQ.

SAQ 1
The absolute temperaturg,, for an ordinary source of light is typically dfet order ofLO’ K.

With the help of Eq. (2.8), show that in such sesrdhe process of spontaneous emission will
dominate over the stimulated emission.

2.2.3 Einstein's Prediction Realised

You now know that when matter and radiation artharmal equilibrium, besides spontaneous
emission and absorption of radiation by mattenehmust be a third process, called stimulated
emission. This prediction did not attract much ritten until 1954, when Townes and co-
workers developed a microwave amplifier (MASER)ngsiNH;. In 1958, Shawlow and
Townes showed that the maser principle could benebed into the visible region. In 1960, the
prediction was realised by Maiman who built thetfilaser, using Ruby as an active medium.
Maiman found that a suitable active component flasar could be made from a single crystal
of pink ruby: aluminium oxide (AdDs), coloured pink by the addition of about 0.5 petce
chromium. For any laser action to take place, thredition of population inversion must be
met. By population inversion we mean that the nurdfeatoms in the higher energy state is
larger than the ground (or some lower energy) siite energy states of the chromium atom,
as shown in Fig. 2.4, are ideal for obtaining pegiah inversion. The chief characteristics of

energy levels of a chromium atom is that the leValtelled asE, and E, have a life time

10®s, whereas the state markdhas a life time3x107%s. The energy statd with such a
long life time (as compared to other excited shatesalled anetastable state

When an atonundergoes a n«radiative transition the energy is not releaseth&
form of photons; rather, the energy is transfesiedatomic collisions, collision with
the crystal lattice, et
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Fig.2.4: Energy levels of chromium atom: (a) atomthe ground state (b) on absorbing
photons, atoms are excited to one of the two enlesgls E, and E, . (c) atoms give
up some of its energy to the crystal lattice ardtéaa metastable level, M, (d) When
stimulated by photons, the atoms in metastablel lewdt photon and fall to ground
state.

A chromium atom in its ground state can absorba@qh(A = 6600 A) and make a transition
to the level E, it could also absorb a photon df= 4000 A and make a transition to the level

E,. In either case, it subsequently makes a non-radidtiansition, in timel0®s, to the

metastable stathl. Since the slat has a very long life, the number of atoms in thi#ges
keeps on increasing and we may achieve a populatvension between the stdi®andG (the
ground state). Thus, we may have a larger numbatontfs in the leve¥l compared to those in
the states. Once population inversion is achieved, light afigaltion can take place.

In the original set up of Maiman, the pink ruby waachined into a rod of length nearly four
centimetre and diameter half a centimetre. Its evele polished optically flat and parallel and
were partially silvered. The rod was placed neaglantronic flash tube (filled with xenon gas)
that provided intense light for pumping chromiuroras to higher energy states. The set up of
ruby laser is shown in Fig. 2.5. When the requegulation inversion was achieved with the
help of electronic flash tube, the first few phataeleased (at random) by atoms dropping to
the ground state stimulated a cascade of phottitg\véng the same frequency.

You now know how a ruby laser, developed by Maimanorks. You will appreciate that

production of laser light demands that certainditions be met beforehand. (We deliberately
avoided reference to these in the above paraghabinst, is it possible to achieve laser light
from any medium? If not, what are the charactesstif the medium which can produce laser
light after proper excitation? (The media capaligpducing laser light are called active
media.) Secondly, how do we achieve populationrsiea? Further, for sustained laser light, it
is necessary to feed some of the output energy indokhe active medium. This is known as
feedback and is achieved by resonant cavity. Whdheé nature of this resonant cavity for
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lasers? These are some of the important aspetaseasfoperation and design about which you
will learn now.

Flash lamp

A — - == e e ~a
G —==_—=———— >
==l Ouiput

beam

Spring

L
T Coolant Power source l Coolant

Fig. 2.5 The Ruby laser

2.3 PREREQUISITES FOR A LASER

A laser requires three prerequisites for operatkeirst, there should be an active medium
which, when excited, supports population inversamd subsequently lasers. Secondly, we
should ensure pumping mechanism that raises thensy® an excited state. And lastly, in

most cases, there is an optical cavity that previtie feedback necessary for laser oscillation.
These are shown schematically in Fig. 2.6.
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Fig. 2.6: Basic components of a laser oscillatmergy source (1) supplies energy to active
medium (2). Medium is contained between two mirr(@sand 4). Mirror 3 is fully
reflective while mirror 4 is partially transparelbdser radiation (5) emerges through
partially transparent mirror.
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In a typical laser operation, energy is transfeteethe active material, which is raised to the
excited state, and ultimately lasers in varioussvaihe medium may be a solid, liquid or gas
and it may be one of the thousands of materialshithee been found to laser. The process of
raising the medium to the excited state is cghlechping, in analogy to pumping of water from
lower to a higher level of potential energy. Somsets are built as laser amplifier. They need
no optical cavity. Most lasers, however, are lassgillators. For sustained laser oscillations,
some kind of feedback mechanism is needed. Thédéeidnechanism is provided in the form
of optical resonant cavity. In both laser amplgieand oscillators, the first few quanta of
radiation will probably be emitted spontaneouslg aill trigger stimulated emission.

Let us now discuss the above mentioned three coemtsf a laser.

2.3.1 The Active Medium

The heart of the laser is a certain medium - stitidjd or gaseous — called an active medium.
Since Maiman's discovery of ruby, many new laseten®ls have been discovered. They
include crystals other than ruby, glasses, pladligsids, gases and even plasma (the state of
matter in which some of the atomic electrons assatiiated from the atoms). What should be
the characteristics of an active medium? The oahegal requirement for an active medium is
that it provides an upper energy state into whichma can be pumped and a lower state to
which they will return with the spontaneous emissid photons. The medium must also allow
a population inversion between the two states.aly tmappen that the active species or centres,
which provide lasing levels, constitute a smaltfien of the medium. For example, in case of
ruby, which is A%O; with some of the Al atoms replaced by Cr atomsy time latter (Cr) is

the active centre. Typical number of active spepiscubic centimetre in solids and liquids is

10" to 10?° and that for gaseous media their number is afiélit to 10'". How the light
beam gets amplified when it passes through aneantiedium? To get the answer we examine
the process of population inversion now.

Population Inversion

Why is the condition of population inversion betwethe lasing level necessary for the
operation of lasers, i.e., for amplification of Higto occur? We can investigate this by
calculating the change in intensity of the lighatvepassing through an active medium. Refer to

Fig. 2.7. A collimated beam of light having integsi, travels along thex-axis through an
active medium of thicknesix.

A

—> I (x) > I, (x+dx)

> —_—
X

f——— dx——— |

Fig. 2.7: Light beam of intensity, passing through an active medium alongxtaeis

If the cross-sectional area of each of the plas& the volume of the layer will b8dx.Let
N,(v)dv represent the number of atoms per unit volume whieh capable of absorbing
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radiation whose frequency lies betweenand v + dv . Tlie number of upwardly transmitted
(E, - E,) atoms per unit time in the layer of volu@dxwould be (refer to the last box)

N, (v)dBu(v)Sdx

In each transition, a photon of enerjy is absorbed. Thus, energy lost per unit time frben t
incident radiation is

hv[N, (v)dB,,u(v)]Sdx

Similarly, let N, (v)dv represent the number of atoms per unit volume whrehcapable of
undergoing stimulated emission by falling downewel E,. The frequency of these photons

lies betweeny and v +dv . Then the number of stimulated photons emittedupétrtime in
the layer is

N, (v)diB,,u(v)Sdx

In each transition, photon of enerdy is emitted and this reinforces the propagating beam
Thus the energy gain by the incident radiationywet time is

hv[N, (v)dvB,,u(v)]Sdx

You may have noticed that we have neglected speatenemission. It is so because a photon,
emitted via spontaneous process, is in a randoettihn. And, as such, it does not contribute
appreciably to the intensity of the beam.

As a result of above processes, will the intensftyhe light beam increase or decrease with
time? Sinceu(v)dv Sdx represents the energy in the layer within frequeraryge v and

v +dv, we can write the rate of change of the energi tie as

%(u(v)d vSd® = hy[-N,(v)B,u(v) + N, (V)B,u(v)] dv Sdx

or

a‘;(t“) = —hV[B,N,(v) - I, (XNdV]u(w) (2.9)

If 1, represents intensityl, dv signifies the energy crossing a unit area per timé& whose
frequency lies between andv +dv . Then

[1,(x+dx)dv —1,(Xdv]S

denotes the rate at which energy flows out of #yed. Sinceu(v)dv Sdxepresents radiation
energy contained in the layer with frequency inrdmege v andv +dv , we will have
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[1,(x+dx)=1,(x)]dvVS= %[u(v)dedﬂ

ou) _ I, (x+d)—1,(x) _al,

2.10
ot dx 0x (2.10)
From Eq. (2.9) and (2.10), we have
ol,
x ==hV[B,N, (V) = B,;N,(V)]u(v)
But
[, =u(v)v (2.11)

wherev = velocity of light in the active medium (&/ n; n= refraction index of the medium).
Thus, we get

ol hvB
Y= -2 (N, - NI
aX V(l 2]1/

where B (= B,= B,,) denotes either Einstein's coefficient. Hence

v :—%(Nl—NZ)B (2.12)

If the light beam is propagating in absorbing medfee loss of intensity,—dl,, will be
proportional tol,, anddx;

dl, =-a,l,dx

wherea, is the absorption coefficient. We can rewrite it as

dl
- =-q,l 2.13

dx oY (13)
On integration we find that

I, =1,(x=0)e"" (2.14)
If we compare Egs. (2.12) and (2.13), we get theression for absorption coefficient:

a, =N, -N,)B (2.15)

c
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At thermal equilibrium,N; > N, , that is, the population of the ground state eatgr than the
population of the excited state and as can be fseenEqg. (2.15),a, is positive. Positivex,,

implies, (from equation 2.14) that the intensitytlié beam decreases as it propagates through
the material. The lost energy is used up in théa&bian of atoms to higher energy states.

On the other hand, if we have a situation in whidh > N,, a, will be negative and the

intensity of the light beam would increase, thatgist amplified as it propagates through the
material. This process is light amplification. Sirtbis occurs when there is a higher population
in excited state than in the ground (or lower eyesgate, the material is said to be in the state
of population inversion. Thus, the condition of ptgtion inversion is necessary for the
amplification of intensity of light beam.

2.3.2  Excitation (or Pumping)

In the previous sub-section, you have learnt abimeinecessity of population inversion in the
active medium for obtaining laser light. The pracegobtaining population inversion is known
as pumping or excitation. The aim of the pumpingoisee that upper energy level is more
intensely populated than the lower energy levetersatively, we can obtain the population
inversion by depopulating lower energy level (ottean ground state) faster than the upper
energy level. There are several ways of pumpirasarland achieving the population inversion
necessary for stimulated emission to occur. Thet cmamonly used are the following:

1. Optical Pumping

2. Electric Discharge

3. Inelastic Atomic Collision
4. Direct Conversion

In Optical Pumping, a source of light is used to supply energy to ttiivea medium. Most
often this energy comes in the form of short flasbtlight, a method first used in Maiman's
Ruby Laser and widely used even todaySwlid-State Lasers.The laser material is placed
inside a helical xenon flash lamp of the type comty in photography. The xenon flash lamp
for pumping is shown in Fig. 2.5.

Another method of pumping is by direct electron ieton as it occurs in arlectric
discharge.This method is preferred for pumping Gas lasensti€h the argon laser is a good
example. The electric field (typically several KV)ntauses electrons, emitted by the cathode,
to be accelerated towards the anode. Some of gutr@hs will impinge on the atoms of the
active medium (electron impact), and raise thenthtoexcited state. As a result, population
inversion is achieved in the active medium.

In theinelastic atomiccollision method of pumping, the electric dischapgevides the initial
excitation which raises one type of atoms to theicited state or states. These atoms
subsequently collide inelastically with another aypf atoms. The energy transferred
inelastically raises the later type of atoms to eéleited states and these are the atoms which
provide the population inversion. An example isitdielNeon Laser, to be discussed later, in
which such a pumping process is employed.
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A direct conversion of electrical energy into rdidia occurs in light emitting diodes. Such
light emitting diodes (LED) are used for pumping diyect conversionin semi-conductor
lasers.

These are some of the processes used for pumpngs aif the active medium to achieve
population inversion. Atoms (or molecules) use@ets/e centres often exhibit rather complex
system of energy levels. However, for all the ugrief these structures, the actual pumping
schemes may be narrowed down to a few rather simiggrams correctly showing the
pumping process. Typically, these pumping schemeshie three to four levels. We think you
would like to know about them.

Let us consider some of the pumping schemes. Teodtet us identify different energy states
necessary to explain the pumping scheme as: thendrstate as 0; the lower lasing state as 1;
the upper lasing state as 2; and the pumping ata8 We shall indicate pumping transition by
upward arrow, the lasing transition by downwaradwarand non- radiative fast decay by slanted
arrows. Now let us consider three-level pumping scheme as shown in Fig. 2.8a. Let us
assume that by one of the pumping methods, more taéf the number of atoms of active
species have been pumped from the ground stateipipg state 3. The pumped atoms in state
3 decay non-radiatively to upper lasing state 2s Tecay is very fast, (life time is typically of

the order tal0™®s). The upper lasing state 2 is generally a mdikssdate i.e. the life time of

this state (207°s) is much higher than the pumping state (or thuitexk state). Therefore, we
have a situation of population inversion betweesinka states 2 and 1 and hence lasing may
take place. You may note that in this pumping sahahe ground state (0) and the lower lasing
state (1) are the same state. This feature of uhgpmg scheme proves too demanding for the
pumping process because in hormal circumstancegyrtiund state is highly populated. And,
as you can appreciate, an ideal lower lasing $1atshould be empty or very thinly populated.
How to get rid of this problem?

Atoms or molecules tend to occupy lowest energtesteherefore, the population of t
ground state (lowest energy state) is high.

According to the uncertainty principle, an energptes with longellife time will have &
narrow frequency band.

X
3 ——
|/JL_
0,1 0 0

(a) (b) (c)

Fig. 2.8: Three level pumping schemes, (a) themgtatate (0) and lower lasing state (1) are

the same, (b) pumping state (3) and upper lasatg §2) are the same, (c) Four
level pumping scheme
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This problem can be taken care of if the pumpirgest is as shown in Fig. 2.8 b. As you can
see, the atoms in the lower lasing state undergeradiative transition to the ground state (0).

Since this transition is very fast 187°s), the lower lasing level is empty for all praatic
purposes. You may, however, note that the samegséate acts as pumping state (3) and the
upper lasing state (2). This state of affairs t®®iwn shortcoming. If the pumping state has to
act as upper lasing state, it must have a lonfgetitne (metastable state) which implies that it
must have very narrow frequency width. On the otteerd, for proper utilisation of pumping
energy, this state must have a wide frequency widihthat more and more atoms get
accommodated there. So, you see, it is a kind mflicbng requirements put on a single energy
states.

The pumping scheme free from the shortcomings meati above with reference to three-level

pumping scheme is what we ctdur-level pumping scheme shown in Fig. 2.8c. In this case,
the pumping state (3) and the upper state (2) garate; atoms in the pumping state undergo
non-radiative transition to the upper lasing statee four level pumping scheme, however, has
some limitations. Substantial energy is lost dumg-radiative transitions between pumping

state (3) and the upper lasing state (2) and bettmee lower lasing state (1) and the ground

state (0).

You may now ask: Which pumping scheme is betterm@eéerred? Each pumping scheme has
its own advantages and disadvantages. The choittee gfumping scheme in designing a laser
depends upon the active media, the kind of use am o put the laser light to, etc. We will
discuss these aspects in the following sections. iay now like to answer an SAQ.

SAQ 2

If laser action occurs by the transition from agied state to the ground state and it produces
light of 693nm wavelength, what is the energy of #xcited state. Take the energy of the
ground state to be zero.

2.3.3 Feedback Mechanism: Optical Resonant Cavity

On the basis of the discussion in the previousi@est you now know that when a state of
population inversion exists in an active mediunight beam of particular frequency passing
through it would get amplified. It happens becairsesuch a situation, stimulated emission
dominates spontaneous emission. This is the baisicigle of optical amplifier. But a laser is
much more than a simple optical amplifier. The flasdich produces a highly coherent beam
of light, does not include a coherent light beanntate stimulated emission. Instead, it is the
spontaneously emitted photon from the upper lasfate which stimulates the emission of new
photons. Each spontaneous photon can initiate ro#rgy stimulated transitions which, in turn,
may cause light amplification. Well, in this wayewlo get amplification of light by stimulated
emission. But, how is coherence of this amplifightl ascertained? In other words, how can we
ensure that the laser light has a very narrow baitbvwmonochromaticity) and a high degree
of phase correlation? As such, the amplified lifshin laser is not coherent. It is because the
spontaneous photons are independent of each ottigravel in different directions. Therefore,
the corresponding stimulated photons will alsodtan different directions.

Can you suggest what we should do to obtain a yigbherent laser beam? To obtain a

coherent light beam, we need to have a mechanismhigh a condition is created such that
spontaneous emission only in certain selected tihrecan develop stimulated emission. This
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mechanism is known as feedback mechanism. The apemis photons emitted in other
directions leave the active medium without initigtimuch stimulated emission.

Now, you may ask; how do we actually achieve thiofirable condition for spontaneously
emitted photons in some preferred direction to hfewt stimulate emission? Well, this is
accomplished by means of aptical resonator — an essential component of a laser. Let us
understand how an optical resonator works.
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Fig. 2.9: Optical resonator consisting of two misrdVl, and M,; M, is totally reflecting

whereasM, is semitransparent; the axis of the mirrors igrad with that of the active
material

Optical cavity resonator can have many configuretid’ he schematic arrangement of a simple
resonator is shown in Fig. 2.9. It consists of & paplane mirrors,M; and M,, set on an

optic axis which defines the direction of the laksam. The active material is placed in
between these mirrors. The photons emitted spooteshe along theAA direction or
sufficiently close to it travel a relatively longeéistance within the active material. It is so

because photons travelling aloAg will be reflected back and forth by the mirrokd, and

M,. You may notice that the direction of travel oésk photons is quite fixed. Now, as a

result of spending more time in the active matetf@se spontaneous photons will interact with
more and more atoms in upper lasing level. Thus,stimulated emission will add identical
photons in the same direction, providing in everdéasing population of coherent photons that
bounce back and forth between the mirrors. On therchand, spontaneous photons and the
corresponding stimulated emission in other diretiwill traverse relatively shorter distances
(and hence spend lesser time) in the active medHence they will soon die out. Thus the
optical resonant cavity provides the desired swigctof propagation direction and thereby
ensures the spatial coherence of the laser beam.

Now, what about monochromaticity of the laser lightVell, the laser light is highly
monochromatic due to the very nature of its origithe stimulated emission. It is so because
the spontaneously emitted photons whose frequemeytimatch with the frequency difference
between lasing levels will not give rise to stimathemission. Thus, the band of wavelengths
emitted during spontaneous emission is narrowednddwe monochromaticity of the laser
light can further be enhanced by the optical resbnavity. Suppose there are more than one
upper lasing levels in a particular active medidmthat case, the laser output will consist
radiations of more than one frequency. Now, if thierors of the resonant cavity are such that
their reflectivity is a function of frequency, thradiations due to undesired lasing between
levels will be damped out. Therefore, resonanttgasithe most vital component of the laser to
obtain highly coherent light beam as output.
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You may recall that the spatial coherence is a oreasf the uniformity of the pha:
across the optical wavefront. And the temporal oehes is a measure of the
monochromaticity of the light.

In this section, you learnt the basic constituerfita laser. Since the invention of the ruby laser
by Maiman in 1960, the research and developmethiisrfield has produced a variety of lasers.

It is not possible to discuss all of them in dekaite. However, we shall discuss some of them
now.

2.4 TYPES OF LASERS

Lasers can be classified in a variety of ways. Gfhese is in terms of their active media. As
mentioned earlier, materials in all the three statfematter, namely, solid, liquid and gas, have
been used as active medium to produce laser beamieF, lasers have also been constructed
using semi-conductors and plasma as active mediuthe following, let us know about some
of them with particular reference to the physicabperties of the active medium and the
pumping methods employed.

13.4.1 Solid State Lasers

These lasers use an active material which is daligmn insulator doped with ions of impurity

in the host structure. These lasers invariably ayscal pumping to obtain the condition of
population inversion. The sources for optical pumpimay be discharge flashtubes,
continuously operating lamps or even an auxiliasel. The active centres in these lasers are
transition element ions doped in the dielectricstaly The host material for these active centres
are generally oxide crystals. The most popular tyfpsolid-state lasers are thaby laser and
Nd:YAG (neodymium: yttrium, aluminium, garnet) laser. RubyAl,O; crystal (corundum)
doped with triply ionised chromium atom €&r You have learnt the functioning of this laser in
section 2.2.

Aclive,
malerial

Pumping source (b)
(a)
Fig. 2.10: Pumping arrangement for solid-statertase
In solid-state lasers, the optical pumping is dop@lacing the active material (in the form of a
rod) at one focus and the pumping source (in tlpetof a right cylinder) at another focus of

an elliptical reflector as shown in Fig. 2.10a. HEuvantage of such an arrangement is that any
light leaving one focus of the ellipse will passatiigh the other focus after reflection from the
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silvered surface of the pump cavity. All of the gumadiation, therefore, is maximally focussed
on the active material, as shown in Fig. 2.10b.

The Nd: YAG Laser

This laser, unlike ruby laser, employs four levalhping scheme. The energy levels of the
neodymium (the active material) is shown in Fid.12.In order to keep the discussion simple,
we have not used the spectroscopic notations ftereint energy levels in Fig. 2.11. Rather,

energy levels have been markég, E;, and so on. The optical pumping raises the Nd sitom
in the ground stateE,) to a few excited stated(,, E;). The energy levels markel, and
E, are the lasing levels. The pumped atoms in thetezkcstates undergo non-radiative

transition to the upper lasing levek,. Out of the group of lower lasing levels, the majo
portion of energy is emitted in the transition

E
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o

Fig. 2.11: Energy level diagram of Nd (neodymiuon) in Nd: YAG

E, - E,. The Nd:YAG laser is an example of four-level lase

This solid-state laser has two advantages: (adtehlow excitation threshold and (b) has a high
thermal conductivity. Due to high thermal conduityivit can be used for generating light
pulses at a high repetition rate or for continuoperation.

2.4.2 Liquid Lasers

In this class of lasers, as the name indicatesadtige media are either the liquid solutions of
organic dyes or specially prepared liquids dopetth vare-earth ions viz., N8 However, the
majority of liquid lasers use a solution of an arigadye as active medium and hence are also
calledorganic dye lasersSolvents used for the purpose are water, methhenkene, acetone
etc. The liquid lasers are optically pumped. Thergn states taking part in the lasing transition
are the different vibrational energy states of edi#ht electronic energy states of the dye
molecule. Since you may not be familiar with therational energy states of molecules, we do
not discuss the pumping scheme of this class efdas

In contrast to solids, liquids do not crack or sdraand can be made in sizes almost unlimited.

Another advantage of liquid lasers is due to tfthiat of organic dyes) wide absorption bands
in the visible and near ultraviolet portion of thkectromagnetic spectrum. Therefore, liquid
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lasers are an ideal candidate fanable laser, i.e., the frequency and hence energy of the
output laser beam can be selected with ease.

2.4.3 Gad.asers

The attractive feature of gas lasers in which radefjases are the active media, is that they can
be designed to produce output beams over a widgerafi wavelengths. Except for the
caesium-vapour laser, gas lasers are pumped ebdlstrrather than optically. Can you say
why? It is because the conditions for amplificatimnstimulated emission, at one wavelength
or another, are satisfied by an electrical disahdhgough almost any gas. Another reason for
employing electrical pumping for gas lasers is,thalike solids and liquids, the absorption
lines of active centres in gaseous media exhiltistsuntially narrow widths. Therefore, optical
pumping would prove very inefficient for gas lasbexause the pump radiation obtained from
optical sources do not have line spectrum of vemraw lines. In other words, the energy of
optical pump radiation has a considerable spre#d iralue and since the gaseous active media
will absorb radiation of almost single energy, mothe pump energy will go waste. Hence,
optical pumping is not used for gas lasers. Furthaes lasers have advantage over solid state
and liquid lasers in that they are free from loicedgularities. Most gaseous systems have a
high degree of optical perfection simply becausedbnsity of the gas is uniform.

We will now briefly describe a typical gas lasethe Helium-Neon gas laser. This was the first
gas laser operated successfully.

The Helium-Neon Laser

In the helium-neon laser, a mixture of helium (H&)d neon (Ne) gases is used as active
medium.Lasing levels are provided by the exited stateh®fNe atoms, whereas the He atoms
play an important role in pumping Ne atoms to tReited states. The He-Ne laser is shown
schematically in Fig, 2.12. The pumping is donalsgationary glow discharge fired by a direct
current. When the potential difference betweenathede and cathode is about 1000V, a glow
discharge is initiated in the working capillary f¢aining He-Ne mixture) of a few millimetre
diameter.

Totally Partially
reflecting transparent
mirror Mirror
\—-——| ‘—b Laser beam
N FAVAVAV, J
He-Ne mixture ANNN>
NN
=

\

Fig. 2.12 The He-Ne Laser
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Fig. 2.13: Energy level diagram of helium-neon tagerows (=) indicate the lasing
transition

Now, let us look at the pumping scheme of the Hddder. Refer to Fig. 2.13 which shows the
energy level diagram of the He-Ne laser. When fetectrons produced during the gas
discharge pass through the He-Ne mixture, theydsolvith the He and Ne atoms and excite
them by impact energy transfer. Such absorptivesitians due to electron impacts are shown

by dashed arrows in Fig. 2.13. These excited st#téte (i. e. E;' and E,") are metastable.

Thus, He-atoms excited to these states stay ttwera flong time before losing energy by
collision. The interesting feature of the He-Nerggediagram is that the excited states of Ne,

namely E; and E; have approximately the same energy as thdE6fand E," of He atom.
Therefore, when He-atoms if,' and E," collide with Ne-atoms in ground state, the He-
atoms transfer their energy to Ne-atoms and rdisentto the stated, and E.. Such an
exchange of energy is known assonant collision energy transfer Due to this energy
transfer, He-atoms fall back to the ground stat.afAesult, the excited statés and E; of
Ne-atoms have a sizable population which is mucterttzan that of stateg,and E,. Thus a
condition of population inversion is achieved betwehe upper lasing levels; (or E;) and
lower lasing levelsE, (E,). In such a situation, any spontaneously emitteatgn can trigger

laser action between these levels. The Ne atommsdhap down from the lower lasing levels
E,and E,, to the levelE, through spontaneous emission.

The wavelength of transition between levéls -~ E,, E. - E,, E; - E, are 3.39um,

0.631m and 1.55u m respectively. As you can easily make out, raoleticorresponding to
3.39u mand 1.55 m fall in the infrared region of the electromagaoespectrum. The radiation
corresponding to 0.68m, however, gives the red light - characteristghtiof He-Ne laser.

Proper selection of different frequencies may beenay choosing end mirrors of the resonant
cavity which has high reflectivity over only thesited wavelength range.
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Before we conclude our discussion about types s you must know that apart from those
mentioned above, there are many other types oflameys. We may particularly mention
molecular lasers (carbon dioxide lasechemicallasers plasmalaserssemiconductorlasers,
etc. We have not discussed these here since fanderstanding of their pumping schemes,
you need to know molecular spectroscopy, semicdandyzhysics etc. It is, however, worth
mentioning here that the essential principles,oiffas as laser action is concerned, remain the
same in all types of lasers.

The importance of lasers in contemporary physies lin their so many and so varied
applications. To give you a glimpse of these we ndiscuss some of the important
applications of lasers.

25 APPLICATIONS OF LASERS

Applications of any device essentially stem from inique features. What are the unique
features of a laser? First and the foremost, ligaris highly coherent. This characteristic has

enabled us to use lasers for data transmission pradessing, precision measurements,

photography (holography), etc. Secondly, lasertlitgs unprecedented brightness (energy per
unit area). Brightness of laser light, a by-prodattits coherence, can be many orders of
magnitude greater than the brightest of the ligioidpced by conventional sources. Further,

laser beams are highly directional.

Lasers and their Applications

In a typical laser, this directionality is limitexhly by the diffraction of the emerging beam by
the laser aperture itself. The brightness and timeality of laser beam are exploited to produce
targeted effects in materials. These applicatiomdude material working (such as heat
treatment, welding, cutting, hole burning etc.ptige separation, medical diagnostics, etc. In
the following, you will learn some of these applioas of lasers.

2.5.1 Communication

You may be aware that in a typical communicatiostesy, information is communicated
(between the transmitter and the receiver) thralghtromagnetic waves, which are known as
carrier wave. These are modulated by the desimpubki(the oscillations of the information
proper). Normally the signal frequency is apprelgidbwer than the frequency of the carrier
wave. Moreover, the higher the carrier frequeniog,wider frequency range it can modulate. In
other words, the capacity of a communication chimproportional to the frequency of the
carrier wave. The frequency in the centre of ttegblé spectrum is about 100,000 times greater
than the frequency of 6 cm waves used in microwadé® relay systems. Consequently, the
theoretical information capacity of a typical lighéwve is about 100,000 times greater than that
of a typical microwave.

Long distance communication systems rely on thecjpie of multiplexing-the simultaneous

transmission of many different messages (inforrmtmver the same pathway. The ordinary
human voice (conversation) requires a frequencyl fiemm 200 to 4000 Hz, a band 3800 Hz
wide. A telephone call, therefore, can be trangditin any band that is 3800 Hz wide. It can
be carried by a coaxial cable in the frequency b@tdieen 1,000,200 and 1,004,000 Hz, in the
MHz range, or a He-Ne laser beam (638.8 nm, 428'Hz) in the frequency range between
473,800,000,000,200 and 473,800,000,004,000 Y= may note here that the telephone
message requires about 0.4 percent of the avaitabéial carrier frequency. And, the same
telephone message requires less than one-billiohth percent of the available laser-beam
frequency. Thus, the information carrying capacibyld be enhanced tremendously if laser
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beams are employed as carriers. So, wait for soare time till laser trunk lines come into use
in a big way and you may be saved from listeriil the lines in this route are busy. Please
dial after some timé

Now you may ask: Light, as such, was availablegdram time immemorial, then why is it
that we are using (or planning to use!) it for commication purposes now? Is it related to the
discovery of a laser in any way? Yes, it is. Asmwentioned earlier, light from conventional
sources may not be pure (that is, it may be nonemimmmatic) and hence cannot be used for
transmitting signals. Radio waves from an electrgmesic oscillator are confined to fairly
narrow region of electromagnetic spectrum (i.éhas a well defined frequency). These radio
waves are, therefore, free from "noise" (considerapread in frequency values) and hence can
be used for carrying a signal. In contrast, allvasional light sources are essentially 'noise’
generators, i.e., they simultaneously emit electgmetic radiations of different frequencies
and hence are not suitable as carrier waves. \Witlinvention of lasers, however, the situation
changed. As you know, the light produced by laserkighly monochromatic and coherent
which enable them to act as carrier waves in timenconication systems.

Now, what is the medium through which laser beaamedis while it carries information? The
signal carrying laser beams can be transmittedutiirdree (unguided) space, and by light
guides. Light guides in the form optical fibres édound wide use in optical communication.
You will learn about the details of fibre opticslimit 4 of this course.

2.5.2 Basic Research

The discovery of the laser gave birth to an entirdw branch of optics known as nonlinear
optics. Even at ordinary laser intensities, trarspa materials (which are usually non-
conductors), respond in an unusual manner. You maegll, for example, that the dielectric
constant of a material depends on its nature asasebn the frequency of the light passing
through it. But, it has been observed that whenattiinary light beam is replaced by a laser
beam, the dielectric constant also depends onnitaritaneous magnitude of the electric field
component of the laser beam. In other words, thparse of a material to high electric fields is
non-linear. It is just one of the several non-lineffects that a laser beam produces when it
interacts with matter. In fact, almost all the lagfsoptics are modified to some extent at the
high intensities produced by pulsed lasers.

Another important application of lasers in basisea@ch and development is in the field of
thermonuclear fusion. As you know, for effectivesifin to take place, an extremely high
temperature (~F0K) must be maintained. In principle, such high penatures can be achieved
by powerful laser beams.

Yet another remarkable application of lasers isisotope separation. One of the basic
requirements of harnessing nuclear energy fromiumars to have 2-3% of uranium isotope
(*®*V) in the fuel. In natural uranium, however, thegeatage of*U is only 0.7. (The major
constituent of natural uranium 3U.) Therefore, to have fuel enriched ¥iU, we can use
laser beams. Each of these isotopes absorbs caditidifferent frequency. So when a laser
beam of particular frequency is passed throughrtixture of**U and®*?U, the atoms of**U
absorb the radiation and get excited. The excitedns of the desired isotope are further
excited so that they get ionised. Once ioniseaaii easily be separated by applying a dc
electric field. This is one of the several methoflasing laser beam for isotope separation.
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2.5.3 Medicine

A properly focussed laser beam is an excellentfrodurgery. The advantage of laser surgery
is that it is bloodless since the beam not onlg;cititalso "welds" blood vessels. It has a high
sterility as no contact of tissues with surgicablsotakes place. Also, the laser surgery is
painless and operations are very fast. In facktigeenot enough time for the patient to respond
to the incision and sense pain. Laser beams ang bedely used for performing eye and stone
surgery.

A word of caution: any light can cause damage. t.aseparticular, can be highly damaging
because it has spatial coherence, i.e., it carotieséed down to a high power densities. The

maximum permissible exposure (MPE) is 0.0005 mJZifor exposure time fron2x107°s
to 10 s, the limit is MPE 4.8t¥*mJ cm?

2.5.4 Industry

The invention of lasers has made it possible telgvsophisticated tools of material working
(such as drilling, welding, etc) processes useiddastry. With appropriate choice of lasers, a
laser beam can be focussed into a light spot ohelier 10 — 1 m! Can you imagine this

dimension — it will be smaller than the dot you knaith your pen on a piece of paper! Due to
this sharp focussing, a very high concentratioarargy is available within a small spot on the
surface of the material. For example, when a 1 kiyut of a continuous wave (cw) laser is
focussed a spot of 102 m diameter, the resultant irradiance (intensityl) b 10 W cm. This

makes laser an effective tool for drilling verydihole through materials.

Laser cutting, as compared to other cutting processes, offersraeaevantages, e.g., the
possibility of fine and precise cuts, minimal ambwh mechanical distortion and thermal
damage introduced in the material being cut, chehgarity of the cutting process, etc. Laser
cutting is extensively used in industry. For exaeniph high-tech garment factories, Claser
capable of 100W of continuous output is used fdtiroy cloth. The laser cuts 1m cloth in a
second! And, laser cutting is also employed infti®ication of spacecraft to cut the sheets of
litanium, steel and aluminium. In cutting and maofthe industrial applications, carbon-dioxide
(CO) laser is used.

2.5.5 Environmental Measurements

You may be aware of the conventional techniqueeatémining the concentration of various
atmospheric pollutants such as gases (carbon nubmogulphur dioxide, oxides of nitrogen,
etc) and a variety of material particles (dust, kepoetc). In this method, the nature and
concentration of pollutants is determined by chaanalysis. The major deficiency of this
method is that it does not provide real-time ddtae technique developed with lasers for
measuring the concentration of pollutants is es@gnthe ‘remote-sensing' technique which
does not require sample to be analysed in labgraBince it provides information about the
change in atmospheric composition with time, it ce@rve well for monitoring the
environmental pollution.

For the determination of pollutants in the formnediterial particles, the technique is based on
the scattering of light. The technique is knowrLH3AR (light detection andanging) and its
operations are similar to those of a radar. Infbaeulsed laser is passed through the location
under investigation and the back-scattered lighteigcted by a photodetector. The time taken
by the back scattered light to be detected giviesrimation about the concentration of pollutant
matter.
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For the determination of gaseous pollutants, trecharinciple involved is the absorption of

light by the gaseous atoms or molecules. As diffegases absorb at different wavelengths,
passing laser beams of different wavelengths pesviihformation about the gaseous
constituents of the environment.

2.5.6 Photography: Holography

The conventional photographic process, as you krmmmsists of recording an illuminated
three-dimensional object or scene as a two-dimeasimage on a photosensitive surface. The
light reflected from the object is focussed on phetosensitive surface by some kind of image
forming device, which can be a complex series obds or simply a pinhole in an opaque
screen.

The coherent nature of the laser beam has broughiitaa qualitatively new method of
photography without a lens system. This new methmadled holography, allows three-
dimensional (that is, complete), pictures of a giwobject or a scene to be taken. Holography
(also known as photography by wave-front reconstsay does not, as such, record an image
of the object being photographed; rather, it resdie reflected light waves themselves. The
photographic record so obtained is called hologrBine. hologram bears no resemblance to the
original object. It, however, contains - in a kiofloptical code - all the information about the
object that would be contained in an ordinary pgmaph. In addition, the hologram also
contains information about the object that cannetrecorded by any other photographic
process. Holography is the subject matter of the meit (i.e. Unit 3).

2.6 SUMMARY
» According to the Bohr's theory, if an atom makdgaasition from an excited state (of

energy E;) to a state of lower energf,, emission of electromagnetic radiation

(photons) take place. The energy of the emittedqrhis
hv =E -E;.

* When electromagnetic radiation interacts with nmatteree type of processes may
occur:

® Spontaneous Emission
(i) Absorption
(i) Stimulated Emission
» Light emitted by ordinary sources is due to spoetais emission.

e The existence of stimulated emission of radiaticas wredicted by Einstein on the
basis of thermodynamic considerations. If the patioh of the energy levelE, be N,

and that ofE, be N, (E, <E,) then, the ratio of the population of the two Hdte
given as

N, _  Bpuv)
N, A, +Byuv)
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where, u(v) is the energy density of radiation at frequemcyand B,,, B,; and A,,
are Einstein coefficients.

Einstein coefficients are related to each othesugh the relations

B, =B,
i _ 87h V3
B,, c?

Einstein's relation clearly indicates that stimethemission may dominate spontaneous
emission provided the condition of population irsifen exists. And in an atomic
system where a condition of population inversioistsx one may have amplification of
light, that is, laser light.

Einstein's prediction was first realised in theicgdtfrequency range by Maiman who
developed a laser using a ruby rod.

There are three prerequisite for laser operation:

()  Active medium

(i)  Pumping

(i) Optical resonant cavity

The change in intensity of a light beam passingugh an active medium is given by

ol hvn
v =—],——(N,-N,)B

wheren is refractive index,B is Einstein's coefficient.

This relation clearly indicates that for enhancenieithe intensity of the light beam as
it traverses the active mediur, > N, , i.e., a condition of population inversion must
exist.

There are a variety of methods for pumping, suchoasical pumping, electronic
discharge, inelastic atomic collisions etc. The iohoof pumping process mainly
depends upon the nature of the active medium.

There are two types of pumping schemes: three netffour-level.

Optical resonant cavity helps in obtaining sustailaser light.
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2.7
1.

2.8

SAQs

TERMINAL QUESTIONS

Assume that an atom has two energy lewgarated by an energy corresponding to a
frequency 4.%10" Hz, as in the He-Ne laser. Let us assume thahallatoms are
located in one or the other of these two statetculzde the fraction of atoms in the
upper state at room temperature T = 300K.

A pulsed laser used for welding produce3 W0of power during 10 m. Calculate the
energy delivered to the weld.

SOLUTIONS AND ANSWERS

The ratio of the number of spontaneouditoudated emission is given as

Ay
B,,u(v)

—e/kT _q

The absolute temperature of an ordinary sourcigbf has been given as
T =10°K

Let us take the wavelength of light,= 6000 A. Hence the corresponding frequency,

Planck's constartt = 6.6x107%*Js

Boltzmann constank, = 138x102°J K™

Hence,

Ao _ o 66%10%(39)x05x10°(s™) |,
B,,u(v) 138x103(J K ) x10°(K)

=expd -1
=10

Thus, for ordinary sources of light, the numbespdntaneous emission is much, much
greater than the number of stimulated emission.

Let the energy of the excited state (upasing state) beE, and that of the ground
state (lower lasing state) lg . The laser light is due to the atomic transitiomsiirE,
to E,. Thus, the frequency of the laser light will be
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Now, as per the given problem,

E, =?, E;=0andA = 693 nm =693x10°m
Hence,

C_ 3><108rr_1£s _ 31x10% 5!
A 69:x107m

E,-E =hv

E, 6.6x107°%(Js)x 3.1x10"(s™)

2046x107%° J

=12.77 eV

TQs
1. Let the two energy levels lig and E, (such thatE, < E,) and their population be
N, and N, respectively. According to the Boltzmann distrilouti

N
_ 2 = e‘( E,—E;)/ keT
Nl
We know that
(E,-E) =hv

= 662x107%(Js) x 47x10"(s™)

= 31114x107°J

and
kT = 138x102(J/K)x30QK)
= 414x10%J
Hence,
& — e—(Ez‘E1)/kBT
Nl
31114x107°
=exX -
414x107%
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2.

= exp(751
= 242x107%
Power = Energy per unit time

_ Energy
Time

Given Power =100 W =100 (J/s)
Time =10ms=2A0x107°s
U Energy = Powek Time
=100 (I/sx10x 107 (s)
=1J

U Energy delivered to the weld is 1 Joule.
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UNIT 3 HOLOGRAPHY

Structure
3.1 Introduction
Objectives

3.2 Holography: The Basic Principle
3.3 Holography: The Process
Production of Hologram
Reconstruction of Image
Practical Considerations in Holography
3.4 Applications of Holography
3.5 Summary
3.6 Terminal Questions
3.7 Solutions and Answers

3.1 INTRODUCTION

In the previous Unit, we pointed out that one & tbvolutionary applications of lasers is in the
development of a novel technique of photographyvwkin as holography. This word is the
combination of two Greek words - holos (completed graphos (writing). That is, holography
is the technique of obtaining complete picture t(ag as the object itself) of an object or a
scene. In other words, it is a three-dimensionadnding of an object or a scene. Well, you may
be wondering as to what essentially differentialés technique from the normal photography!
In normal photography, a two-dimensional image tifrae-dimensional object is recorded on a
photosensitive surface. The photosensitive surfacerds the intensity distribution of light
falling on it after reflection from the object. A&sconsequence, we obtain a permanent record of
the intensity distribution that existed at the glastcupied by the photographic plate when it
was exposed. Since the photosensitive surfacenistse only to the intensity variation, the
phase distribution existing in the plane of the tpgmphic plate is completely lost and is
responsible for the absence of the three-dimenkioharacter in it. Holography is that
technigue of photography where not only the amgédit¢and hence the intensity) but also the
phase distribution can be recorded. As a resuttupgs obtained by holographic technique
possess three-dimensional form and are visualy ric

Holography was introduced by Dennis Gabor in 1348 showed that one could indeed record
both the amplitude and the phase of a wave by ustegierometric principles. In Sec. 3.2, you
will learn the basic concepts involved in the hodgahic technique. You will be able to

appreciate the similarity between the hologram #rel diffraction grating. The process of
holography, i.e., how to obtain a hologram, hoveltain images from the hologram, etc., has
been explained in Sec. 3.3. Due to the high costasérs (an essential requirement for
holography), this technique is not being used esttety. The technique, however, has
tremendous potential and some of the importantegtins have been explained in Sec. 3.4.

Objectives
After going through this unit, you should be alde t
» differentiate between normal photography and halply
» explain the basic principle of holography
e describe how holograms are obtained, and 9 statee sof the applications of
holography.

Reference wee is the light wave falling directly on the photositive plate

51



Object wave is the light wave reflected from thgeoband received at the photosensi
surface at the time of recording the hologi

3.2 HOLOGRAPHY: THE BASIC PRINCIPLE

Holography is the process of recording the interfiee pattern produced by light waves
reflected by an object and reference waves. Thésfarence pattern of the object is unique and
is calledhologram (total recording). If you look at a hologram, yoillwealise that it does not
even remotely resemble the object. However, wh&nrdétorded pattern is illuminated by a
suitably chosen reconstruction wave, out of the ynammponent waves emerging from the
hologram, one wave completely resembles the objage in both amplitude and phase. Thus,
when you look at this wave, you perceive the obgitt being in position even though the
object may not be present there. Since during toaction (that is, image production), the
object wave itself is emerging from the holograime tmage has all the effects of three-
dimensionality. You can indeed shift your viewingsjtion and "look behind" the objects.

=

(a)

(b)

Producing the hologram Reconstructing the image

Fig. 3.1 The principle of holography: (a) Point@dijforming concentric diffraction rings as
in zone plate; reconstruction of zone plate giv@stamage (top right). For two
points and a more complex object, these featurestaywn in (b) and (c) respectively

Let us understand the basic concept involved indralphy with the help of a simple example.
Incident light, shown in Fig. 3.1 (a), is diffradt®éy a point object. It gives rise to a series of
bright and dark concentric rings. The pattern isorded photographically and made into a
transparency. This pattern, calle@abor zone plate, is similar to a Fresnel zone platehén
second step (top right) light is incident on thegripattern (i.e., the Gabor zone plate) and
focussed by it into a point, as focussed by a zoate.

Now, refer to Fig. 3.1(b) in which the object catsiof two points (pixels). The diffraction
pattern then consists of two sets of concentriggiiWwhen the pattern is illuminated, each of
the two sets focus, and the image consists of wigt As the object is an aggregate of many
pixels, its diffraction pattern is shown in Figl®). The intermediate recording is a continuum
of superposed zone plates- an unrecognisable titit§ipof lines and rings. Each pixel in the
object forms its own set of fringes. Within each dee light interferes but between sets, there
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is no fixed phase relationship and hence no intenfee. In order to make the different signals
compatible in phase, another wave called referenadded. Refer to Fig. 3.2 where the effect
of adding a sufficiently strong reference beanhrandom-phase signal is shown. As a result,
the phase of the resultant of reference and theakigecomes similar to that of the reference
alone. Thus contributions from different pixels ¢woe an interference fringe pattern.

e

Reference beam

s

Resultants

Scattered light
(signals)

Fig. 3.2 Addition of a strong coherent referencarbétop left) with random-phase signals (top
right) gives similar resultant (bottom)

The essence of holography is that the process afénfiormation is being interrupted and split
into two. In the first step, the object is transfied into a photographic record, called the
hologram and in the second step called reconstruydtiie hologram is transformed into image.
No lens is needed in either step. You may nowtlikenswer an SAQ.

SAQ 1
Using the size of the amplitude vectors drawn tn Bi2 calculate
(a) the ratio of intensities, and (b) the coritrasulting from these intensities.

At this stage, you may say that in photography,twteessentially record is the light reflected
from the object and not its diffraction pattern. WVé& is easy to extend the basic idea of
holography, explained above in terms of Gabor'sezuate, to the actual photography
situations. Reflected light waves, like other wavase described by their amplitude (or
intensity) and their phase (or frequency). To cagpthe wave pattern completely (that is, to
obtain the hologram) both the amplitude and theselaf the wave must be recorded at each
point on the recording surface. As you are awageonding of the amplitude portion of the
wave is achieved in normal photography by convgriinto corresponding variation in the
opacity of the photographic emulsion. The photolgim@mulsion is, however, insensitive to
phase relations. In holography (also known as wiea&- reconstruction), the phase relations
are rendered visible to the photographic plateutjinacthe technique of interferometry. You may
recall from Optics Il that interferometry convepisase relations into corresponding amplitude
relations.

When two plane waves derived from a common soungenige at different angles on a screen,
they produce a set of uniform, parallel interfeefringes. The spacing of the fringes depends
solely on the angle between the impinging wavest (i) on the path difference between them).
A photographic recording of such a fringe pattersuits in a grating-like structure. In case of
holography, one of these waves is the one reflefcten the object (called the object wave) and
hence need not be a plane wave. The wavefronteofeflected wave will be highly irregular

because of the unevenness of the object surfacen\tis irregular reflected wave pattern
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interferes with thereference wave, the resulting interference patteith not be uniform.
Rather, it will have irregular interference patterthe irregularity of the impinging wavefronts.
At places where the signal bearing waves (bhgct wave) have maximum amplitude, the
interference fringes have the greatest contrastvvaredversa. Thus, variations in the amplitude
of the object wave manifest as the variation intkast of the recorded fringe pattern. Can you
recall the implications of the spacing of the ifgegnce fringes? It is related to the path
difference (and hence the phase difference) betwmenwo interfering waves. And the path
difference, in turn, depends on the angle betwhemt The larger the angle between the two
interfering waves, the more closely spaced will the fringes and vice-versa. Therefore,
variations in the phase of the object wave mandsghe variations in the spacing of the fringes
on the photographic record (the hologram). Thasa hologram, both the amplitude and the
phase of the signal-bearing wave (the object wave)preserved as variations in the contrast
and spacing of the recorded interference fringspaetively. The hologram obtained in this
manner has many properties similar to the diffoactirating about which we will discuss in the
next section. When this hologram is illuminatedligit of appropriate wavelength, a three-
dimensional image of the object can be obtained.

3.3 HOLOGRAPHY: THE PROCESS

As mentioned earlier, the process of image formalip holography is a two-step process. In
the first step, the waves reflected from the obget recorded in such a way that complete
information regarding the amplitude and phase tiaria is preserved. This recording of
wavefront is called the hologram. The second steplves the reconstruction of an image of
the object by illuminating the hologram by light weacalled reconstruction wave (which is
identical to the reference wave). In the followimge discuss these two steps and also mention
some of the practical considerations about thegmafghic technique.

3.3.1 Production of a Hologram

Holograms can be produced in several ways dependiog the relative orientation of the
reflected (or scattered) and the reference waves.ekample, Gabor's zone-plate, which is
nothing but a hologram, is the record of interfeeebetween the two waves travelling more-or-
less in the same direction. This is easily donehwabjects that have enough open spaces
between them, such as a wire mesh or opaque letteasclear background (Fig. 3.1c). Signal
and reference, in other words, travel in the saimectibn. Such a hologram is called Gabor
hologram or in-line hologram. It was only after thgention of laser that this novel technique
of photography became truly practical. With thephef lasers, NLeith and Juris Upatnicks
produced what is known as off-axis hologram. Indffeaxis hologram, the reference beam and
the object beam arrive at the recording plate feuinstantially different directions. This made
possible holography of solid three-dimensional otsie Now, the question arises: How are
holograms recorded? To understand this, refer go B. A beam of coherent laser light (in
which all points on the wavefront are in phase3pght into two beams. One beam illuminates
the object to be recorded and the light reflectedhfthis object falls on a photographic plate.
The other beam, called the reference beam, isctetidfrom a mirror to the same photographic
plate. Due to superposition of wavefronts of thése beams, an interference pattern is
recorded on the photographic plate. The recorcherphotographic plate (hologram) is simply
a pattern of interfering wavefronts and shows neemeblance to the recorded object. The
hologram, however, contains "all the informatiobbat the object.

Ordinarily, these interference fringes are veryselg spaced and cannot be seen by unaided

eye. Hence the hologram appears to be uniformly. $#hen seen by microscope, however, a
hologram is found to consist myriad of tiny "cejlgach cell containing a series of fringes of
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various lengths and spacing. Further, a laser eded for holography, merely because its
coherence length exceeds the path difference dueeteenness of the object.

f

Mirror

From laser

" "On,n

Beam
splitter

Mirro

Fig. 3.3: Recording the hologram; microscope letgeadens both beams without affecting
their coherence

Now, having learnt how holograms are recorded,sgbause for a moment and think about the
fundamental difference — in terms of technique all as characteristics — of a hologram and a
conventional photograph. This is the subject mattdrQ 1.

3.3.2 Reconstruction of Image

As mentioned above, the hologram of an objectésditording of the interference pattern, on a
photographic plate, produced by the object andréference waves. The hologram, when
viewed with unaided eye, does not even remotelgméte the object photographed. The
process of obtaining the image of the object isskmasreconstruction. In the reconstruction
process, as shown in Fig. 3.4, the hologram isithated by the light beam (which is similar to
the reference beam) alone and the reconstructedfians appear to diverge from the image
of the object. Let us investigate the process dically.

Let us represent the wave reflected (or scattefemh the object when it reaches the
photographic plate as (Fig. 3.5)

¢, = A(x y)cost +¢(xY) (3.1)

and the reference wave as

Y, = A, cosiwt + @, (X Y)] (3.2)

You may notice that the amplitude of the referem@e is not a function ok or y (the
photographic plate is in theyplane) indicating, therefore, that it is constaralapoints on the

photographic plate. On the other hand, the amglitftthe object waveA, is a function ofx
andy because it will vary from point to point on the pbgraphic plate due to reflection from
the object. Similarly, the phase of the referenesenvg, will be constant if it (the reference
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wave) falls normally on the photographic plate arltibe a function ofx andy if the incidence
is at some angle. The phase of the object wgvevill be, however, a function of andy.
When these two waves arrive at the photographie pilae total field distribution will be

Lens

Laser

/7
/ ///
d /// Real image

Sl P
o &
Virtual image
Photographic plate

Fig. 3.4 Reconstruction process of an Image indralohy

wtotal = wl + lpZ

= A (X y)cosiwt + @ (X )] + A, coswt + @,(X Y)] (3.3)

As you know, the photographic plate responds omlthe intensity. Thus, to get the intensity
distribution on the photographic plate, we musettie time average of (3.3)

I(X1 y) =< (wtotal) >
= <[A(x y)coswt + @ (x V)] + A, cost + g, (x, V)] >
= A? <cog(wt + @) > +A? < cos (wt +@,) >
+ 2A A, <coswt + @) [Coswt +@,) >

2 2
=242 onp, 2 <coset+ g+ ) +cos - @) >
(" cos(A+ B)+cos(A-B) =2cosAcosB)

2 2
A LA (3.4)
2 2
Eq. (3.4) indicates that the phase informatiorhefdbject wave is also recorded in the intensity
pattern on the photographic plate.

+AA, cos@, - @)
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Now, as mentioned earlier, during the reconstracficocess, the interference pattern on the
photographic plate (called hologram) is illuminateg a reconstruction wave. Let this

reconstruction waveyy/, have the same phase as that of the reference Wwav&p,

WY5(%y) = Aycosiwt + @, (X Y)] (3.5)
What will be the nature of the transmitted wave mitlee reconstruction wave falls on the
hologram? Well, the hologram is exposed in suchaamar that the amplitude transmittance is
linearly related tol(X,Y), the incident intensity at the time of recording., 8@ have, the
transmitted wave

W, O (X y)1(xy)

coswt+@) + iz'%cos@t +2¢, - qq)} (3.6)

AT+ A AAA

SAQ 2
Starting from the relationy, O ¢, Xy, 1)x(y, ,)derive Eq.(3.6) using Egs. (3.4) and
(3.5).

The transmitted wave represented by Eq. (3.6) stmaif three terms. What do these term
signify physically? The first term is the reconstian wave (/,) with its amplitude modulated

by the amplitude of the object wavé\(). It is so becausé\ is a function o andy whereas

the reference wave amplitud®, is a constant. As a result, this part of the tratiech wave
will travel, with slight attenuation, in the diréah of the reconstruction wave. The second term
is identical to the object waveyf ) except for the constant terfA,A,)/2. Here lies the

beauty of holographyThe hologram and the reconstruction wave have genated a wave
which is in every way identical to the wave which riginated from the real object itself
while recording the hologram This part of the transmitted wave forms a virtimage of the
object. The third term which is similar to the atijvave forms a real image of the object. As a
result, a three-dimensional picture of the objeart be obtained by placing a camera in the
position of real image. The reconstruction procdesg with various parts of the transmitted
wave is shown in Fig. 3.5. You may note that thgectbis not present when image is
reconstructed. However, one of the evolving beasulting due to the reconstruction process,
is identical to the beam reflected by the objed¢hattime of recording the hologram.

Hologram v,
Hologram
Incident Light \
Wy ¥; =
Oh'iCL‘i o :’&
wave T
T
i
o
1]11 - = -
Reference Virtual image Real image

wave (a) )
Fig. 3.5: (a) Recording the hologram: Wave reflddtem an object interferes with the
reference wave, (b) Reconstruction: The hologrdfradts the reconstruction wave,
resulting in transmitted wave which produces daed a virtual image
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3.3.3 Practical Considerations

So far, we have discussed physical principles dmel éxperimental arrangements of

holography. Suppose you are in the actual procepsoducing holograms and its subsequent
reconstruction to obtain a three-dimensional imafighe object. What are the important

aspects of the process, and components used thabeiat which you should be careful? Well,

there are several practical considerations in halglyy, which are essentially related to the
photographic film, the stability and the coherenoadition. Let us have a closer look on these
practical considerations.

As far as the photographic film is concerned, haoy must be recorded on films of high
resolvance. Look again at Fig. 3.3. You may notiiee the reference wave, (the light reflected
by the mirror), and the signal (the light reflectey the object) subtend certain angle at the
photographic plate. If this angle is too large, entihan a few degrees, the fringes formed
between the signal and reference are very clogelgesl and even the best emulsion cannot
resolve them. To obtain high resolution, extrenfiglg-grain film has to be used. But fine-grain
films are very slow and hence require larger expotime (a few minutes). And, if during this
exposure time the object moves, the recording @fgnam will not be proper. What is the way
out of this problem? The way out of the situati®ha use high power laser beam to compensate
for the exposure time.

Further, the whole system of recording the hologslimuld be highly stable, i.e., it should be
completely free from vibration. Can you say why#lbecause the density of the fringes on the
photographic film is extremely high. For exampliethe angle between the signal and the
reference wave is 8QRefer Fig. 3.3) and the wavelength of the laiggt lis 633nm, the fringe
frequency (Refer to Optics II):

= 1/d; whered s fringe width

sind _ sin30°
A 632x107°

lines per metre

7x10° lines per metre.

Can you imagine the smallness of this separatidm® Tfringe width will typically be a
thousandth of a millimeter. Therefore, if any comeot of the holographic set-up moves
during recording, the whole fringe pattern will@ipear. To meet this stability requirement, the
film exposure time should be kept minimum (by usivery high power laser) and the
holographic system should be isolated from outgideations.

The most important and obvious consideration iro@i@phy is to use coherent illumination.
The coherence length of the laser used for illutiigathe object must be greater than the path
difference between the reference wave and the bljee. The practical problem is that as the
power of laser increases (which we use for minimgigthe exposure time), its coherence length
reduces. Similarly, the coherence area (spatiaérasite) of illumination from a laser must be
greater than the transverse size of the object fohistographed.

Having learnt about various aspects of hologragby, may now be interested to know about
its applications. This is the subject matter of k&t section.
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3.4 APPLICATIONS OF HOLOGRAPHY

There are many aspects of holography. Its influence interferometry, photography,
microscopy, astronomy, pattern recognition and earérhas only begun to bear fruit. We will
now discuss these in brief.

Holographic Interferometry

You will appreciate that, in most of the cases, oh¢he first areas to benefit from the new
technique was the area that gave rise to it. Similas the case with holography which
introduced a new range of powerful methods to fatemetry. Interferometry is generally used
for precise measurement and comparison of waveienfyir measuring very small distances or
thicknesses (of the order of wavelengths of ligatg, Testing for stresses, strains and surface
deformation is one of the most useful practicalliappons of holographic interferometry.

In the double-exposure technique of holographierfetometry for measuring deformation in
object due to strain, two exposures are made oblect — one before loading, and the other
after (i.e., under strain). The original object aheé object after deformation are recorded
holographically on the same photographic plate. Tiblogram thus obtained is a double
exposure, with the second pattern of wave frongeiuosed on the first. When this hologram is
reconstructed by illuminating it with the referenceave, both images are viewed
simultaneously. Since they are slightly differenedo deformation, the two images interfere.
Thus, any distortion of the object will show in tierm of fringes. Like other kinds of
interferometry, the technique readily detects clearthat produce optical-path difference of the
order of a fraction of the wavelength of light. Andlike normal interferometry, however, it is
possible to perform experiment quite readily witim@st any type of material.

Holographic Microscope

Microscopy has been the primary area of applicatibholography. In fact, Gabor's discovery
of this technique was the outcome of his attemprtisance the resolving power of an electron
microscope. In contrast to a conventional high gpomeroscope, a holographic microscope
has an appreciable depth of field and it need pdbbbussed at all. To see how a holographic
microscope functions, refer to Fig. 3.6. The lippam from a laser is split into two. One beam
is passing through the specimen and through theostope, and the other beam is led around
it. The two beams interfere on the Film, produdnigologram. The reconstructed image can be
viewed in any desired cross-section. The obsengreiy looks at the cross-section he or she
wishes to see, moving back and forth throughoutdieth of the image without the object
being present at all.

Information Storage

Information can be stored and retrieved more effitty in the form of holograms than in the
form of real images. Further, it is the charactirigf the hologram that it will only reconstruct
the holographic image if the reconstruction bearinésdent on the hologram at the correct
angle. Due to this property, several hologramslmamnecorded on the same holographic plate
by using a slightly different angle between theegbjand the reference beams for each
hologram. Thus, on reconstruction, depending up@nangle of incidence of reconstruction
beam, a particular holographic image will be visiliPerhaps this is how information is stored
in the brain. If that is the case, it would helplain why attempts to locate certain centres in
the brain never met with much success and why hnfiiny often does not lead to predictable
circumscribed defects.
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Fig. 3.6 Holographic microscope

Pattern Recognition

One of the most exciting applications of holograjpdhyn pattern recognition, also called the
character recognition. Early pattern recognitiostems, before holography came on the scene,
were based on geometrical optics. Consider, fomgia, that we want to read the letfe(Fig.
3.7). A set of characters, B, C ...are printed on a strip of film and this film is nem/through

the image plane. If the character to be read matttteecharacter on the film, the output from a
photo detector is zero, triggering a printer. Buteality, this does not work. The character and
the negative must be aligned perfectly, both initmss and size, which is an unrealistic
requirement.

Modern pattern recognition systems are based arghagbhy. In place of a mark containing the
real image of the lettek we may use the hologram of the letéer

Fig. 3.7 Pattern recognition based on geometricept

As in holography, the hologram of the leteis the superposition of two sets of wavefronts,
the signal and the reference. The signal is diféddy an originaA and the reference is a
beam of collimated light. Subsequently, when thiediam ofA is illuminated with light from
anotherA, plane wavefronts arise that can be focussed aridght spot (Fig. 3.8 top). The
spot can easily be recognised by eye or photo&ealtyr. On the other hand, if the wavefronts
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are coming fromB or from other characters, they do not transforno iperfectly plane
wavefronts and do not produce a focussed spoteddsta diffuse patch of light (centre) is
produced. Hence, we can scan a given matrix ofagtenrs and determine whether or not a
particular character is present (bottom).

The holograms shown in Fig. 3.8 appear to be antdifilters. But because they are generated
by interference between signal and reference, ithégct represent both amplitude and phase of
light. They are called "complex", "matched", or fidger Lugt filters."

Holograms

Fig. 3.8 Pattern recognition by holographic vardegt filter. (The holograms are seen
between the lenses.)

Form reading machine are a distant reality. Sorttereeand words are "inside" others. For
exampleF is insideE, Pis insideR andB, T, L have the same horizontal and vertical lines and
‘arc' is inside 'search'. Clearly, the more aliketavo characters, the less will be the power of
discrimination. Another problem will be to teatihe machine to recognise the "meaning" of a
letter set in different typeface. The letfeican be written in an infinite number of variations
possible when it comes to handwriting. Howevertgratrecognition using holographs is being
extensively used in developing fingerprints libravigich stores the fingerprints of individuals
with dubious character.

35 SUMMARY
* Holography, discovered by Gabor, is a novel teammigf photography by which a
three-dimensional picture of an object or a sceare e obtained. In holography, the
interference pattern produced by the light refledi®m the object and a reference
beam is recorded. Such recording on the photogragéie is called the hologram.

» The three-dimensional picture of the object is imlatd by illuminating the hologram by
a reconstruction light beam, which in most caseléstical to the reference beam.
Holography is, therefore, also known as wavefresbnstruction photography.

* Hologram is produced by splitting a beam of cohelight from a laser into two. One
beam is directed, with the help of mirror(s), todgathe object and the other is made to
fall directly on the photographic plate. The ligkflected from the object reaches the
photographic plate and interferes with the refeeebeam. The recorded interference
pattern on the photographic plate is the hologram.
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If ¢, =A(Xy)cospwt+@g(xy)and ¢, = A, cosiwt+@,(%xYy)], respectively
represents the object wave (wave reflected fronobject being photographed) and the
reference wave, the intensity distribution on thetpgraphic plate is given as

ALA

S+ AR COSE — )

During reconstruction of image, when the hologras illuminated by the
reconstruction wave,{f, = A, cosfwt + @,(x y)] the transmitted wave through the
hologram is

cost + ¢ + ing coswt +2¢, - ﬂ)}

(AP +A) AAA

The second term on the right hand side has the fammeas the object wave and it
represents the three-dimensional virtual imagehef dbject. The third term is also
similar to the object wave and represents the irmafje of the object which can be
recorded on a photographic plate.

In order to obtain a hologram, the photographi¢eptan which the hologram is to be
obtained must be of high resolution. This is regglibecause the density of interference
fringes in the hologram is extremely high. Alsce tlthole arrangement of holography
— recording the hologram as well as its subsequesunstruction — must be highly
stable, i.e., it should be free from even the $tigh mechanical vibration. And of
course, we must use coherent light for recordirghtblogram as well as reconstructing
the image.

Holography has varied applications. Holographiceifgtrometry is a distinct
improvement over normal interferometry becausefdhmer can be used for any kind
of material. Holographic microscopy has enormougmfication and it also offers
appreciable depth of field. Holography finds exteesise in information storage and
pattern recognition.

TERMINAL QUESTIONS
(a) How is the process of holography diffe from ordinary photography? (b) Discuss
some of the salient features of a hologram?

Following Gabor, assume that amplitudesighals and reference are in ratio 1:10.
Suppose that the two beams when they combine mapibeletely out of phase or in
phase. What is the maximum ratio of their inteasii

If the angle subtended at the hologramhgy dignal and the reference beam is 15°,
what is the spacing of the fringes provided theelewgth is 492 nm?
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3.7 SOLUTIONS AND ANSWERS

SAQs
1. €) The least possible amplitude (when signédlraference are out of phase,
pointing in opposite directions) is 4.36 — 1 = 3.36
This is because, measuring the lengths of vecigrs3R2, we find that the ratio
of signal versus reference is 1: 4.36.
The highest possible amplitude (when signal andreeice are in phase) and
pointing in the same direction is 4.36 + 1 = 5.BBe ratio of the amplitudes =
3.36/5.36. Thus, the ratio of intensities is
=(3.36/5.36) =0.39
(b) The contrast is given as
l max__ I min
I max + l min
(536)* - (336)° _
(536)2 + (336)2
which is high enough to make the reconstructioiblds
2. The transmitted wave is linearly proportionalthe incident intensityl (X, y) at the

time of recording the hologram and the reconstomctiave, i.e.,

W, O (X y)1(xy)
Uy [iz +i2 + A /A, cos@ —m_)} (using egn 3.4)
3 2 2 2 -

BBy sy cost, - )

Yy + [As cos@t + ¢2)] [A1A2 COS@Z - ﬂ)]

(using equation 3.5)

A+ AD)
2

a(Al—;Az)[/js + A A Acos@t +@,)cos@, - @)]

BBy e app, Blcost+ g, + g, - a) +cosot+ 4, -, - )
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TQs

(using cos(A+ B) + cos(A— B) = 2AcosAcosB)

cost + @) + iZABcoswt +2¢, - ﬂ)}

(AP + A AAA

which is equation (14.6)

1. (a) The technique of holography (photographwhye front reconstructiorgiffers from

that of ordinary photography in three aspectstHmsordinary photography, the
light reflected from the object is received on titetographic plate with the
help of lenses or other image forming device. Timpldaude of the light wave,
reflected from each point of the object, is recdrdecorresponding point on the
photographic plate. On the other hand, in hologyapio lens or otheimage-
forming device is needed. As such, no image is éarnon the hologram. What
essentially is obtained is the interference patthra to the light reflected from the
object and the reference beam. Secondly, for dbtpia hologram, coherent light is
used whereas in the case of normal photographgucdo source of light is needed. The
requirement of coherent light is due to the faeit tthe hologram is an interference
pattern. Thirdly, in holography, a set of mirrosstsed to render the reference and
object beam on the photographic plate.

(b) Hologram has several interesting propertiesa&of them are given below:

(i)

(ii)

The image obtained from the hologram has three-aineal character unlike
normal photographs, which are two-dimensional. Dauehe three-dimensional
character of the image obtained in holography, ym@n observe different
perspective of the object by changing the viewingition. Also, if a scene has
been recorded, you can focus at different depths.

We do not obtain negative in holography. The Hdogritself, however, can be
considered as negative in so far as obtaining tis#tipe is concerned. Otherwise,
there is no similarity between the typical negatiWehe ordinary photographs and
the hologram. You may have noticed that when thgatiee of an ordinary

photograph is seen through, we do get a feel of dbgct or the scene
photographed. On the other hand, when we look hblagram we observe a
hodgepodge of blobs and whorls; it has no resermblamhatsoever with the
original object.

Let the amplitude of the signal (or theeabjwave) beA and that of the reference
wave beA,, then, as per the problem

A _1

A, 10
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When these two waves are out of phase, their ergudimplitude will be (10 -1) = 9.

On the other hand, when they are in phase, thdétaasamplitude will be (10 + 1) =
11. Thus, the ratio of their intensities,

I min (9)2

Imax (]'])2

The spacing of the fringes is given as

=0.67

A

sing

d -
_ 492x10°
sin15°

=1.8um
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UNIT 4 FIBRE OPTICS

Structure
4.1 Introduction
Objectives

4.2 Optical Fibre
Types of Fibre
Applications of Optical Fibre

4.3 Optical Communication through Fibres
Pulse Dispersion: Step-Index Fibre Pulse
Dispersion: GRIN Fibre
Material Dispersion
Power Loss

4.4 Summary

45 Terminal Questions

4.6 Solutions and Answers

4.1 INTRODUCTION

You might have seen advertisement displays (madglasfs or plastic rods) and illuminated
fountains. While looking at these, you might alswén noticed that light seems to travel along
curved path. In the above-mentioned cases, maiteaihcoming light is contained within the
boundaries of the medium (glass or plastic or Watae to the phenomenon of totaternal
reflection. And since the medium itself has a curved shape,litfnt travelling through it
appears to travel along a curved path. Opticakfiwhich is made of transparent glass or
plastic, also transmit light in a similar fashioFhese fibres are thread like structure and a
bundle of it can be used to transmit light arouachers and over long distances. Since optical
fibre can transmit light around corners, it is lgeimsed for obtaining images of inaccessible
regions e.g. the interior parts of human body. Téw potential of the optical fibres was,
however, revealed only after the discovery of laser

You may recall from Unit 2 of this course that tiscovery of lasers — a source of coherent
and monochromatic light — raised the hope of regisommunication at optical frequencies.
Since increase in the frequency of the carrier wamables it to carry more information,
communication at optical frequencies (<1z) has obvious advantages over communication
at radio wave (10Hz) and microwave (~fOHz) frequencies. But, early attempts at
communication at optical frequencies faced a mpjoblem. When optical radiation travels
through the Earth's atmosphere, it is attenuatediulsy particles, fog, rain etc. Thus, a need for
an optical wave guide was felt and the answer \asoptical fibres. Optical fibres are an
integral part of optical communication — transmassiof speech, data, picture or other
information — by light. In this unit, you will stydoptical fibres, especially in the context of
optical communication.

In Sec. 4.2, you will learn the physical principlagolved in the transmission of light through
fibres. Types of fibres used in optical communimatihas also been described. General
considerations about the optical communicationubhofibres has been discussed in Sec. 4.3.
In the same section, you will also learn aboutrdguirements which must be met by optical
fibres so that efficient optical communication mi@ke place. The area of optical fibre is
relatively new and an exciting field of activity. fhorough understanding demands rather
sophisticated mathematical background on the paithe student. It has, therefore, been
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attempted here to keep the mathematical aspects bare minimum and the underlying
physical principles have been highlighted.

Objectives
After going through this unit, you should be alde t

» explain light transmission through fibre

» distinguish between step-index and GRIN fibres
» derive expression for pulse dispersion in fibresl a
» solve simple problems on optical fibres.

4.2 OPTICAL FIBRES

An optical fibre consists of a cylindrical glassresurrounded by a transparent cladding of
lower refractive index. This assembly is furthevex@d by a plastic coating to protect it against
chemical attack, mechanical impact and other hagdlamages. Fig. 4.1 shows the geometry
of a typical optical fibre. The core diameter ighe range % m to 1251 m with the cladding

diameter usually in the range 1@0mto 150 # m. The plastic coating diameter is around 250
Hm.

Coating

X ;
Cladding

\

Core

Fig. 4.1 Optical Fibre

In order to understand why the incoming light doed come out through the cylindrical
surface of the fibre, you should recall the phenuoneof total internal reflection. You are
aware that when light travels from an optically semmedium to a rarer medium, it bends

away from the normal as shown in Fig. 15.2(a)héf tefractive indices of the two media ave
and n, such thatn, >n, and &, and 8, the angle of incidence and the angle of refraction
respectively, then, from Snell's law

n, _sing,

L
n, sing,

(4.1)
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Fig. 4.2 Total Internal reflection

As the angle of incidence is increased, the redchety will further bend away form the
normal. Ultimately, when the angle of incidencectess the critical value — known as critical

angle, 8, — the refracted ray travels along the interface sejyay the two media, as shown in
Fig. 4.2 (b). And, when the angle of incidencenisréased beyond,, there is no refracted ray
and the incident ray undergoes total internal ctifi@ into the optically denser medium, Fig.
4.2(c). This phenomenon is known as total interefiéction and the critical anglé), is given
as, from Eq.(4.1)

Ny _ sin@/2) — g =sint2 (4.2)
n, sing, ¢ n,

Transmission of light, based on above principlepdlgh an optical fibre of core refractive
index n; and cladding refractive indem, with n, >n, is shown in Fig. 4.3(a).

Cladding

(a)

(b)
Fig. 4.3: (a) Light propagation through a fibretbtal internal reflection. (b) Light propagation
through a bent fibre
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When the ray of light is incident at angfy > &) at the core-cladding interface, it undergoes

total internal reflection. Due to the cylindricainsmetry of the fibre, the ray undergoes total
internal reflection at subsequent incidences at dbee-cladding interface and hence gets
trapped inside the fibre. Due to this "guiding" peay, optical fibres are also callé@ptical
Waveguides." Fibres in the bent form can also guide the ligist,iradicated in Fig. 4.3(b),

provided that, even at curved portions, the anfjieadence is greater thafl.. Do you know

why cladding material is needed? The need for ddatgy material of lower refractive index is
due to two reasons, First, to achieve total inferaiection at the core-cladding interface.
Secondly, when light undergoes total internal dditan, a part of it penetrates into the cladding
material (region of lower refractive index). Thisylead to leakage of light, and it may also
couple with the light travelling in adjacent fibreShe use of sufficiently thick cladding
material prevents this type of loss.

You may note, from Eq. (4.2), that the critical lndor the incident ray depends on the
refractive indices of the core and the claddingemak In Fig. 4.3(a)@ is the angle at which
incident light falls on the core-cladding interfaaed this angle is different from the angleat
which light is incident at the entrance aperturéneffibre. It is so because the entrance aperture

is an air (refractive indexo« 1)-glass (refractive index,) interface. Thus, according to
Snell's law, (refer to Fig. 4.3(a))

N, Sini =N, sing (4.3)
Now, if this ray has to undergo total internal eefion at the core-cladding interface, from
Eq.(4.2)
sindzn,/n
from A OAB,
sing=sin(@0° -6) = cosf
= (L-sin® )"
=[1-(n,/n) 211/2

Hence, Eq. (4.3), taking, = 1, may be written as,

sini,, = N, sing

1/2
= r]l 5
n1
1/2
= (n2 -n2)
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i = sin‘l[nl2 - nf]l/2 (4.4)

The angle of incidencd, ., given by Eq. (4.4) is a measure of the light getly capacity of

the fibre. You should convince yourself that if theidence angle is greater thap,, the light
will be refracted into the cladding material. Alketlight incident on the fibre aperture along the
core formed byi=0toi =i_, will undergo total internal reflection in the féarThe quantity

(n? -n2)"? in Eq. (15.4) is called the numerical aperturéneffibre.

4.2.1 Types of Fibres

As mentioned above, in its simplest form, an optfidare consists of a glass core and a
cladding (also of glass) of lower refractive ind&kis type of fibre in which there is a sudden
change in the refractive index at the core-claddirigrface is calledStep-index fibre. The
variation of the refractive index with the radidfssach a fibre is shown in Fig. 4.4.

Further, when light travels through optical fibrésere are different types of losses as waslh
broadening of the pulse. These aspects of theabfiires are of vital importance for optical
communications and have been discussed in theseetibn. In order to overcome some of the
inherent deficiencies of the step-index fibres,thaotype of fibre in use is callg@Radient-
INdex Fibre (or GRIN-fibre).

In optical communication. sianal is transmitthrouah the fibre in the form of puls

ni
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n, Cladding
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I
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Refractive index
—

ol e e s i e

Radius of fibre 3 —_—
Fig. 4.4: Refractive index profile of a step-indéxe

In the GRIN fibre, the refractive index of the caraterial decreases continuously along the
radius, nearly in parabolic manner, from a maximuatue at the centre of the core to a
constant value at the core-cladding interface. Vidr@tion of the refractive index, with radius,
of a GRIN - fibre is shown in Fig. 4.5(a).
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Fig. 4.5 (a) The refractive index profile of a Gead-INdex fibre; (b) Ray paths in such a fibre

Since the refractive index gradually decreasesnasnaoves away from the axis of the fibre, a
ray that enters the fibre is continuously bent tasathe axis of the fibre as shown in Fig.

4.5(b). Can you explain why this happens? This smbending of the ray towards the axis is

again a consequence of Snell's law. As the ray maway from the centre, it encounters media
of lower and lower refractive indices and hencedsetowards the axis of the fibre. Can you

name a natural phenomenon which results due tatthespheric gradient of refractive index?

You guessed rightly — the Mirage, which is obserwddle looking across an expanse of hot
desert or on a tarmac on a hot, sunny day is orteexample.

SAQ1
What will happen if the refractive index of the ddiing material is higher than that of the core?

Having learnt about the basic principles involvedhe transmission of light in optical fibres,
let us study some of its important features asmapoment of an optical communication system.
But before we do that, let us see what uses ofthrals have been put to.

4.2.2 Applications of Optical Fibres
The most elementary application of optical fibreithe transmission of light.

Inner Fibers
conduct image
to observer

Outer Fibre
conduct light
to object

Fig. 4.6 Flexible fibrescope

An example of transmission of images using optielres is in the flexibldibrescope. As

shown in Fig. 4.6, some of the fibres conduct ligho the cavity to be examined, while the
others carry the image back to the observer. Thagénconducting fibres, up to 140000 of
them, are by necessity very thin, often no more th@d 4 m in diameter, and the entire fibre-
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bundle has diameter of the order of a few mm. Bitwpes are used extensively in medicine
and engineering. They make it possible to inspeztvity in the human body and to look inside
the heart while it beats.

Of increasing interest is the use of fibre guides dommunication. Compared to electrical

conductors, optical fibres are lighter in weigleisd expensive, equally flexible, not subject to
electrical interferences and more secure to inptimes. Fibres can now be made which have
losses as low as 0.2dB/km. This is a remarkableaement considering that only two decades
ago the best fibres had losses in excess of 100kdBnd 20 dB/km was thought to be the

limit.

4.3 OPTICAL COMMUNICATION THROUGH FIBRE

As mentioned earlier, optical communication refershe transmission of speech, data, picture
or other information by light. You may recall frodmit 2 that the replacement of radiowaves
and microwaves by light waves is especially ativacbecause of the enhanced information
carrying capacity of the latter. Optical frequescae some five orders of magnitude higher
than, say, microwave frequencies. Therefore, lavghrme of information can be transmitted
through fibre cable compared to that through coppeaxial cable (used for microwave
communication) of similar size. Further, in contragth metallic conduction techniques (e.g.
through copper cables), communication by light rsffethe possibility of complete electrical
isolation, immunity to electromagnetic interferermed freedom from signal leakage. In a
typical optical communication system, the inforroatcarrying signal originates in a
transmitter, passes through an optical fibre linkan optical channel and enters a receiver,
which reconstruct the original information. In orde minimize the distortion, the signal is
encoded into digital form before transmission. iis tway, retrieval of the signal at some
distance down the line depends only on the reciogniif either the presence or the absence of
a pulse representing a binary (0 or 1) digit. Mimtistortion and noise may therefore be
tolerated as long as pulses can be detected aadeeded, free from distortion.

You may be wondering that with above advantagegy, light was not used for communication
purposes. It is not as if these advantages of ulsiidg as carrier of information were not
known. Rather, it was the unavailability of a shita source of light, which could be
modulated. Light from lasers, being highly monochatic, can effectively be modulated by
the information carrying signals. The laser lightting as the carrier wave, responds, either
directly or indirectly, to the electrical signalysdrom telephone. These signals can, therefore,
modulate the carrier wave, which then travels tghotihe optical fibre (the optical waveguide).
At the receiving end of the fibre, a photodetecemeives and demodulates these optical signal
into sound waves. For long distance optical trassion line, yet another component, called
repeater is used in optical communication system. A repeassentially amplifies and
reshapes the signal and retransmits it along be. fi

Optical communication, as such, can be carriedloough open space. Then why do we need
fibres to carry optical signals? The reason liesubstantial attenuation (or damping) of the
signal while it travels in open space between ttiermation source and information use. For
example, communication between one satellite tdhends carried out through open space
because the intervening region is essentially aimaic However, similar open space optical
communication will not be feasible between a sig¢etind the earth or between two places on
the earth because the earth's atmosphere strarfalgrices the transmission of light. Hence,
the need for an optical waveguide (fibres) fordstmial optical communication.
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Well, you have learnt in the previous section hayhtl is transmitted through optical fibres.
But, is this property of fibres enough for trangmg information carrying signals from one
point to another? No, the optical fibre must hasme additional characteristics if at all it has
to serve as an effective optical signal-carryinglimen. The optical fibre should be, as much as
possible, free from pulse dispersion in order torycdarge volume of information. Pulse
dispersion arises because different light rays tierent times to travel a fixed length in the
fibre. Secondly, as we know, even the light fromeld may have a spread in its wavelength.
That is, even laser light is not completely monochatic. And since the refractive index of
fibore material is a function of wavelength, light different wavelengths will travel with
different velocities. This inherent property of el is yet another cause of pulse dispersion
and is known as material dispersion. Further, tpcal radiation will be attenuated by the
material of the fibre due to scattering and otheerqmmenon. In the following you will learn
how these problems can be tackled.

4.3.1 Pulse Dispersion in Fibres
You may recall from Sec. 4.2 that rays of lightident at the core-cladding interface at an

angle greater than the critical angf® undergoes total internal reflection and propagates
through the fibre as shown in Fig. 4.7.

A

Fig. 4.7 Rays of light passing through a fibre

However, the ray, markedl in Fig. 4.7, which is incident on the core-claddintgrface at the
largest angle will travel a longer optical pathcasnpared to other rays incident at smaller
angles. As a result, different rays will take diffiet times in traversing a given length of the
fibre. This causes broadening of the informatiomydag pulses, as shown in Fig. 4.8. What
effect does the pulse broadening have on the sigaramission capacity of the fibre?

f\f\lnpm
1 ] i | =

Time———»

Energy—»

Oulput

i I 1
Time ———— =
Fig. 4.8 Pulse dispersion: (a) At the Input, tHelimation carrying pulses are well resolved,
(b) At the output, due to broadening, pulses opealad are irresolvable

-
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Well, pulse broadening severely restricts the wassion capacity of the fibre. It is so because
the pulses which are well resolved (Fig. 4.8apatihput may overlap at the output (Fig. 15.8b)
due to pulse broadening. To avoid this overlaptithe delay between two consecutive pulses
must be increased. Therefore, the number of pulsas can be transmitted per unit time

through the fibre will go down, that is, the tramnssion capacity of the fibre will be reduced.

To have a quantitative idea about the pulse digpems case of propagation through step-index
fibre, refer to Fig. 4.9. Let a ray of light be ident at an anglewith the axis of the fibre. The
time taken by this ray to travel a distaiie

Cladding—> n Q

Fig. 4.9 Ray of light passing through a step-infilese

_PQ+QR
Y, n,
where c/n, = velocity of light in the core medium (refractiiredex n,)
i ="Ml psioR
C COosp
_ (PR

ccosg

What does this relation indicate? It indicates thattime taken by the ray of light in travelling
a distance through the fibre depends on the ahgiakes with the axis of the fibre. Thus, for a
fixed lengthL of the fibre, minimum time will be taken by a rayieh travel along the axis of
the fibre (» =0) i.e.,

t

t., =nL/c

and the maximum time will be taken by the ray fdrieh ¢ is equal to (7/2—6.); where6.,
is the critical angle at the core-cladding integfathus,@ = cos*(n,/n,) and the maximum
time
_ nL _nlL

cn,/n) cn,

max

Thus, if all the input rays travel along the filsienultaneously, the spread in time in traversing
a distance will be
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nL
=—==(n,—n,) (4.5)
cn,

SAQ2
If the core and cladding refractive indices fortapsindex fibre is 1.47 and 1.46 respectively,
what will be the broadening of a pulse after aatise of 5 km?

Due to the pulse dispersion represented by Eq), #& signal transmission capacity of optical
fibres is severely restrained. Therefore, an effitioptical fibre should have least possible
pulse dispersion so that it can carry larger nurob@ulses per unit time.

Now the question is: Do we have any method of miziimy the pulse broadening in optical
fibres? Yes, there are methods by which we maymima the pulse broadening. One of them
is to use gradient-index (GRIN) fibre. In the folimg, you will learn how GRIN-fibres help in
reducing pulse broadening.

4.3.2 Pulse dispersion: GRIN Fibres

You may recall form Sec. 4.2 that the core of thRINGfibre offers gradually decreasing
refractive index environment to light rays as itues away from the axis of the fibre. Let us
see how this parabolic refractive index profileted GRIN-fibre (Fig. 4.5(a)) helps in reducing
the pulse dispersion. Refer to Fig. 4.10 in whigh taysA andB are shown to enter the core
axis at different angles. As the rays move towdhdscore-cladding interface, they encounter
decreasing refractive index environment. As a teqdth of them will bend away from the
normal and hence towards the axis of the core.plties taken by rays are not straight lines as
in the case of step-index fibre; rather, it is swidal. It is because in the core, refractive index
is a continuously decreasing function of the cadius. Now, rayA which makes the smaller
angle with the axis travels smaller distance thhotltge core whereas rdy travels a longer
distance. However, the time taken by both of theeparately, in traversing a fixed distance
along the fibre will be the same. Can you say whyi® so because raf which travels a
shorter distance, does so in the region of high@ractive index. Hence the velocity of light
along the path taken by raywill be smaller (velocity of light =/n). On the other hand, r&&
which travels a relatively larger distance, doesnsthe region of lower refractive index and
hence with higher velocity. The net result is ttiet rays making different angles with the core
axis take equal time in propagating through theefifbue to this reason, the pulse broadening
is reduced in GRIN-fibre.

Cladding

n,=n, (a)

Core

n
2
Cladding —Z

Fig. 4.10 Two rays A and B travelling through a GKibre
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The volume of information which may be transmittatbugh GRIN-fibre is more or less free
from pulse broadening due to the above reasoninfbiemation carrying capacity of such fibre
is only limited by material dispersion about whighu will learn in the following.

4.3.3 Material Dispersion

Above, we discussed about the pulse broadeningtinad fibres arising because of the fact that
light rays incident at different angles at the edaalding interface take different times to
traverse a fixed length of fibre. We also discushed to reduce this dispersion by using
GRIN-fibre. Now, suppose that the light beam tringlthrough the fibre is free from the pulse
broadening due to the above mentioned-reason. Doesan that the beam is free from pulse
broadening? No, there is yet another source okpulsadening known as material dispersion.
Material dispersion arises due to the variatiorraffactive index with wavelength, i.e. the
velocity of light in the medium is dependent uptawavelength. You are aware that light even
from a highly pure source (like laser which givaghty monochromatic light) will have a
spread in its wavelength. Therefore, different viewgths, within the range, will travel with
different velocities and hence will arrive at thedeof the fibre at different times and cause
broadening of the pulse. You may note that matdsi@adening is an intrinsic physical
property of the fibre material.

Although glass is transparent to electromagneti@tin in the visible range, it does absorb a
part of it due to several processes. As a reddtjriput power of the light beam will suffer a
loss while traversing the length of the fibre. e tfollowing, we briefly discuss some of the
processes causing power loss in fibres.

4.3.4 Power Loss

When electromagnetic radiation interacts with nmatie may lose energy via different
mechanisms. In the case of optical fibre matesiia, major loss in energy or power is caused
due to the absorption of photons by impurity atomtserefore, to minimise this loss, the fibre
material should be of high purity. Secondly, th@tphs may also lose energy by exciting the
atoms of oxygen and silicon (the building blockssilfca, SiQ). Thirdly, silica being an
amorphous material, offers randomly varying refsaectindex. Due to this, the propagating
light beam may get scattered and its direction ropagating may change drastically. These
loss-causing mechanisms are taken care of by prgsign and synthesis technique of the
fibres.

The power loss we are talking about is expressetkims of bel or decibel, which are
comparable units. One bel means that power in baar®l or at one time is 10 times that in
another channel, or at another time. 2 bel meaf% 18 bel means 1000 and so on. For

practical use, the unit bel is too large. Hencedbebel, dB, is used. 1 bel = 10 dB. A decibel
(dB) is equal talOlog,,(p,/ p,) where p, and p, are input and output power levels. Thus,
if the power level of an optical signal reduces Hajf, the power loss in decibels will be
10log,, (1/2) = -3dB. In optical fibre communication, the powesd is expressed as dB/km.
In long distance optical communication through diyrthe permissible loss is 20dB/km. With

modern techniques of synthesis, optical fibres witler loss as low as ~ 0.2dBkm can be
produced.

15.4 SUMMARY

An optical fibre consists of a transparent glas® @nd a cladding of lower refractive index.
Since the refractive index of the cladding mateigdlower than that of the core, much of the
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light launched into one end will emerge from thbestend due to a large number of total
internal reflections.

In the step-index fibre, the refractive index chesmguddenly at the core-cladding interface. On
the other hand, in the gradient-index (GRIN-) fiyrethe refractive index decreases
continuously from the core axis as a function diiua.

The maximum entrance core angle, also known agtantee angle, is a measure of the light
gathering capacity of the fibre and is given as

- 11, LJue
Sini ., =—[nl —nz]
Mo

12, . .
The term[nl2 - nf] is known as th@umerical aperture of the fibre.

In optical communication, information is transmitten the form of pulses. While travelling
through the fibre, these pulses broaden becauseimaident at different angles at the core-
cladding interface take different times in travegsa fixed length of the fibre. Pulse broadening
due to this reason in a step-index fibre of lergth given as,

At = iL[nl —n,]
cn,

Pulse broadening can be greatly reduced if, insbéatep-index fibre, we use a GRIN-fibre. It
is so because in GRIN-fibre, though different rergsverse different optical paths in the core,
they all take same time in travelling through aegivength of the fibre.

Material dispersion is yet another cause of putsadiening. Material dispersion arises because
the refractive index (and hence the velocity offjgin a medium is a function of the
wavelength of light. And, even highly monochromditihit has a spread in its wavelength.

4.5 TERMINAL QUESTIONS
1. Suppose you have two optical fiblesindB. The refractive indices of the core,

and the claddingr{, ) materials is
(n,),=1.52,(n,),=1.41,(n)z=1.53,(n,);=1.39
Which of the two fibres will have higher light gating capacity?

2. A step-index fibre635%10°m in diameter has a core of refractive index 1.68 a
cladding of refractive index 1.39. Determine (& ttumerical aperture for the fibre; (b)
the acceptance angle (or maximum entrance cone)ang|
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46  SOLUTIONS AND ANSWERS

SAQs

1. If the refractive index of the cladding el is higher than that of the core material of
the fibre, the incoming light will not undergo tbtaternal reflection. It is so because
when the light travels from a rarer to denser mmdliit bends towards the surface
normal. Thus, the light ray incident on the coradding interface will, instead of
coming inside the core, get refracted in the claglanaterial (refer to Fig. 4.2).

2. The pulse broadening is given as
n,L
At =—=[n, -n,]
cn,

As per the problem,

L =5x10°’m, n,= 1.47,n,= 1.46 andc = 3x10°m/s

So,
At _ LATXEXI0(M) ) 4014
3x10°(m/s) x 146
3
At _ 147x5%10°(m) (001)
3x10%(m/ s)
=0.17us

TQs
1. Refer to Fig. 4.3. The maximum angle of incideri¢,,, of the light beam at air-core

interface is the measure of the light gatheringacép of the fibre. The sine of this
angle of incidence is given as

o 11, L2
SINT oy _n_[nl _nZ]

0
wheren,, n, andn, are the refractive indices of air, core and claddespectively.

n, = refractive index of air = 1
For fibreA,

n,= 1.52 andn,= 1.41

1/2

sini_ =[152)? - @41)?]
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= [0.3223"2
(i..) A =Sin™ (057) 035°

For fibreB,

n,= 1.53 andn, = 1.39

1/2

sini_, =[153° - 139)?]
(ima) s =SIiNT (064) 040°

(&) The numerical aperture of the fibre is giasn
N.A = (n?-n2)"?

= [(153* - (139 )"

=0.64

(b) The acceptance angle or the maximum entrance anglg, corresponds td., the
critical angle for total internal reflection at there-cladding interface.

sini__ = (N.A)
n

0

=0.64
= i =sinT(064)

C40°
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