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PHY406 OPTICSIII

Course Introduction

In the preceding courses in Optics (I and Il), yawe learnt that light is
an electromagnetic wave. It exhibits polarisatiomterference,
diffraction, etc. As you have seen, these phenomemavell understood
in terms of the wave theory of light. This bloclg the title indicates,
essentially deals with lasers - a source of cohelight - and their
applications, particularly in the areas of photpigna and optical
communication. Lasers owe its invention to the quiartheory according
to which, light energy consists of minute packetguanta. The invention
of lasers and related developments has once agaimghit the field of
optics to the forefront of basic research and teldgical applications.
Widespread use of light from laser is because ofhigh degree of
coherence, high directionality, unprecedented migs, etc. Without
fear of exaggeration, we may say that the presembgbin optics may be
called the Laser Age. In this block, we intend iieegyou a flavour of the
basic physical principles involved in the designl aperation of lasers
and also about some of its important applications.

Laser is a coherent source of light. But what isezence? You learnt
about coherent source of light in OPTICS Il in cection with Young's
double-slit interference experiment. It was empessithere that for
obtaining observable interference fringe pattehne, light from the slits
must be coherent. In Unit 1 of this course, you ledrn about the concept
of coherence of waves. If the phases of two waee® fa definite phase
relationship, they are said to be coherent. Thasphelationship between
waves, which can be in time or space, gives riserngporal coherence
and spatial coherence. You will learn that temparaherence of
electromagnetic waves manifests as monochromagcitythe visibility
of the interference fringe pattern indicates thieeixof spatial coherence
between the interfering waves.

In Unit 2, you will learn the working principle ddsers. In particular, we
have discussed the concept of stimulated emisdioadiation and the
prerequisites for obtaining laser light. Though tinst laser used ruby
(solid) as active medium, now lasers which empiqyitls and gases as
the active medium are available. You will learn @ibdifferent type of
lasers. Coherence (Monochromaticity), high direwiay and brightness
are some of the properties of lasers which areoresple for their so
many and so varied applications. In this unit, yall also learn about
some of these applications.

Holography is a technique of three-dimensional pbaphy. This
technique was invented by Dennis Gabor much bdfarenvention of
lasers. However, the full potential of this techuggould be realised only
after this invention. In Unit 3, you will learn theetails of this novel
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technique. Some of the applications of holographye also been
discussed.

The use of lasers has revolutionised communicagahnology. The
monochromaticity of laser light makes it an effidiecarrier of

information. Communication - transmission of speedata, etc. - at
optical frequency is much faster and more religblmpared to radio and
microwave communication. However, optical commumdaca suffers

from the drawback that signals get attenuated Isy jplarticles, rains, etc.
Thus, for efficient terrestrial optical communicatj optical fibres are
used. How is light transmitted through optical &P What are the
characteristics of such fibre? These and othete@lquestions form the
subject matter of Unit 4.

We wish you success.
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MODULE 1

Unit 1 Coherence

Unit 2 Physics of Lasers
Unit 3 Holography

Unit 4 Fibre Optics

UNIT 1 COHERENCE
Unit Structure

1.1  Introduction

1.2 Objectives

1.3 Whatis Coherence?
1.4  Temporal Coherence
1.5 Width of Spectral Lines
1.6  Spatial Coherence

1.7  Angular Diameter of Stars
1.8 Visibility of Fringes

1.9 Summary

1.10 Terminal Questions
1.11 Solutions and Answers

1.1 Introduction

In Unit 1 of Optics Il, you studied the Young's tderslit interference
experiment. We emphasized that for observing iaterfce fringe
pattern, the light from two sources must be cohtei@y coherence, we
mean that the light waves from two slits have astam phase
relationship. Can you recall how this condition obherence is
achieved? If you are unable to do so, you shoulet teack to relevant
pages. Now the question arises why coherence isegequisite for
observing interference? You will learn about coheeein detail now.

In Sec. 1.2, we elaborate the concept of coheras@pplied to waves in
general. Further, the most elementary definitiorcatierence says that
the phases of the coherent waves have a predictaldgonship at
different points and at different times in spacéisTspace and time
predictability of the phase relationship of wavegeg rise to two types
of coherence, namely, spatial coherence and tempoleerence. The
concept of temporal coherence, which refers toptieese relationship at
different times at a point, has been discussecem $.3. You will also
learn about the correlation between the width dc$pactral line and
temporal coherence. In Sec. 1.4, we have discusgatial coherence
which relates to the coherence of two waves trangeBide by side. The
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relationship between the visibility of fringe patte with spatial
coherence is also discussed in detail.

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

explain the concept of coherence

distinguish temporal coherence from spatial cohezen

relate temporal coherence with the width of spétitras

relate spatial coherence with the visibility ofhfye pattern, and «
solve numerical problems based on coherence.

1.3 What Is Coherence?

If you are asked what is coherence, you may sayittigthe condition

necessary to produce observable interference bf. lgnd if you are

asked what is interference, you may say it is cotate with the

interaction of waves that are coherent. Well, naghdefinite follows

from such circular arguments! In fact, coherenca groperty of light

whereas interference is the effect of interactidnlight waves. The

crucial consideration in interference phenomendhesrelative phase of
waves arriving at a given point from two or morei®@s. That is, in
order to observe interference fringes, there must @ definite phase
relationship between the light waves from two seardHence, we may
say that the necessity of having coherent souraes observing

interference fringes essentially implies that thaves from the two
sources must have a constant and predictable pblas®nship. It is the
absence of a definite phase relationship betwegit vaves from

ordinary sources that we do not obtain any obséevaiterference

fringe pattern.

Now, you may ask: Why is there no definite phasatienship between
light waves from two ordinary light sources? W#tle basic mechanism
of emission of light involves atoms radiating eteatagnetic waves in
the form of photons. Each atom radiates for a stitaé (of the order of
10°s). Meanwhile, other atoms begin to radiate. Thasph of these
emitted electromagnetic waves are, therefore, nandbthere are two
such sources, there can be no definite phasearaip between the
light waves emitted from them.

In general, sources, and the waves they emit, adets be coherent if
they

0] have equal frequencies,
(i) maintain a phase difference that is constanime.

2



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

Let us pause for a while and ask ourselves: Wig d prerequisite for
observing interference fringe pattern? To ansiier question, let us
consider the origin of the bright and dark fringes the Young's
experiment (Fig. 1.1). Leg, and E, be the electric fields associated

with the light waves emanating from slit§ and S,. These waves

superpose and the combined electric field at angtfmn the screen is
given by,

E=E, +E,
(1.1)

You may recall that in the interference pattern,oliserve the intensity
of light, not the electric field. Since the averag&ensity of light is

proportional to the time-averaged value of the assed electric field,

we have

| c< E? >
1.2)

Expanding
waves

j Pinhole

Incident
light
—_—

—
—_—

Slits

Screen

Fig. 1.1 Young's interference experiment
Thus, we have, from Eq. (1.1) and (1.2),

<E/>+<E}>+2<EE, >

=IL,+l,+2<EE, >
(1.3)

Eq. (1.3) shows that the resultant intensity ondbteeen is the sum of
intensities!, and |, (due to individual slit sources) and an interfeen

term 2< E,E, >. The interference term is crucial because it deitezs
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whether the resultant intensity is a uniform illmaion or a fringe
pattern on the screen. The contribution of therfatence term to the
resultant intensity depends primarily on the phatationship between
the light 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 instémesech a situation, the
product E,E, will be positive at one instance and negative atdther.

As a result, the time average BfE, will be zero, i.e.
<EE,> =0

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

l=1,+1,

(1.4)

Thus, when light waves from two incoherent sourgdsrfere, the
resultant intensity will be the sum of individuaitensities and the
screen will be uniformly illuminated. To give yousimple example,
when the headlights of a car illuminate the sanea,atheir combined
intensity is simply the sum of two separate inteesi The headlights
are incoherent sources and there is no contribuifothe interference
term.

Now, what will happen if the light waves from twlits have a definite
phase relationship i.e. a phase relationship wigcbonstant in time.
The source of light emitting such waves is coheréfiten light sources
are coherent, the resultant intensity is not simjpé/ sum of individual
intensities. It is so because in that situatiorg iterference term in
equation (1.3) is non-zero. Let us see what igdha of the interference
term when two coherent light waves superpose. Taeréwo cases:

(@) WhenE, = E,, that is, the two waves have the same amplitude,
frequency and phase. Thus,

|, =<E?>=<EZ>=1,
and
2<EE, >=2<E}>=2l,

The resultant intensity,

I =1, +l,+2<EE, >



=1, +1,+21,
=41,

Thus, at the points on the screen where two iniegewaves are in
phase, the resultant intensity is four times thaé¢ do an individual
source. These points will, therefore, appear broghthe screen.

(b) E, =-E,, that is, the two waves have same amplitude and
frequency but their phases differ by 180° which aem constant in
time. In that case, the two waves are completelyobiphase and the
resultant wave amplitude and intensity will be zero

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

The points on the screen where the interferingt lighves satisfy the
above condition will have zero intensity and henicey will appear
dark.

Thus, the constant phase relationship between gogieg light waves
l.e. coherence, is a necessary condition for oloigimterference fringe
pattern. When the phase relationship is not cohstha points where
superposing light waves arrive in phase at onaintshay receive light
waves which are completely out of phase at anothstance. This
results in uniform illumination of the screen amal interference fringe
pattern can be observed.

In the above discussion, you have studied the s#gesf having
coherent sources for observing interference fripggern. As mentioned
earlier, coherence, which is essentially a cornglatphenomenon
between two waves, can be with respect to timeoargpace. Thus, for
expediency, we distinguish two types of coherendemporal
Coherence and Spatial Coherence. Temporal cohereocethe
longitudinal spatial coherence (often called momonfaticity) applies
to waves travelling along the same path. It referthe constancy and
predictability of phase relationship as a functioh time. Spatial
coherence, or transverse spatial coherence refersthé phase
relationship between waves travelling side by sateg certain distance
from one another. The further apart the two wawes the less likely
they are to be in phase, and the less coheretigtitewill be. You will
study these two types of coherences in the follgvgections.



PHY406 OPTICS Il

1.4  Temporal Coherence

While studying interference and diffraction of ligh the previous two
blocks of this course, we assumed that electrontagwaves remained
perfectly sinusoidal for all time. This kind of eteomagnetic waves are,
however, practically impossible to obtain from oy light sources.
Why is it so? It is because light emitted from adimary source consists
of finite size wave trains. Each wave train is swidal in itself and has
a characteristic frequency (or wavelength) and @h#&towever, the
collection of wave trains is not sinusoidal. Thiight waves coming
from an ordinary source cannot have one single ukaqy
(monochromatic). Instead, it has a range of freqesn that is, it has a
frequency bandwidth. For these reasons, the seecallonochromatic
light, such as from gas discharge tube, is morecgpately called
guasi- monochromatic.

This aspect of light (i.e. monochromaticity) refeis its temporal

coherence. Temporal coherence can be identifieditafizely as the

interval of time during which the phase of the wawation changes in a
predictable manner as it passes through a fixedt peispace. And in
wave motion corresponding to light from ordinarystes, a predictable
phase relationship can be observed only withiratherage length of the
wave trains on time scale.

To elaborate the concept of temporal coherenceslebnsider a typical
time variation of the amplitude of an electromagnetave as shown in
Fig. 1.2.

You may notice from the figure that the electrieldi at timet and
t+ At will have a definite phase relationship At <<z, and will not

have any phase relationshipAf >> z, where r, represents the average
duration of the wave trains. The time is known as coherence time of
the radiation and the wave is said to be cohemntiine .. And the
path length corresponding te_., given as L, =cr, is called the
coherence lengtlof the radiation, whereis the velocity of light.
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Fig. 1.2 Typical variation or the amplitude of dearomagnetic wave
with time. Three typical wave trains have been ghoWhe coherence
time z_ is the average duration of the wave trains.

In order to study the time-coherence of the ragimtlet us re-consider
Michelson's interferometer experiment. For compless, we have
reproduced the experimental arrangement in Fig. 13 nearly
monochromatic light source is used in the invesoga

For the sourceS) we may use a neon lamp in front of which we place
filter (F) so that radiation corresponding Ae= 6328 A is allowed to fall
on the beam-splittes. Glass plateG' is the compensating plate. You
may recall from Unit 3 of Optics lIf the eye is in the position as shown
in the figure, circular fringes are observed du¢hw interference of the
beams reflected from mirrond, andMm,.

[ 1M
JkY
(& G M'
= - = /” = i
° F ,l & 7 -
MT
‘W Observer

Fig. 1.3 Light paths for Michelson Interferometer

You may also recall that for obtaining these ciacdtinges, the mirrors
should be at right angle to each other and the mhtference
(GM, —GM,) should be small. If mirroM, is moved away from the
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beam splitteiG, the visibility, and hence the contrast of therference
fringes will become poorer, and, eventually, thenge pattern will
disappear. Why does it happen? Does disappeardana@eoference
fringes has to do something with temporal coheremicéight waves
from neon lamp? Yes, it is so. The disappearandkeofringes is due to
the following phenomenon. When mirravl, is moved through a

distanced, an additional pathds introduced for the beam which gets
reflected byM,. As a result, the beam reflected fravn, interferes with

the one reflected fronM, which had originatedZd/c) s, wherec is the

velocity of light, earlier from the light sourcelearly, if this time delay
(2d/c) is greater than the coherence time)(of the radiation from the

source, the waves reaching the eye after refle¢tmm mirrors M, and
M, will not have any definite phase relationship.ottner words, the
waves reflected from mirroraM,and M, are incoherent. Thus, no
interference fringes will be seen. On the otherdh@n(2d/c) <<, a

definite phase relationship exists between the iwitected waves and
hence interference fringes with good contrast W&l seen. It is so
because in this case, we are superposing two wawves {after reflection
from mirrors M,and M,) which are derived from the same wave train

(from the source) and hence they are temporallgicott.

For the neon light {= 6328 A), the disappearance of fringes occurs
when the path difference between the reflected wdvem mirrors
M,and M,, is about a few cm. This path differende,=cz, is known

as coherence length. Hence for the neon linrg~10"s. For

commercially available lasers, the coherence lergtbeeds a few
kilometres. Thus, if light beam from a laser be duse the above
experiment, we can observe interference fringesifas long as a few
kilometres (provided, of course, we have such ddhgratory!).

In short, if the two pathsGM:1 andGM: in Fig. 1.3 are equal in length,
the fringes have maximum contrast, hence a maxintamporal
coherence. If they are not of equal length therctrgrast is less. Hence
temporal coherence is less. Temporal coherendbesgfore, inversely
proportional to the magnitude of the path diffeeenand directly
proportional to the length of the wave train. Thever trains are of finite
length; each containing only a limited number ofves The length of a
wavetrain is, therefore, the product of the numloér waves, N,
contained in a wave train and of its wave lengthso L. = AN . Since

visibility or the contrast of the interference fygs is directly

proportional to the length of the wave train, itncalso be taken as
proportional to the product dfl and 4. Further, for a given source of
light, you can have some idea about its temporhémnce in terms of



the path difference between two interfering wavéshe Michelson
interferometer. You should now work out the follogiSAQ.

SAQ 1
If light of 660 nm wavelength has a wavetr@®. long, what is its (a)
coherence length and (b) coherence time.

1.5  Width of Spectral Line

You might have studied in school physics courseutlboe origin of
spectral lines. You may recall that when an atowmhengoes a transition
from an excited state to the ground state, it emlectromagnetic
radiation. The energy (and hence frequency) ofrélagation is equal to
the difference in energies of the excited and theumgd state. Each
substance has a unique set of energy state to wfisicdtoms can be
excited. Each substance, therefore, has a chasticteset of energy
values (and hence frequencies) for the emittedatiatis. This set of
frequency values constitutes the spectrum of thetance.

Due to one of the fundamental principles of quantomachanics,
namely, the uncertainty principle, the lines in g§pectrum are not sharp
l.e. corresponding to each spectral line, theeeasntinuous distribution
of frequency in a narrow frequency interval. Tharmow frequency or
wavelength interval is known as the width of theedpl line. For
example, for Cd red line, the width of this intdrigaabout 0.007 A.

You may now be interested in knowing what determitiee width of the
spectral lines? Is the width of spectral lines tedlato temporal
coherence? Yes, temporal coherence of the sourkightfis intimately

related to the width of its spectral lines. To demwv, let us again
consider the interference fringes obtained by Mgdbre interferometer.
You may recall from Unit 3 of Optics Il, that Miclsen's Interferometer
can be used for the measurement of two closelyespaavelengths. Let
us consider a sodium lamp source which emits pradmtly two

closely spaced wavelengthg,= 5896 A and,= 5890 A. Now, you

may recall from Unit 3 of Optics Il that nedr= 0O, the fringe patterns
corresponding to both the wavelengths will overldpthe mirror is

moved away from the plat€ by a distancal, Fig. 1.3, the maxima
corresponding to the wavelength will not, in general, occur at the
same angle as fot,. It is so because the spacing between the frifayes
4, and 4, will be different. Indeed, if the distanakis such that the
bright fringe corresponding tat, coincides with the dark fringe

corresponding tot,, we have
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2d =mA, (bright fringe) (1.4a)
and
2d = (m+%j/12 (dark fringe) (1.4b)

and the fringe system will disappear. The condifmndisappearance of
fringe pattern can, therefore, be expressed ad(sesemark below).

If *d"" is the distance through which one of the mirtosis been moved,
the effective path difference will bed. And the condition for bright
fringe is
2d =mA
and the condition for dark fringe is
2d=(m+1/2)4
wheremis an integer.
2d=mi,=> m=2d/4,
and
2d =(m+1/2)4, = (2d/4,)-1/2
2d_2d_1
A, A 2
d_2d_1
A, A4 2
. ogo My _ A2
2(/11 - ﬂz) 2(/11 - /12)
(1.5)
Since A, ~ 4,.

Now, if we assume that the light beam consistslloavelengths lying
betweeni andi+ A4, instead of two discrete valuds and 4,, fringes

will not be observed if
2{2

2d <—
AL

(1.6)

10



To arrive at equation (1.6) you should solve tHo¥ang SAQ.

SAQ 2

Starting from Eqg. (1.5) which gives the path diéfiece (2l), in terms of
two distinct wavelengthst, and 4,, for which fringes will disappear,
derive Eqg. (1.6) which is for all wavelengths lyirlgetween 2
andi + AA.

Now, can you see the basic reason why the fringtenpadisappears? Is

it somehow related to the non-monochromaticityhef ight beam? Yes,

it is so. If fact, the moment we consider that light beam consists of

all wavelengths lying betweem and A+AA, we are essentially
considering the interference pattern produced by-monochromatic
light beam. You may notice from equation (1.6) thathe spread in the
wavelength A1) becomes small (more and more monochromatic), the
path differenceZd) for disappearance of fringes becomes large. And as
mentioned earlier, the larger the value of patHed#ince for which
fringe pattern does not disappear, the more teripa@herent the light
beam is. In other words, monochromaticity or theusoidal nature of
light beam is strongly related to its temporal geinee. The temporal
coherence of the beam is, therefore, directly agsmtwith the width of
the spectral line. Since no fringe pattern is obserif the path
difference, @, exceeds the coherence length, we may assume that

the beam consists of all the wavelengths lying betwl and A+ A4
with

2
a=
L

(1.7)
This gives the relation between coherence length spread in the
wavelength of a light beam. Further, sinee-c/4, the spread in
frequencyAv is

Av=-"S A4

22
=c/L,

And, the coherence time is defined as; L./c. Therefore, we have

Af ~1/ 7,
(1.8)

11
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Thus the frequency spread of a spectral line ith@forder of the inverse
of the coherence time.

In this section, we discussed about temporal (or tadgial spatial)

coherence which relates the predictability or camsy of the phase
relationship between two waves arriving at the sapoint after

traversing different optical paths. In other words& talked about the
constancy of phases of waves travelling along #&mesline. Light beam
was considered as a series of wave trains. As eguirement of

temporal coherence, if these wave trains are taym® observable
interference fringe pattern, they must (a) havesémme frequency and
(b) overlap at the point of observation (i.e. paifference should be less
than the coherence length). Now, what about thesglralationship

between two waves travelling side by side at aagertlistance from

each other? Well, the constancy of the phase oelstiip of such waves
relates to another type of coherence called sp@tiagransverse spatial)
coherence. This is the subject matter of the nestien.

1.6  Spatial Coherence

In unit 2 of Optics Il, you studied Young's doulslé- experiment for
obtaining interference fringe pattern. You may Hetaat one of the
prerequisites for observing the interference patieas that the source
of light should be a point source. Can you say why condition was
imposed? What will happen if, instead of a poiniarse, an extended
source of light is used? These are some of thessainich relate to the
spatial coherence about which we will study now.

You are aware that in an extended conventionalceoof light, the
radiations emitted from different parts are indejmt of each other,
and in that sense, such sources may be thougistiotaherent. But our
interest is not so much in the nature of the sousedf as in the quality
of the illumination field it produces, for exampl|, a plane at some
distance from the source. Thus, in Young's experime are interested
in the extent to which there is a constant phakgioaship betwee®
and S, Fig. 1.4a, so that interference effects can bergbde In other
words, we are interested in examining the effedheffinite size of the
source S on the interference pattern. 12

12



S:l
e e
SI
(a)
S’ e St
WI st oo/ {4 o
S \JG\L ~ L
P S,
i T o
= r

(b)

Fig. 1.4 (a) Young's double slit experiment witlp@nt source, S, (b)
Young's double silt experiment with an extendedte® S ' S

In order to understand the effect of an extendedcso(and hence of
spatial coherence) on the interference fringesusetonsider Young's
double-slit experiment with an extended source.. Hig.4b shows
schematically the two slitS; andS with an extended light sour&® S
of width W at adistancer. Light from some points in the source
illuminates the slits, and interference fringes i@duced on the screen.
If the source consisted of just this single panfas in an idealised
Young's experiment, Fig. 1.4a), the fringes of maxn visibility would
have been observed. A real source (suctSasS in Fig. 1.4b) is,
however, of finite size and the fringes producedillwmination from
other points of the source are displaced relativihose due ts. Light
from the extended source, therefore, produceseadpn fringes with a
consequent reduction in the visibility of the frengattern.

In order to have some quantitative idea about gagia coherence, let
us assume that the two extreme points of the egtersburce (Fig.
1.4b),S'andSact as two independent sources. Each source willyze
its own interference pattern. Let us assume 8&t SS and the point
O is such that50 = $0. Clearly the point sourc& will produce a
maximum aroundD. On the other hand, the intensity@uue toS' will
depend on the path lengt' S - S' $). You may recall from Unit 2 of
Optics Il, that if this path difference

SS,-SS =4/2 (1.9)
the minima of interference pattern dueSaovill fall on the maxima of

that due tdS'. As a result, there will not be any observable fetence
pattern. From Fig. 1.4b, we have

13
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SS,-SS =S,P=cad

But
d/i2 W
a = = —
r2 r1

Thus,

r=r+r, :1(W+gj

o 2

or

o =W+(rd 12)
Therefore,

SS,-S'S =ad =(W+%j%=WTd

(neglectingd?® term)

Thus, no fringes will occur if
wd 1
~_=
r 2
w="%
2d
(1.10)

For every point on an extended source of extensidnthere is a point at :
distancer/2d which produces interference fringes separated &y & fringe
width. Thus, for sources of such an extension vibiility of the fringes would
be poor.

=4

We may, therefore, conclude that if we have anreldd source whose
linear dimension is~Ar/d, no interference fringe pattern will be
observed. Equivalently, for a given source of width interference
fringes will not be observable if the separatidhetween slitss andS

Is greater thamir /W . If @ denotes the angle subtended by the source

(S S) at the poinO' (midpoint of slitsS; $), theng =W /r . So,

d=

SR

(1.11)

which gives the maximum lateral distance betweda Sl andS such
that the light beam from the extended source magdsemed to have
some degree of coherence (i.e., the light wavems &n extended source,
after passing through slitS; and & are able to produce interference
fringes). The quantity A/0 is known akateral (or transverse

14



Coherence Width and is denoted byl,. You may note that the

coherence width is linear in dimension and is apipnately
perpendicular to the direction of wave propagatiBy. contrast, the
coherence length, introduced in relation to temipooherence, is along
the direction of wave propagation. For this reagemporal coherence
is sometimes called longitudinal coherence andiapabherence is
sometimes called lateral coherence.

Further, closely related to coherence width is aampeter called
coherence area given

as

a, =z(,/2)?

= (A1 120)* (1.12)

The waves at any two points within the coheren@a are coherent.
You may have noticed that Egs. (1.11) and (1.1p)yafm the case in
which the extended source is essentially a uniftmear source. If the
source is in the form of a uniform circular disbetlateral coherence
width is given as

|, =1221/6 (1.13)

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

SAQ3

Suppose we set up Young's experiment with a sniallar hole of
diameter 0.1 mm in front of a sodium lamp= 589.3nm) source. If the
distance from the source to the sltdm, how far apart will the slits be
when the fringe pattern disappears?

1.7 Angular Diameter of Stars

Now, let us consider an application of the conadpatial coherence.
In the preceding paragraphs, we have seen thanbke subtended by
the extended source at the midpoint of the sliasapon is related to the
lateral coherence widthl (). Also for a critical value ofl, the

interference fringes will disappear. If, insteadaof ordinary extended
source of light, we consider a terrestrial extensiegrce such as a star,
you may like to know: Is it possible to know itsgaar diameter (i.e.
the angle subtended by the star on the slits) bgeming the
disappearance of fringes? Indeed, it is possibt@. fReasuring the
angular diameter of a star, Young's double slitegxpent set-up needs
modification. Modification in the experimental sgt-is necessitated
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because, for such an arrangement, if we take adlypialue of the
angular diameter of a star asle’radians, the distanadbetween the
slits for which fringes disappear will be

1224 122x5x107

d
2, 107’

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

andM ' as shown in Fig. 1.5. This modified interferomesgknown as

Michelson's Stellar Interferometer.

Fig. 1.5 Michelson's stellar interferometer

Since you have studied in detail about the MichelsStellar
interferometer in Unit 3 of Optics Il, we would jusiention here the
results of one typical experiment. In a typical exment the first
disappearance of fringes occurred when the distaattgeen mirrord/
andM ' was about 7.3 m which gave the angular diameteas (taking
A ~5x107 m)

6 =1224/d

122x5x10”
7.3

84x10° rad

From the known distance of star and the valuesadiiigular diamete6,
we can estimate its diameter.
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1.8  Visibility of Fringes

Till now, we have been discussing coherence andnmisortance for
observing interference fringes. We have been tglkabout the
disappearance of fringes under different circuntanFor example, in
the Young's double slit experiment, interferencagkes are seen on a
screen with highly spatially coherent light. Then@es are rather
distinct; their visibility is high. As the two stitare moved further apart
the fringes are more closely spaced and will lasénity. The degree
of visibility, therefore, is the measure of spatieherence.

Assume that two wave trains of light, each of @éé&ngthAl , overlap to
their full extent. Such complete overlap will rasul distinct maxima
and minima of highest degree of visibility. Eventife wave trains
overlap partially, as in Fig. 1.6, interferencepisssible. However, the
degree of visibility of the fringes will diminishegpending on the extent
of overlap. The question, therefore, is not how Imtite wave trains
must overlap to produce interference; rather, thestjon is how much
visibility we need to see a fringe pattern?

The amount of radiation power incident per unitaeecalled areana.

The definition of visibility is essentially a matteof comparison.
Visibility, V, can be defined as the ratio of the differencevben the
maximum areangE and minimum arean& ., to the sum of the

max ! min ?

areanas; i.e.
_ Emax B Emin
Emax + Emin
(1.14)
Al
- »

¥
4

Fig. 1.6 Partial overlap of two wave trains
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Let us assume th&E,  can take any arbitrary value bHt,, = 0. Then
visibility, V =1. On the other hand, i, =E,,,, V=0, fringes cannot
be seen. Thus, the visibility may assume any vakiveen 0 and 1.
Generally, a visibility of 0.8 is considered hidgut a value 0.2 is barely
visible.

Now, you may like to know whether visibility is egéd to coherence?

Yes, it is. To see how, let two points on a disssreen be illuminated
by two light sources that produce equal areaBasLight waves from

each consists of two parts — coher&tgnd incoherents). Areana due
to the coherent parf, can be expressed as

E.=rE,

where, p is the degree of coherence, and, the areana duedberent
part is,

Es = 1-p)E,
Interference fringes are observed because of Aafthe coherent part
forms fringes whose maxima have intensities. Areainhbe maxima is

four times as high as the individual contributidius, the maximum
areana,(E,) ..., IS 4pE, and the minimum is zero. Moreover, on this

interference fringe pattern, due to the coherent pa a uniform
distribution due to the incoherent past is superimposed. The areana
of this distribution will be twice as high as thentribution E,, because

it comes from two sources. Hence,
(Es)max = 2E5 = 20— p)Eq = (Eg)
As aresult, the areana in the maxima is
Erax = (Ea)max + (Eg)max
=4pE, +2(1- p)E,
= 2(1+ p)E,
and the areana in the minima
Evin = (Ea)min + (Eg)min

=0+ 2(1- p)E,
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Therefore, Eq. (1.14) for visibility of the fringean be written as,

_ 20+ p)E, - 2(- p)E,
21+ p)E, + 2(1- p)E,

= p, the degree of coherence.

Thus, the degree of visibility (or the contrastkloé fringes produced by
two light waves is equal to the degree of coherdreteeen them.

The highest visibility and hence the highest degreeoherence will
occur when the minimum areana in the expressiowvfas zero. In that
case, both the visibility and the degree of cohegeare unity. Although
conceivable in theory, this is not possible in pcec Complete
coherence is merely a theoretical result. Howewéh the development
of laser, about which you would study in the nemit,ut is now possible
to have light beam of extremely high degree of cehee.

1.9 Summary

Coherence is a property of light. A predictable gghaelation exists
(when there is coherence) between light waves pggbrough a point
at different times.

Temporal coherence or longitudinal spatial cohezenefers to the
predictability of the phase of radiation as a fimttof time. In other
words, temporal coherence can be identified asirbeyval of time
during which the phase of the wave changes in digieble manner as
it passes through a fixed point in space. This timerval is known as
coherence time .. And the path length corresponding #p given as

L. =cr, is called thecoherence lengtlof the radiation.

Temporal coherence is related with the width of $pectral lines. The
spread in wavelength is given as,

and the corresponding spread in the frequencyeo$plectral line is
Av =1/,

Spatial coherence or transverse spatial coheremgersr to the
correlation between the phases of two light wavaselling side by
side. The use of a point source in Young's doubteegperiment is
essentially to meet the requirement of spatial caiee.
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If an extended source of light of widi is used in Young's interference
experiment, for observing interference fringe pattethe following
condition must be satisfied

W=A41/6

where, 4 is the wavelength of the light, amdis the angle subtended by
the extended source on the slits.

The quantity (1/0) is known aslateral (or transverse coherence
width, I,.
For a circular extended source, the coherence wjdif given as

| - 1224
v 0
Visibility of an interference pattern is given as

Emax - Emin
Emax + Emin

where, E, ., is the maximum areana ark,, is the minimum areana.

In terms of the degree of coherengghe visibility is given as

_ 20+ p)E; - 2(- p)E,
"~ 2+ p)E, + 2(1- p)E,

where, E, is the areana produced on the screen by indivitdght
source.

1.10 Terminal Questions

1. The sodium line at= 5890 A, produced in a low-pressure
discharge, has spread in wavelengtii,= 0.0194 A. Calculate
(a) the coherence length and (b) line width inhert

2. If the visibility in an interference fringmattern is 50 percent and

the maxima receive 15 units of light, how much ligloes the
minima receive?
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1.11 Solutions and Answers
SAQs

1. The wavelength of the light,= 660 nm andN, the number of
waves in the waveain is 20.

(@) So, the coherence length
L. =N
= 20x660 nm

= 13200 nm =132x10** m

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

_ 13200x10°m
3x10®ms

4400x10"'s

44x10"s

2. Eqg. (1.5), 2d = 4*/2(1, - 4,) gives the path difference for the
disappearance of fringe pattern due to light of el@angths, and
4,. When this expression is to be used for the disaggmce of
the fringe pattern due to the light beam consistiofg all

wavelengths lying betweer and 2+A4, we must divide the
interval (width) into two equal parts of1/2. Thus, the fringe
pattern will be produced by wavelength values
n = A1+(A112)
A, =1
With these values, Eq. (1.5) reduces to

Ve yE Ve
2d = = = —
2AA+AAI2)—2) 2ALI12) AL

which is Eq. (1.6)
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Now, for each wavelength lying betwedrand 2+ A1/2, there will be
a corresponding wavelength lying betweem A2/2 and 2+ A4, such
that the minima of one falls on the maxima of thieeo. Therefore, the
fringe pattern will disappear.
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

W _1x10™m
r Im

6 =10" rad

Wavelength of the light
A1 =5893x10° m
The lateral coherence width for a circular extensiaarce

1224 122x5893x10°m

IW
2, 10*rad

=0.72cm

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

TQs
1. 2 =5890 A5890x107° m

AA=0.0194 A =0.0194x10° m

(@) From equation (1.7), we have

2
A :i—, whereL,= coherence length

C

22 (5890x10°)*m’
©T AL 00194x1C°m
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=0.18 m
(b)  The spread in frequencyv (line width in hertz) and coherence
time 7, is related as (equation (1.8))

Ap-t__1 _¢
. LJ/c L,
wherec = velocity of light =3x10° m/s
3x10°m/s
= Ve——————
018m
=16x10°Hz
2. The visibility of an interference fringe pattesrgiven as
_ Emax B Emin
Emax + Emin
where E,_ is the maximum areana, i.e., the amount of radigpiower

contained in the maxima of the fringe pattern; &g is the minimum
areana.

From the problem, we have
V = 50 percent % E.ox =15 Units,E_,, = ?
So, from above equation for visibility, we have

1 _ 15— Emin
2 15+E,,

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

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

2.1 Introduction
2.2 Objectives
2.3  Light Emission and Absorption
2.3.1 Quantum Theory: A Brief Outline
2.3.2 Stimulated Emission: Einstein's Prediction
2.3.3 Einstein's Prediction Realised
2.4  Prerequisites for a Laser
2.4.1 Active Medium
2.4.2 Excitation (or Pumping)
2.4.3 Feedback Mechanism
2.4  Types of Lasers
2.4.1 Solid State Lasers
2.4.2 Liquid Lasers
2.4.3 Gas Lasers
2.5 Applications of Lasers
2.5.1 Communication
2.5.2 Basic Research
2.5.3 Medicine
2.5.4 Industry
2.5.5 Environmental Measurements
2.5.6 Photography
2.6 Summary
2.7 Terminal Questions
2.8  Solutions and Answers

2.1 Introduction

In the previous unit, you learnt about coherenat @herent sources of
light. It was explained there, why conventionalrthal sources of light
emit radiation which have very low degree of coheee However,
phenomenon like interference, which requires caitelight sources,
can indeed be observed with conventional light sesir The quest for
obtaining a light source with high degree of coheee led to the
invention of lasers. As you know, a useful indicabd the degree of
coherence is the coherence length. For ordinatyt,lithe coherence
length is of the ordet0* m, whereas the coherence length for a laser
light can be as long a0>m! So, you may appreciate the difference in
the degree of coherence between an ordinary ligthttlae laser light. In
the present unit, we will discuss this source afhly coherent light
beam — the LASER.
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The name laser is an acronym foght Amplification by Stimulated
Emission of Radiation You must realise that the key words here are
amplification and stimulated emission. The exiseeraf stimulated
emission of radiation, when radiation interacts hwitnatter, was
predicted by Einstein in 1916. His theoretical peedn was realised by
C. H. Townes and co-workers in 1954 when they developedomave
amplification by stimulated emission of radiatiangser). The principle
of maser was adapted for light in visible rangefbyschawlow and C.
H. Townes in 1958 but the first laser device wasettgoed by T. H.
Maiman in 1960. Once the laser was invented, itftbasd applications
in such diverse fields as basic research, industrgdicine, space,
photography, communication, defence, etc.

In Sec. 2.2, you will learn about the quantum meda description of
the emission Physics of Lasers and absorptiorgbt.lin particular, you
will learn about spontaneous emission and stimdlagenission of
radiation. In Sec. 2.3, the physical principlesaived in the operation of
lasers viz., excitation (or pumping), the need fagtive medium and
the feedback mechanism have been explained. Shecéenvention of
laser by Maiman using small ruby rod as active m@diLasers have
come a long way. Presently, lasers are built usolgl or liquid or gas
as active media. Apart from these, now semi-coraduzased lasers are
finding wide applications. These different types of laskase been
briefly discussed in Sec. 2.4. The applicationtaeérs are so many and
so varied that their detailed account will taketas far. In Sec. 2.5, we
have, however, briefly discussed applications afefa in industry,
medicine, communication and basic research. Imghe unit, you will
study about holography, which would not have beessiple without
laser light. And in Unit 4, you will study abouttagal fibres — a medium
of transporting light — which is a very active aref research and
development for long distance optical communicaparposes.

2.2  Objectives

After going through this unit, you should be alde t

) explain the concept of stimulated emission of rtoiia and
differentiate it from spontaneous emission

describe the need and methods of pumping

list the characteristics of the active medium &wdrs

describe different types of lasers, and

describe the important applications of lasers.
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2.3  Light Emission and Absorption

As you are aware, most of the man-made sourcagtufdre the solids
and gases heated to high temperatures. For examplease of
incandescent bulb, the tungsten filament is heated in case of
mercury tube light, the gas is heated. The enefglyeoheating source is
absorbed by the atoms or molecules of the solithergas, which, in
turn, emit light. The basic mechanism of the origiright from within
gas molecules, liquids and solids is similar in gnegspect to that from
an individual atom. And the process of emission albsborption of light
from atoms can be understood in terms of Bohrmatanodel. Though
you might have studied Bohr's model in a previoosrse, we briefly
discuss it here for the sake of completeness.

2.3.1 Quantum Theory: A Brief Outline

According to Bohr's theory, the energy of an atamaamolecule can
take on only definite (discrete) values. Thesekar@wn as the energy
levels of the atom. The transition of an atom frone energy level to
another energy level occurs in quantum jump. Thas wne of the basic
assumptions of Bohr's theory. On the basis of phesumption, Bohr
postulated that light is not emitted by an electndren it is revolving in

one of its allowed orbits (and hence has a fixddesaf energy). Light

emission takes place when the atom makes a tr@mgitom an excited
state (of energ)E,) to a state of lower energy, . The frequency of the

emitted radiation is given by

hv=E - E,

where E, is the energy of the initial orbitz; is the energy of the final

orbit, v the frequency of the emitted light ahds the Planck's constant.
The quantized orbits of the electron and the enkrggl diagram of the
simplest atom — the hydrogen atom — are showngnZi.
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n=3 E

/
Nucleus

Ground level

(@) (b)

Fig. 2.1 (a) Bohr circular orbits for the revolviregectron of hydrogen
atom, showing transitions, giving rise to the éaditlight waves of
different frequencies; (b) Energy level diagramtfoe hydrogen atom

The quantum mechanical explanation about the ormfinlight, as
discussed above, applies to all the known lightrsesl To focus our
attention on the atomic processes involved in tmeisgion and
absorption of light, let us consider only two enetgvels of an atom.
Let the energy of the lower level ig and that of the upper level be
E,. An atom lying in levelE, will tend to make a transition to levé,
so that it occupies a state of lower energy. Sunis®0on process is
known as spontaneous emission because it occting iabsence of any
external stimulus. The process of spontaneous emigsshown in Fig.
2.2(a). The photon emitted in spontaneous emisgilbinave the energy
(E,—E,)), while its other characteristics such as momentum,
polarisation, will be arbitrary. The light emittdnly ordinary sources
results due to spontaneous emission. Absorptidiglof is the converse
process of emission. The atom in a lower energie stan absorb a
photon of energyhv (=E, - E,) and get excited to the upper levE].

The absorption process is depicted in Fig. 2.2(b).

Now, can you guess what will happen if an atormithe higher energy
level, E, and a photon of energyv (= E, — E,) interacts with it? Well,

in such a situation, the photon may trigger themaito the upper level to
emit radiation. This emission process is knowntaswated emission.
When the atom is already in the higher energy |etel photon, instead
of being absorbed, may play the role of a triggard induce the
transition fromE, to E,. As a result, the atom falls into lower energy

level and anadditional photon of energyhv =E, —E, is emitted.In

27



PHY406 OPTICS Il

this process of stimulated emission, shown in Fi@.2(c), both the
inducing and the induced photons have the same emgt The light
from laser is due to the stimulated emission ofatash.

It is worth mentioning here that of the three pss@s mentioned above,
only the first two, that is, the spontaneous erorssind the absorption
of light were postulated on the basis of Bohr'othielt was only when
Einstein considered the whole idea of emission abdorption of
radiation in terms of thermodynamic equilibrium Wweén matter and
radiation that stimulated emission of radiationlddae predicted. What
were Einstein's theoretical arguments for the ptexi? Let us learn
these now.

B (@] E,
P W e T T
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(a)
: £, O
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PR & | E;
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AT AT a VoW, o
E. 5. o

(c)
Fig. 2.2 (a) Spontaneous Emission (b) Absorptiah (@h Stimulated
Emission of light

2.3.2 Stimulated Emission of Radiation: Einstein'$®rediction

Stimulated emission, as mentioned above, is thersevof the process in
which electromagnetic radiation or photons are diesbh by the atomic
systems. When a photon is absorbed by an atomerkegy of the
photon is converted into the internal energy of abem. The atom is
then raised to an excited (higher energy) stateitanthy radiate this
energy spontaneously, emitting a photon and rengett the ground (or
some lower energy) state. However, during the pethie atom is in the
excited state, it can be stimulated to emit a pmotat interacts with
another photon. This stimulating photon should hawecisely the
energy of the one that would otherwise be emitpahtaneously. Let us
took at the theoretical arguments put forward bwskin for the
existence of stimulated emission.
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No. of atoms _ |
in the level Spontancous Stimulated

cmission  emission Absorption Energy
N, E,
AyN,  ByNyu(v) B,Nu(v)
N Y E

! 1
Fig. 2.3 An atomic system of two energy levels simpwdifferent

emission and absorption
processes

Refer to Fig. 2.3 which shows a system of two enéggels E, and E,
with population of atomsN,, and N, respectively. LetE, <E,.
According to Maxwell-Boltzmann distribution, theticmof population of

atoms in different levels for the system in there@lilibrium is given

Ny _ o

=e
1
or

N2 — Nle—hV/kBT
where, k; is the Boltzmann constant amds the absolute temperature.

Now what will be the ratio of the population of tlemergy levels if
radiation of energyhv is introduced into the system? Einstein proposed
that if this system of energy levels and the raolet is to remain in
thermal equilibrium, the rate of downward trangitio(due to
spontaneous and stimulated emission) must be dqu#he rate of
upward transition (due to absorption). He, themefoarrived at the
relation (see box below),

N, _ Bu(v)
N, - Ay, + Byu(v)
(2.3)

where u(v)is the energy density of radiation at frequencyand B,,,
A,., B, are Einstein's co-efficienta,, is associated with spontaneous
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emission, B,, is associated with stimulated emission aBg is
associated with absorption.

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

L(V) — e_hV/kBT
A, +u(v)B,,

Or
u(v) = it !

BlZ th/kBT _(821/ Blz)
(2.4)

The energy density of black body radiation is givey Planck's
radiation law:

8rhv° 1
u(v) = ¢ et _q
(2.5)

Equation (2.5) must be same as Eq. (2.4). So w¢ nawe

B21 = BlZ
(2.6)

and

8rhv?
A21/ B21 = pE

2.7)

These are Einstein's relations. On the basis oft&ims relations, we
can conclude the following:
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Following Einstein, let us write down the rates sgfontaneous and stimulated
emission and the rate of absorption of radiatidme Tate of spontaneous emission
will be independent of the energy density of thdiaton field because for this
process to occur, the presence of photon is nafine} This emission process will

be proportional to the number of atomBl,, in the higher energy state. So, we
may write the rate of spontaneous emission as
Py =N,A,
(i)

where A,, is constant of proportionality.

Assume next that the system of atoms is subjesbine external radiation field. In
that case, as mentioned earlier, one of the twagsses, namely, the stimulated
emission and absorption, may occur. The probaldlittheir occurrence depends gn
the energy density of radiation at the particutagfiency separating the two levels
and the population of states from which transitiakes place. Therefore, the rate of
stimulated emission will be proportional to the mgyedensity of the radiation and the

population of higher energy statBl,. Thus, the rate of stimulated emission
P,y = N,Bu(v)
(ii)
where B,; is another constant of proportionality ant(v) is energy density of
radiation at frequency .

On the other hand, the rate of absorption will depen U(v’) and the population of
the lower energy statd\, . Thus, the rate of absorption
P, =N,B,u(v)
(iii)
where By, is the constant of proportionality. The constaiks;, B, and B,, are
known asEinstein's coefficients

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

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

N N
WZ A21 + WZ Bz1U(V) = BlZU(V)

1 1
N
or WZ (A +u(v)By) = BLu(v)
1
S0 that& = B,ou(v)
N, A, +u(v)B,

(@) Eg. (2.6) indicates that the probabilitieé absorption and
stimulated emission are the same. In other wortdejvan atomic
system is in equilibrium, absorption and emissmketplace side
by side. Normally,N, < N,, and absorption dominates stimulated
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emission. An incident photon is more likely to desarbed than
to cause stimulated emission. But, if we could #@nchaterial that
could be induced to have a majority of atoms intilgher state
than in the lower state, i.&, > N,, the stimulated emission may
dominate absorption. This condition of the atonyistem (where
N, >N,) is known as population inversion. And when the
stimulated emission dominates over absorption & dfomic
system, it is said to lase.

(b)  If we substituteB,, = B,, in equation (2.4), we get the ratio of the
number of spontaneous emission to stimulated @miss

An  _ eMvikeT _q (2.8)
B,,u(v)

When the system is in thermal equilibrium at terapee T, for
hv << kT, EQ. (2.8) suggests that stimulated emission wilnohate
spontaneous emission. On the other hand, whern> k., T, spontaneous
emission will dominate stimulated emission. Now evhif these two
processes will dominate for ordinary thermal sosirgelight? To know
that, you should do the following SAQ.

SAQ 1

The absolute temperatur€, for an ordinary source of light is typically
of the order of10*K. With the help of Eq. (2.8), show that in such
sources, the process of spontaneous emission wilirdhte over the
stimulated emission.

2.3.3 Einstein's Prediction Realised

You now know that when matter and radiation are thermal

equilibrium, besides spontaneous emission and ptigorof radiation
by matter, there must be a third process, calledusated emission. This
prediction did not attract much attention until 49%vhen Townes and
co-workers developed a microwave amplifier (MASER)ng NH:. In

1958, Shawlow and Townes showed that the masecipiencould be
extended into the visible region. In 1960, the moh was realised by
Maiman who built the first laser, using Ruby as aative medium.
Maiman found that a suitable active component fdaser could be
made from a single crystal of pink ruby: aluminiwride (A10Ox),

coloured pink by the addition of about 0.5 percgmomium. For any
laser action to take place, the condition of popartainversion must be
met. By population inversion we mean that the numdbeatoms in the
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higher energy state is larger than the ground ¢oneslower energy)
state. The energy states of the chromium atomhasrsin Fig. 2.4, are
ideal for obtaining population inversion. The chifaracteristics of
energy levels of a chromium atom is that the lelat®lled asg, and

E, have a life timel0®s, whereas the state markkdhas a life time

3x107°s. The energy statd with such a long life time (as compared to
other excited states) is callednetastable state

When an atom undergoes a non-radiative transitienehergy is not released in the
form of photons; rather, the energy is transfeki@datomic collisions, collision with
the crystal lattice, el

M —I——
wa b e
VY NN
¥ 3 O TR ey e -
Ground
level (a) (b) (c) (d)

Fig.2.4: Energy levels of chromium atom: (a) atomthe ground state

(b) on absorbing photons, atoms are excited toafrtbe two energy
levels E, and E,. (c) atoms give up some of its energy to the atyst
lattice and fall to a metastable level, M, (d) Wiséimulated by photons,
the atoms in metastable level emit photon anddadiround state.

A chromium atom in its ground state can absorbaqh (1= 6600 A)
and make a transition to the levgl it could also absorb a photon 6t

4000 A and make a transition to the level. In either case, it

subsequently makes a non-radiative transition,inme t10°s, to the
metastable staté. Since the slat® has a very long life, the number of
atoms in this state keeps on increasing and weaohigve a population
inversion between the stai¢ and G (the ground state). Thus, we may
have a larger number of atoms in the leMetompared to those in the
stateG. Once population inversion is achieved, light afigaltion can
take place.

33



PHY406 OPTICS Il

In the original set up of Maiman, the pink ruby waachined into a rod
of length nearly four centimetre and diameter hatfentimetre. Its ends
were polished optically flat and parallel and wpestially silvered. The

rod was placed near an electronic flash tube @fiieth xenon gas) that
provided intense light for pumping chromium atorashigher energy
states. The set up of ruby laser is shown in Fig. When the required
population inversion was achieved with the helglettronic flash tube,
the first few photons released (at random) by ataimogpping to the

ground state stimulated a cascade of photons, allng the same
frequency.

You now know how a ruby laser, developed by Maimaarks. You
will appreciate that production of laser light demds that certain
conditions be met beforehand. (We deliberately deaireference to
these in the above paragraphs.) First, is it ptess$tbachieve laser light
from any medium? If not, what are the charactesstf the medium
which can produce laser light after proper exats® (The media
capable of producing laser light are called acthexlia.) Secondly, how
do we achieve population inversion? Further, fataned laser light, it
is necessary to feed some of the output energy b#okthe active
medium. This is known as feedback and is achieyedesonant cavity.
What is the nature of this resonant cavity for l88€lhese are some of
the important aspects of laser operation and desiguat which you will
learn now.

Fiash lamp
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\ / f , o
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A L

Duiput
beam

5 P A EO .
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Fig. 2.5 The Ruby laser
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2.4  Prerequisites For A Laser

A laser requires three prerequisites for operatiorst, there should be
an active medium which, when excited, supports [ajon inversion
and subsequently lasers. Secondly, we should enguraping
mechanism that raises the system to an exciteel $tat lastly, in most
cases, there is an optical cavity that provideddleedback necessary for
laser oscillation. These are shown schematicalfyign 2.6.
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Fig. 2.6: Basic components of a laser oscillatonergy source (1)
supplies energy to active medium (2). Medium istamed between two
mirrors (3 and 4). Mirror 3 is fully reflective wlei mirror 4 is partially
transparent Laser radiation (5) emerges throughiafigrtransparent
mirror.

In a typical laser operation, energy is transfetgethe active material,
which is raised to the excited state, and ultinyatekers in various
ways. The medium may be a solid, liquid or gasianthy be one of the
thousands of materials that have been found ta.ld3ee process of
raising the medium to the excited state is cgtlechping, in analogy to
pumping of water from lower to a higher level otgutial energy. Some
lasers are built as laser amplifier. They need pbcal cavity. Most
lasers, however, are laser oscillators. For sustlalaser oscillations,
some kind of feedback mechanism is needed. Thé&s&dmechanism
is provided in the form of optical resonant cavity both laser
amplifiers and oscillators, the first few quantaradliation will probably
be emitted spontaneously and will trigger stimudagenission.

Let us now discuss the above mentioned three coemsmf a laser.
2.4.1 The Active Medium
The heart of the laser is a certain medium - sdiigiid or gaseous —

called an active medium. Since Maiman's discovémuby, many new
laser materials have been discovered. They inctugstals other than
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ruby, glasses, plastics, liquids, gases and evaanya (the state of
matter in which some of the atomic electrons assatiiated from the
atoms). What should be the characteristics of diveacnedium? The
only general requirement for an active medium gt tlh provides an
upper energy state into which atoms can be pumpdddower state to
which they will return with the spontaneous emissal photons. The
medium must also allow a population inversion bemvéhe two states.
It may happen that the active species or centrég;hnprovide lasing
levels, constitute a small fraction of the medidror example, in case of
ruby, which is A0z with some of the Al atoms replaced by Cr atoms,
only the latter (Cr) is the active centre. Typinamber of active species
per cubic centimetre in solids and liquids18® to 10°° and that for
gaseous media their number is abbdif to 10". How the light beam
gets amplified when it passes through an activeiung? To get the
answer we examine the process of population inmensow.

Population Inversion

Why is the condition of population inversion betwethe lasing level
necessary for the operation of lasers, i.e., fopldiwation of light to
occur? We can investigate this by calculating th@nge in intensity of
the light beam passing through an active mediunfierRe Fig. 2.7. A
collimated beam of light having intensity travels along thex-axis

through an active medium of thicknebs

-

> I\‘!(_x) /——P !\’r{x+dx)
S

+
X

- R 0l

Fig. 2.7: Light beam of intensitl, passing through an active medium
along thex-axis

If the cross-sectional area of each of the plaa&s the volume of the
layer will be Sdx.Let N,(v)dv represent the number of atoms per unit

volume which are capable of absorbing radiation sehfvsequency lies
betweenv and v +dv . Tlie number of upwardly transmitt€d, — E,)
atoms per unit time in the layer of volurSdxwould be (refer to the last
box)

N, (v)dB,,u(v)Sdx
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In each transition, a photon of enerfgy is absorbed. Thus, energy lost
per unit time from the incident radiation is

hyv[N, (v)dvBLu(v)]Sdx

Similarly, let N, (v)dv represent the number of atoms per unit volume
which are capable of undergoing stimulated emisbifalling down to
level E,. The frequency of these photons lies betweeand v +dv.
Then the number of stimulated photons emitted pértume in the layer

IS

N, (v)duB,,u(v)Sdx

In each transition, photon of energy is emitted and this reinforces the
propagating beam. Thus the energy gain by the emtidadiation per
unit time is

hv[N, (v)d1B,,u(v)] Sdx

You may have noticed that we have neglected speatenemission. It
Is so because a photon, emitted via spontaneogggsois in a random
direction. And, as such, it does not contribute rapjably to the

intensity of the beam.

As a result of above processes, will the intensitythe light beam
increase or decrease with time? Singe)dv Sdx represents the energy
in the layer within frequency range and v + dv, we can write the rate
of change of the energy with time as

%(u(v)d 18dR = hv[-N, () BLu(v) + N, () B,,u(v)] dv Sdx

or

ou(v) =-hy[ BlZNl(V) -1, (x)dviu(v)

(2.9)

If I, represents intensityl, dv signifies the energy crossing a unit area
per unit time whose frequency lies betweeandv + dv . Then

[I, (x+dxdv -1, (x)dv]S
denotes the rate at which energy flows out of thged. Since

u(v)dv Sdxrepresents radiation energy contained in the layéh
frequency in the range andv +dv, we will have
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[, (x+dx) -1, (X)]dvS= %[u(v)ded)i

ou(v) 1, (x+dx)—1,(x) _al,
ot dx o
(2.10)

From Eq. (2.9) and (2.10), we have

a'xv = —h[ByuN,(v) - B,iN, (1)]u(v)

But
I, =u(v)v
(2.11)

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

al hvB
v = 2PN, - N
6X Vv ( 1 2]1/

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

ol hvn
Y. ————(N,-N.,)B
IVaX c ( 1 2)
(2.12)

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

dl, =-«, 1, dx
wheree, is the absorption coefficient. We can rewrite it as

di

14

dx

=_a\/|\/

(2.13)
On integration we find that

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

_hvn

C
(2.15)

(Nl - Nz)B

14

At thermal equilibrium,N,; > N,, that is, the population of the ground
state is greater than the population of the exa@tate and as can be seen
from Eq. (2.15),«, is positive. Positivea, implies, (from equation
2.14) that the intensity of the beam decreases$ popagates through
the material. The lost energy is used up in thdatatken of atoms to
higher energy states.

On the other hand, if we have a situation in whith> N,, «, will be

negative and the intensity of the light beam waunltease, that is, get
amplified as it propagates through the materialis Tgrocess is light
amplification. Since this occurs when there is ghbr population in

excited state than in the ground (or lower enesigje, the material is
said to be in the state of population inversionug/hthe condition of
population inversion is necessary for the amplifaa of intensity of

light beam.

2.4.2 Excitation (or Pumping)

In the previous sub-section, you have learnt alibat necessity of
population inversion in the active medium for obiag laser light. The
process of obtaining population inversion is knoas pumping or
excitation. The aim of the pumping is to see thatar energy level is
more intensely populated than the lower energylléMéernatively, we
can obtain the population inversion by depopulatower energy level
(other than ground state) faster than the upperggnevel. There are
several ways of pumping a laser and achieving tpilation inversion
necessary for stimulated emission to occur. Thet mosimonly used
are the following:

Optical Pumping

Electric Discharge
Inelastic Atomic Collision
Direct Conversion

PoNE

In Optical Pumping, a source of light is used to supply energy to the
active medium. Most often this energy comes in fiblen of short
flashes of light, a method first used in MaimanigiR Laser and widely
used even today i®olid-State Lasers.The laser material is placed
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inside a helical xenon flash lamp of the type comstoy in photography.
The xenon flash lamp for pumping is shown in Fi§. 2

Another method of pumping is by direct electroni@tmon as it occurs
in an electric discharge. This method is preferred for pumping Gas
lasers of which the argon laser is a good exampte. electric field
(typically several KV/m ) causes electrons, emitbgdhe cathode, to be
accelerated towards the anode. Some of the elsctuilhimpinge on
the atoms of the active medium (electron impact)l eise them to the
excited state. As a result, population inversioadkieved in the active
medium.

In the inelastic atomic collision method of pumping, the electric
discharge provides the initial excitation whichses one type of atoms
to their excited state or states. These atoms gqubsdly collide
inelastically with another type of atoms. The ewergansferred
inelastically raises the later type of atoms toekeited states and these
are the atoms which provide the population inversidn example is
Helium-Neon Laser, to be discussed later, in wisdeh a pumping
process is employed.

A direct conversion of electrical energy into rdaia occurs in light
emitting diodes. Such light emitting diodes (LED¢ aised for pumping
by direct conversionin semi-conductor lasers.

These are some of the processes used for pumpmngs aif the active
medium to achieve population inversion. Atoms (aleunules) used as
active centres often exhibit rather complex systimenergy levels.

However, for all the variety of these structurdsg tactual pumping
schemes may be narrowed down to a few rather sird@grams

correctly showing the pumping process. Typicalljese pumping
schemes involve three to four levels. We think yauld like to know

about them.

Let us consider some of the pumping schemes. Tsodéet us identify
different energy states necessary to explain tmepmg scheme as: the
ground state as O; the lower lasing state as lypper lasing state as 2;
and the pumping state as 3. We shall indicate pugngiansition by
upward arrow, the lasing transition by downwardoarrand non-
radiative fast decay by slanted arrows. Now letassider ghree-level
pumping scheme as shown in Fig. 2.8a. Let us assus®y one of the
pumping methods, more than half the number of atoinagtive species
have been pumped from the ground state to pumpiag 8. The
pumped atoms in state 3 decay non-radiatively foeupasing state 2.
This decay is very fast, (life time is typically thfe order tal0®s). The
upper lasing state 2 is generally a metastable st the life time of

40



this state (207°s) is much higher than the pumping state (or theteck
state). Therefore, we have a situation of poputaiiversion between
lasing states 2 and 1 and hence lasing may take.pfau may note that
in this pumping scheme, the ground state (0) aeddWwer lasing state
(1) are the same state. This feature of the pumpamgme proves too
demanding for the pumping process because in nocimalmstances,
the ground state is highly populated. And, as yao appreciate, an
ideal lower lasing state (1) should be empty owywdinly populated.
How to get rid of this problem?

Atoms or molecules tend to occupy lowest energiesieherefore, the populatio
of the ground state (lowest energy state) is

o}

According to the uncertainty principle, an energtes with longer life time will
have a narrow frequency band.

3
1 -
i \ 237 X‘__
2 S

jort—e TL
0,1 V] /_‘ ()

(a) (b) (c)

Fig. 2.8: Three level pumping schemes, (a) the mplostate (0) and
lower lasing state (1) are the same, (b) pumpiate 3) and upper
lasing state (2) are the same, (c) Four level papghpcheme

This problem can be taken care of if the pumpirgesee is as shown in
Fig. 2.8 b. As you can see, the atoms in the |dasing state undergo
non-radiative transition to the ground state (Qhc& this transition is
very fast (40°s), the lower lasing level is empty for all praatic
purposes. You may, however, note that the sameggrstate acts as
pumping state (3) and the upper lasing state (2 State of affairs has
its own shortcoming. If the pumping state has tb & upper lasing
state, it must have a longer life time (metastadbéte) which implies
that it must have very narrow frequency width. @a bther hand, for
proper utilisation of pumping energy, this statestnhave a wide
frequency width so that more and more atoms geiranwdated there.
So, you see, it is a kind of conflicting requirertgput on a single
energy states.
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The pumping scheme free from the shortcomings meetli above with
reference to three-level pumping scheme is whatcalé four-level
pumping scheme shown in Fig. 2.8c. In this case ptinmping state (3)
and the upper state (2) are separate; atoms ipuitm@ing state undergo
non-radiative transition to the upper lasing st&tee four level pumping
scheme, however, has some limitations. Substamiigy is lost during
non-radiative transitions between pumping statea(®) the upper lasing
state (2) and between the lower lasing state (d tla@ ground state (0).

You may now ask: Which pumping scheme is better preferred?
Each pumping scheme has its own advantages andvdisgages. The
choice of the pumping scheme in designing a las@edds upon the
active media, the kind of use we want to put tleerddight to, etc. We
will discuss these aspects in the following se&ioriou may now like
to answer an SAQ.

SAQ 2

If laser action occurs by the transition from arcieed state to the
ground state and it produces light of 693nm wawglenwhat is the
energy of the excited state. Take the energy ofgtioeind state to be
zero.

2.4.3 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 existannactive medium, a
light beam of particular frequency passing throughwould get
amplified. It happens because in such a situastimulated emission
dominates spontaneous emission. This is the basiciple of optical
amplifier. But a laser is much more than a simgdgcal amplifier. The
laser, which produces a highly coherent beam &it,ligoes not include
a coherent light beam to initiate stimulated ermoissiinstead, it is the
spontaneously emitted photon from the upper lasstgte which
stimulates the emission of new photons. Each speotas photon can
initiate many other stimulated transitions whighfurn, may cause light
amplification. Well, in this way, we do get ampdidition of light by
stimulated emission. But, how is coherence of thmplified light
ascertained? In other words, how can we ensurdliadaser light has a
very narrow bandwidth (monochromaticity) and a haggree of phase
correlation? As such, the amplified light from lagenot coherent. It is
because the spontaneous photons are independesdcbf other and
travel in different directions. Therefore, the @sponding stimulated
photons will also travel in different directions.
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Can you suggest what we should do to obtain a yigbherent laser
beam? To obtain a coherent light beam, we neecte A mechanism
by which a condition is created such that spontasenission only in
certain selected direction can develop stimulatedisgion. This
mechanism is known as feedback mechanism. The apeoiis photons
emitted in other directions leave the active mediwithout initiating
much stimulated emission.

Now, you may ask; how do we actually achieve thasolirable

condition for spontaneously emitted photons in s@negerred direction
to further stimulate emission? Well, this is acctstied by means of an
optical resonator— an essential component of a laser. Let us utadets
how an optical resonator works.
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Fig. 2.9: Optical resonator consisting of two misrd1, and M,; M, is
totally reflecting whereas/, is semitransparent; the axis of the mirrors
is aligned with that of the active material

Optical cavity resonator can have many configuretiolThe schematic
arrangement of a simple resonator is shown in E#. It consists of a
pair of plane mirrorsM, and M ,, set on an optic axis which defines the

direction of the laser beam. The active materigbleced in between
these mirrors. The photons emitted spontaneoushgaheAA direction
or sufficiently close to it travel a relatively Iger distance within the
active material. It is so because photons trawglihong AA will be
reflected back and forth by the mirrox, and M,. You may notice that

the direction of travel of these photons is quited. Now, as a result of
spending more time in the active material, thesentgmeous photons
will interact with more and more atoms in uppeiirigdevel. Thus, the

stimulated emission will add identical photons Ime tsame direction,
providing in ever-increasing population of coherghotons that bounce
back and forth between the mirrors. On the otherdha&pontaneous
photons and the corresponding stimulated emissioother directions

will traverse relatively shorter distances (anddeespend lesser time) in
the active medium. Hence they will soon die outu§hhe optical

resonant cavity provides the desired selectivitpmipagation direction
and thereby ensures the spatial coherence of $be lh@am.
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Now, what about monochromaticity of the laser [®QiWell, the laser

light is highly monochromatic due to the very natwf its origin — the

stimulated emission. It is so because the spontshgeemitted photons
whose frequency do not match with the frequenciedthce between
lasing levels will not give rise to stimulated esis. Thus, the band of
wavelengths emitted during spontaneous emissiamaisowed down.

The monochromaticity of the laser light can furtberenhanced by the
optical resonant cavity. Suppose there are mone tme upper lasing
levels in a particular active medium. In that cabe, laser output will

consist radiations of more than one frequency. Nbthe mirrors of the

resonant cavity are such that their reflectivitaifinction of frequency,
the radiations due to undesired lasing betweenldewél be damped

out. Therefore, resonant cavity is the most viahponent of the laser
to obtain highly coherent light beam as output.

You may recall that the spatial coherence is a oreasf the uniformity of the
phase across the optical wavefront. And the tenrhmmiaerence is a measure pf
the monochromaticity of the light.

In this section, you learnt the basic constituesft@ laser. Since the
invention of the ruby laser by Maiman in 1960, tresearch and
development in this field has produced a varietylagers. It is not
possible to discuss all of them in detail here. Eeer, we shall discuss
some of them now.

2.5 Types of Lasers

Lasers can be classified in a variety of ways. Gfniese is in terms of
their active media. As mentioned earlier, materialall the three states
of matter, namely, solid, liquid and gas, have besed as active
medium to produce laser beam. Further, lasers hage been

constructed using semi-conductors and plasma agaoedium. In the

following, let us know about some of them with partar reference to
the physical properties of the active medium ardpgbmping methods
employed.

2.5.1 Solid State Lasers

These lasers use an active material which is aalignan insulator

doped with ions of impurity in the host structuféese lasers invariably
use optical pumping to obtain the condition of dapan inversion. The

sources for optical pumping may be discharge flasdd, continuously
operating lamps or even an auxiliary laser. Thevaatentres in these
lasers are transition element ions doped in thiectigc crystal. The host
material for these active centres are generallgexirystals. The most
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popular type of solid-state lasers are thby laser andNd:YAG
(neodymium: yttrium, aluminium, garnet) laser. RubyAl>Os crystal
(corundum) doped with triply ionised chromium at¢@r®*). You have
learnt the functioning of this laser in section.2.2

Aclive.
material

Pumping source (b)

(a)
Fig. 2.10: Pumping arrangement for solid-staterkase

In solid-state lasers, the optical pumping is dbgeplacing the active
material (in the form of a rod) at one focus anel pfumping source (in
the shape of a right cylinder) at another focuaroklliptical reflector as
shown in Fig. 2.10a. The advantage of such an geraent is that any
light leaving one focus of the ellipse will passoiingh the other focus
after reflection from the silvered surface of themp cavity. All of the

pump radiation, therefore, is maximally focussedtm active material,
as shown in Fig. 2.10b.

The Nd: YAG Laser

This laser, unlike ruby laser, employs four levahyping scheme. The
energy levels of the neodymium (the active matgigalshown in Fig.
2.11. In order to keep the discussion simple, weehaot used the
spectroscopic notations for different energy level$ig. 2.11. Rather,
energy levels have been markgg, E,, and so on. The optical pumping
raises the Nd atoms in the ground stdg)(to a few excited state€(,
Eg). The energy levels markeH, and E, are the lasing levels. The
pumped atoms in the excited states undergo noatraglitransition to
the upper lasing levelg,. Out of the group of lower lasing levels, the
major portion of energy is emitted in the transitio
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Fig. 2.11: Energy level diagram of Nd (neodymiuor) in Nd: YAG

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

This solid-state laser has two advantages:. (ap# & low excitation
threshold and (b) has a high thermal conductiitye to high thermal
conductivity, it can be used for generating lighilges at a high
repetition rate or for continuous operation.

2.5.2 Liquid Lasers

In this class of lasers, as the name indicatesathige media are either
the liquid solutions of organic dyes or specialtggared liquids doped
with rare-earth ions viz., Nd However, the majority of liquid lasers
use a solution of an organic dye as active medinthteence are also
called organic dye lasers.Solvents used for the purpose are water,
methanol, benzene, acetone etc. The liquid lagersically pumped.
The energy states taking part in the lasing trenmsiare the different
vibrational energy states of different electrommergy states of the dye
molecule. Since you may not be familiar with thérational energy
states of molecules, we do not discuss the pumgthgme of this class
of lasers.

In contrast to solids, liquids do not crack or s#vatind can be made in
sizes almost unlimited. Another advantage of ligagers is due to their
(that of organic dyes) wide absorption bands in tfgble and near
ultraviolet portion of the electromagnetic spectrufmerefore, liquid
lasers are an ideal candidate fonable laser, i.e., the frequency and
hence energy of the output laser beam can be sdladth ease.

2.5.3 Gas Lasers

The attractive feature of gas lasers in which radefjases are the active
media, is that they can be designed to produceubbgams over a wide
range of wavelengths. Except for the caesium-vapaser, gas lasers
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are pumped electrically rather than optically. Ga say why? It is
because the conditions for amplification by stinedaemission, at one
wavelength or another, are satisfied by an eledtdischarge through
almost any gas. Another reason for employing atsdtpumping for
gas lasers is that, unlike solids and liquids,ahsorption lines of active
centres in gaseous media exhibit substantiallyomawidths. Therefore,
optical pumping would prove very inefficient forgksers because the
pump radiation obtained from optical sources dohaye line spectrum
of very narrow lines. In other words, the energy agtical pump
radiation has a considerable spread in its valuk simce the gaseous
active media will absorb radiation of almost singleergy, most of the
pump energy will go waste. Hence, optical pumpm@goat used for gas
lasers. Further, gas lasers have advantage over sate and liquid
lasers in that they are free from local irreguiesit Most gaseous
systems have a high degree of optical perfectiomplsn because the
density 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 safidbs

The Helium-Neon Laser

In the helium-neon laser, a mixture of helium (ldayl neon (Ne) gases
is used as active mediutmasing levels are provided by the exited states
of the Ne atoms, whereas the He atoms play an taporole in
pumping Ne atoms to the excited states. The Hedserlis shown
schematically in Fig, 2.12. The pumping is doneabgtationary glow
discharge fired by a direct current. When the pidérdifference
between the anode and cathode is about 1000V, va discharge is
initiated in the working capillary (containing HesNmixture) of a few
millimetre diameter.

Totally Partially
reflecting transparent
mirror mirror

He-Ne mixture ANNNAS>
Lﬂ_l——\— NN

Fig. 2.12 The He-Ne Laser

& Laser beam
- L | ;H AN

\

Electrodes
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Fig. 2.13: Energy level diagram of helium-neon tas&rrows (=)
indicate the lasing transition

Now, let us look at the pumping scheme of the Held$er. Refer to
Fig. 2.13 which shows the energy level diagramhef He-Ne laser.
When free electrons produced during the gas digehpass through the
He-Ne mixture, they collide with the He and Ne asoamd excite them

by impact energy transfer. Such absorptive trasstidue to electron
impacts are shown by dashed arrows in Fig. 2.18s@&excited states of
He (i. e. E,' and E,') are metastable. Thus, He-atoms excited to these
states stay there for a long time before losinggnéy collision. The
interesting feature of the He-Ne energy diagrathas the excited states

of Ne, namelyE, and E; have approximately the same energy as that of

E,' and E,' of He atom. Therefore, when He-atoms Ey and E,'

collide with Ne-atoms in ground state, the He-atotransfer their
energy to Ne-atoms and raise them to the st&teand E.. Such an

exchange of energy is known essonant collision energy transfer
Due to this energy transfer, He-atoms fall bactheoground state. As a
result, the excited state§, and E, of Ne-atoms have a sizable

population which is much more than that of stalgsnd E,. Thus a

condition of population inversion is achieved betwehe upper lasing
levels E; (or E,) and lower lasing levelg, (E,). In such a situation,

any spontaneously emitted photon can trigger laseon between these
levels. The Ne atoms then drop down from the lovesing levels
E,and E,, to the levelg, through spontaneous emission.

The wavelength of transition between levels —»E,, E. > E,,
E, > E, are 3.39xm, 0.63xm and 1.55x m respectively. As you can

48



easily make out, radiations corresponding to g.89and 1.55%: m fall

in the infrared region of the electromagnetic spent The radiation
corresponding to 0.63m, however, gives the red light - characteristic
light of He-Ne laser. Proper selection of differéraquencies may be
made by choosing end mirrors of the resonant cawlich has high
reflectivity over only the desired wavelength range

Before we conclude our discussion about typess#ria you must know
that apart from those mentioned above, there arg/other types of gas
lasers. We may particularly mentionolecular lasers (carbon dioxide
laser),chemical lasers,plasma lasers,semiconductor lasers, etc. We
have not discussed these here since for an undénstga of their
pumping schemes, you need to know molecular spsmpy,
semiconductor physics etc. It is, however, worthno@ing here that
the essential principles, in so far as laser aagsaoncerned, remain the
same in all types of lasers.

The importance of lasers in contemporary physes iin their so many
and so varied applications. To give you a glimpsdhese we now
discuss some of the important applications ofrkase

2.5 Applications of Lasers

Applications of any device essentially stem fros unique features.
What are the unique features of a laser? Firstthadforemost, laser
light is highly coherent. This characteristic haslded us to use lasers
for data transmission and processing, precision sorements,
photography (holography), etc. Secondly, lasertlighs unprecedented
brightness (energy per unit area). Brightness sérldight, a by-product
of its coherence, can be many orders of magnitueatgr than the
brightest of the light produced by conventional rees. Further|aser
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. Bhghtness and
directionality of laser beam are exploited to progltargeted effects in
materials. These applications include material wyk(such as heat
treatment, welding, cutting, hole burning etc.)ptagpe separation,
medical diagnostics, etc. In the following, youlvdarn some of these
applications of lasers.
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2.5.1 Communication

You may be aware that in a typical communicatiostesy, information

Is communicated (between the transmitter and tleiver) through

electromagnetic waves, which are known as carriavew These are
modulated by the desired signal (the oscillatiohsthe information

proper). Normally the signal frequency is apprelgidbwer than the

frequency of the carrier wave. Moreover, the highike carrier

frequency, the wider frequency range it can moeullat other words,
the capacity of a communication channel is propodi to the

frequency of the carrier wave. The frequency indéstre of the visible
spectrum is about 100,000 times greater than thguéncy of 6 cm
waves used in microwave-radio relay systems. Caesdty, the

theoretical information capacity of a typical lightwve is about 100,000
times greater than that of a typical microwave.

Long distance communication systems rely on thencppie of
multiplexing-the simultaneous transmission of maifferent messages
(information) over the same pathway. The ordinarymhn voice
(conversation) requires a frequency band from 200000 Hz, a band
3800 Hz wide. A telephone call, therefore, can fa@gmitted on any
band that is 3800 Hz wide. It can be carried byaxw@l cable in the
frequency band between 1,000,200 and 1,004,00inHlze MHz range,
or a He-Ne laser beam (638.8 nm, 4.738'“Hz) in the frequency range
between 473,800,000,000,200 and 473,800,000,00420¥ou may
note here that the telephone message requires @bbyercent of the
available co-axial carrier frequency. And, the saelephone message
requires less than one-billionth of 1 percent & #vailable laser-beam
frequency. Thus, the information carrying capaciopld be enhanced
tremendously if laser beams are employed as cari$ar, wait for some
more time till laser trunk lines come into use ibig way and you may
be saved from listenin@All the lines in this route are busy. Please dial
after some timeé

Now you may ask: Light, as such, was available $ofrom time
immemorial, then why is it that we are using (aarpling to use!) it for
communication purposes now? Is it related to tisealiery of a laser in
any way? Yes, it is. As we mentioned eatrlier, lifloin conventional
sources may not be pure (that is, it may be nonecimmomatic) and
hence cannot be used for transmitting signals. dRadives from an
electromagnetic oscillator are confined to fairharmow region of
electromagnetic spectrum (i.e. it has a well defifr@quency). These
radio waves are, therefore, free from "noise" (aigrsble spread in
frequency values) and hence can be used for cgrrgirsignal. In
contrast, all conventional light sources are essiyntnoise’ generators,
l.e., they simultaneously emit electromagnetic aadns of different
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frequencies and hence are not suitable as carraeresv With the
invention of lasers, however, the situation changesl you know, the
light produced by lasers is highly monochromatid @oherent which
enable them to act as carrier waves in the commatiait systems.

Now, what is the medium through which laser beaavels while it

carries information? The signal carrying laser bea&an be transmitted
through free (unguided) space, and by light guidéght guides in the
form optical fibres have found wide use in opticammunication. You
will learn about the details of fibre optics in Wdiof this course.

2.5.2 Basic Research

The discovery of the laser gave birth to an entirelw branch of optics
known as nonlinear optics. Even at ordinary las@msities, transparent
materials (which are usually non-conductors), respm an unusual
manner. You may recall, for example, that the dieie constant of a
material depends on its nature as well as on #guéncy of the light
passing through it. But, it has been observedwvihan the ordinary light
beam is replaced by a laser beam, the dielectristaat also depends on
the instantaneous magnitude of the electric fielshgonent of the laser
beam. In other words, the response of a materiligio 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, falcnost all the laws
of optics are modified to some extent at the highnsities produced by
pulsed lasers.

Another important application of lasers in basicseach and
development is in the field of thermonuclear fusiéis you know, for
effective fusion to take place, an extremely higimperature (~F0K)
must be maintained. In principle, such high tempees can be
achieved by powerful laser beams.

Yet another remarkable application of lasers igsmtope separation.
One of the basic requirements of harnessing nuocbrergy from
uranium is to have 2-3% of uranium isotop®l) in the fuel. In natural
uranium, however, the percentage 8fU is only 0.7. (The major
constituent of natural uranium 48U.) Therefore, to have fuel enriched
in 2%%U, we can use laser beams. Each of these isottysests radiation
of different frequency. So when a laser beam ofi@adar frequency is
passed through the mixture fU and?3®U, the atoms of**U absorb
the radiation and get excited. The excited atomtefdesired isotope
are further excited so that they get ionised. Qangsed, it can easily be
separated by applying a dc electric field. Thisore of the several
methods of using laser beam for isotope separation.
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2.5.3 Medicine

A properly focussed laser beam is an excellent toolsurgery. The
advantage of laser surgery is that it is bloods#sse the beam not only
cuts; it also "welds" blood vessels. It has a tstgrility as no contact of
tissues with surgical tools takes place. Also,l#ser surgery is painless
and operations are very fast. In fact there is eriugh time for the
patient to respond to the incision and sense phaiser beams are being
widely used for performing eye and stone surgery.

A word of caution: any light can cause damage. t,asgarticular, can
be highly damaging because it has spatial coherearee it can be
focussed down to a high power densities. The maxinmermissible
exposure (MPE) is 0.0005 mJ ciFor exposure time frorax107°s to
10 s, the limit is MPE =.8t**mJ cm?.

2.5.4 Industry

The invention of lasers has made it possible toelbgv sophisticated
tools of material working (such as drilling, weldiretc) processes used
in industry. With appropriate choice of lasers,aser beam can be
focussed into a light spot of diameter 10 —20! 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 &gl concentration of
energy is available within a small spot on the atefof the material. For
example, when a 1 kW output of a continuous wauwg) (aser is
focussed a spot of 100 m diameter, the resultant irradiance (intensity)

will be 10 W cm. This makes laser an effective tooldrilling very fine
hole through materials.

Laser cutting, as compared to other cutting processes, offersraeve
advantages, e.g., the possibility of fine and @ecuts, minimal amount
of mechanical distortion and thermal damage intceduin the material
being cut, chemical purity of the cutting procest. Laser cutting is
extensively used in industry. For example, in higth garment
factories, CQ laser capable of 100W of continuous output is used
cutting cloth. The laser cuts 1m cloth in a secoladdl, laser cutting is
also employed in the fabrication of spacecraft th the sheets of
litanium, steel and aluminium. In cutting and ma$tthe industrial
applications, carbon-dioxide (Gaser is used.

2.5.5 Environmental Measurements

You may be aware of the conventional technique eteminining the
concentration of various atmospheric pollutantshsas gases (carbon
monoxide, sulphur dioxide, oxides of nitrogen, edr)d a variety of
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material particles (dust, smoke, etc). In this rodththe nature and
concentration of pollutants is determined by cheanignalysis. The
major deficiency of this method is that it does piivide real-time data.
The technique developed with lasers for measuhiegconcentration of
pollutants is essentially the 'remote-sensing' riegle which does not
require sample to be analysed in laboratory. Sificeprovides
information about the change in atmospheric contiposivith time, it
can serve well for monitoring the environmentallysdn.

For the determination of pollutants in the formnodterial particles, the
technique is based on the scattering of light. tHe@nique is known as
LIDAR (light detection andanging) and its operations are similar to
those of a radar. In brief, a pulsed laser is gh$is®ugh the location
under investigation and the back-scattered lightdetected by a
photodetector. The time taken by the back scattiegbtto be detected
gives information about the concentration of paitmatter.

For the determination of gaseous pollutants, ttsclarinciple involved

iIs the absorption of light by the gaseous atomsmmlecules. As

different gases absorb at different wavelengthssipg laser beams of
different wavelengths provides information aboute thgaseous
constituents of the environment.

2.5.6 Photography: Holography

The conventional photographic process, as you knoansists of
recording an illuminated three-dimensional objectsoene as a two-
dimensional image on a photosensitive surface.lighe reflected from
the object is focussed on the photosensitive serfac some kind of
image forming device, which can be a complex seokdenses or
simply a pinhole in an opaque screen.

The coherent nature of the laser beam has brodnghit & qualitatively
new method of photography without a lens systems Tfiew method,
called holography, allows three-dimensional (tlsacomplete), pictures
of a given object or a scene to be taken. Hologrgalhso known as
photography by wave-front reconstruction) does astsuch, record an
image of the object being photographed; ratheneaobrds the reflected
light waves themselves. The photographic recordtgained is called
hologram. The hologram bears no resemblance tortgaal object. It,
however, contains - in a kind of optical code -ta# information about
the object that would be contained in an ordinahotpgraph. In
addition, the hologram also contains informatiomwththe object that
cannot be recorded by any other photographic psoddslography is
the subject matter of the next unit (i.e. Unit 3).
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2.6

Summary

According to the Bohr's theory, if an atom makegsamsition
from an excited state (of enerdy) to a state of lower energy

E,, emission of electromagnetic radiation (photor&etplace.
The energy of the emitted photonis'=E, - E, .

When electromagnetic radiation interacts with niatieree type
of processes may occur:

0] Spontaneous Emission
(i)  Absorption
(i)  Stimulated Emission

Light emitted by ordinary sources is due to spo@tars
emission.

The existence of stimulated emission of radiatias predicted
by Einstein on the basis of thermodynamic constasra. If the
population of the energy levét, be N, and that ofE, be N,

(E, < E,) then, the ratio of the population of the two Haie
given as

& _ Bu(v)
N, Ayt Bz1U(V)

where, u(v) is the energy density of radiation at frequencynd B,,,
B,, and A,, are Einstein coefficients.
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Einstein coefficients are related to each otheroubh the
relations

B21 = BlZ
i _ 87Zhl/3
B,, c?

Einstein's relation clearly indicates that stimethemission may
dominate spontaneous emission provided the condiid

population inversion exists. And in an atomic systehere a
condition of population inversion exists, one mayavd

amplification of light, that is, laser light.



° Einstein's prediction was first realised in theiagdt frequency
range by Maiman who developed a laser using a irodby

o There are three prerequisite for laser operation:

0] Active medium
(i) Pumping
(i)  Optical resonant cavity

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

ol hvn

|4

=1,

OX C

(Nl - Nz)B

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

o This relation clearly indicates that for enhanceimen the
intensity of the light beam as it traverses thavacmedium,
N, > N,, i.e., a condition of population inversion musisex

o There are a variety of methods for pumping, suchoggical
pumping, electronic discharge, inelastic atomiclisions etc.
The choice of pumping process mainly depends upemature
of the active medium.

) There are two types of pumping schemes: three landlfour-
level.
) Optical resonant cavity helps in obtaining sustailaser light.

2.7 Terminal Questions

1. Assume that an atom has two energy levepmrated by an
energy corresponding to a frequency>-4l@** Hz, as in the He-
Ne laser. Let us assume that all the atoms ardeldaa one or
the other of these two states. Calculate the fractif atoms in
the upper state at room temperature T = 300K.

2. A pulsed laser used for welding producd3 \A0Oof power during
10 m. Calculate the energy delivered to the weld.
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2.8 Solutions and Answers
SAQs

1. The ratio of the number of spontaneouditowtated emission is
given as

Ay, —e"/keT _q
leu(V)

The absolute temperature of an ordinary sourcegbt has been given
as

T=10°K

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

E;M: 05x10° Hz
A 600(x10"m

Planck's constartt = 66x10°*Js
Boltzmann constank, = 138x10%2J K}

Hence,

Pu gy 86x107(I5)x 05x10°(s ™) | |
B,.u(v) 138x107 (I K *)x10°(K)

= expR3 -1
=10"

Thus, for ordinary sources of light, the numbespbntaneous emission
is much, much greater than the number of stimulatei$sion.

2. Let the energy of the excited state (uppsing state) be&, and
that of the ground state (lower lasing state)sheThe laser light
iIs due to the atomic transitions frore, to E,. Thus, the
frequency of the laser light will be

_E,-E

~h

| 4
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Now, as per the given problem,

E, =7, E;.=0andi=693 nm =693x10°m
Hence,

3
_ 30mIS _ 315104 s

v==s
A 692x10°m

E,-E =hv
E, =66x10*(Js)x31x10"(s™)
=2046x107° J
=12.77 eV
TQs
1. Let the two energy levels i and E, (such thatE, <E,) and

their population beN, and N, respectively. According to the
Boltzmann distribution

N2 = g (BB /keT

1

We know that

(E,-E) = hv
= 662x10°(Js)x 47x10"(s™)
=31114x10%J
and
keT = 138x10*(J/K)x300K)
= 414x10%J
Hence,
NZ

- e_(EZ_El)/kBT

_ 31.114x107%°
= eX F—
414x10°%
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= expE75.])
= 242x10%
2. Power = Energy per unit time
Time
Given Power =100 W =100 (J/s)

Time =10 ms 20x107°s
Energy = Powek Time
=100 (J/skx10x10° (s)

=1J

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

3.1 Introduction

3.2  Objectives

3.3  Holography: The Basic Principle

3.4  Holography: The Process
3.4.1 Production of Hologram
3.4.2 Reconstruction of Image
3.4.3 Practical Considerations in Holography

3.5 Applications of Holography

3.6  Summary

3.7 Terminal Questions

3.8  Solutions and Answers

3.1 Introduction

In the previous Unit, we pointed out that one oé tlevolutionary

applications of lasers is in the development ofoaeh technique of
photography, known as holography. This word is ¢benbination of

two Greek words - holos (complete) and graphostifvg). That is,

holography is the technique of obtaining completéupe (as true as the
object itself) of an object or a scene. In otherrdgo it is a three-
dimensional recording of an object or a scene. Wau may be

wondering as to what essentially differentiates tieichnique from the
normal photography! In normal photography, a twmeinsional image
of a three-dimensional object is recorded on a geeotsitive surface.
The photosensitive surface records the intensisgridution of light

falling on it after reflection from the object. As consequence, we
obtain a permanent record of the intensity distrdyuthat existed at the
plane occupied by the photographic plate when & e®posed. Since
the photosensitive surface is sensitive only toitlensity variation, the
phase distribution existing in the plane of the tphoaphic plate is
completely lost and is responsible for the absentethe three-

dimensional character in it. Holography is thahtgque of photography
where not only the amplitude (and hence the intgndiut also the

phase distribution can be recorded. As a resuttupgs obtained by
holographic technique possess three-dimensional ford are visually
rich.

Holography was introduced by Dennis Gabor in 1948.showed that
one could indeed record both the amplitude angttase of a wave by
using interferometric principles. In Sec. 3.2, ywil learn the basic
concepts involved in the holographic technique. Yall be able to
appreciate the similarity between the hologram d&nel diffraction
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grating. The process of holography, i.e., how ttawba hologram, how
to obtain images from the hologram, etc., has lexpiained in Sec. 3.3.
Due to the high cost of lasers (an essential requent for holography),
this technique is not being used extensively. Tdehnique, however,
has tremendous potential and some of the impogpplications have
been explained in Sec. 3.4.

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

o differentiate between normal photography and haphy

o explain the basic principle of holography

o describe how holograms are obtained, and 9 statee f the
applications of holography.

Reference wave is the light wave falling directlytbe photosensitive plate.

Object wave is the light wave reflected from thgeab and received at th
photosensitive surface at the time of recordinghttlegram.

D

3.3  Holography: The Basic Principle

Holography is the process of recording the interiee pattern produced
by light waves reflected by an object and refereme@ves. This
interference pattern of the object is unique anchikedhologram (total
recording). If you look at a hologram, you will hsa that it does not
even remotely resemble the object. However, whisnrétorded pattern
is illuminated by a suitably chosen reconstructi@ave, out of the many
component waves emerging from the hologram, oneewampletely
resembles the object wave in both amplitude and@hiEhus, when you
look at this wave, you perceive the object stillnigein position even
though the object may not be present there. Sindagl reconstruction
(that is, image production), the object wave itselemerging from the
hologram, the image has all the effects of threeedisionality. You can
indeed shift your viewing position and "look beHirnlde objects.
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Fig. 3.1 The principle of holography: (a) Point@dtjforming concentric
diffraction rings as in zone plate; reconstructiminzone plate gives
point image (top right). For two points and a mooenplex object, these
features are shown in (b) and (c) respectively

Let us understand the basic concept involved irodralphy with the
help of a simple example. Incident light, shown Rig. 3.1 (a), is
diffracted by a point object. It gives rise to aisg of bright and dark
concentric rings. The pattern is recorded photdgcatly and made into
a transparency. This pattern, calle@abor zone plate, is similar to a
Fresnel zone plate. In the second step (top rigdtt) is incident on the

ring pattern (i.e., the Gabor zone plate) and feedsy it into a point,
as focussed by a zone-plate.

Now, refer to Fig. 3.1(b) in which the object catsiof two points
(pixels). The diffraction pattern then consiststwb sets of concentric
rings. When the pattern is illuminated, each of tine sets focus, and
the image consists of two points. As the obje@nsaggregate of many
pixels, its diffraction pattern is shown in Figl®). The intermediate
recording is a continuum of superposed zone platersinrecognisable
multiplicity of lines and rings. Each pixel in tiodject forms its own set
of fringes. Within each set, the light interferag between sets, there is
no fixed phase relationship and hence no intert=ren order to make
the different signals compatible in phase, anottere called reference
is added. Refer to Fig. 3.2 where the effect ofirglda sufficiently
strong reference beam to the random-phase sigshbiwn. As a result,
the phase of the resultant of reference and theaklgecomes similar to

that of the reference alone. Thus contributiongnfrdifferent pixels
produce an interference fringe pattern.
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=t

Reference beam

éd’;‘:’\é

Resultants

Scattered light
(signals)

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

The essence of holography is that the process afenformation is
being interrupted and split into two. In the firstep, the object is
transformed into a photographic record, calledhitblgram and in the
second step called reconstruction; the hologranrassformed into
image. No lens is needed in either step. You may Iile to answer an
SAQ.

SAQ 1

Using the size of the amplitude vectors drawn o Bi2 calculate
(@) the ratio of intensities, and (b) the cortn&sulting from these
intensities.

At this stage, you may say that in photography, twkia essentially
record is the light reflected from the object anot fits diffraction

pattern. Well, it is easy to extend the basic ioelolography, explained
above in terms of Gabor's zone-plate, to the acpladtography
situations. Reflected light waves, like other wa\ae described by their
amplitude (or intensity) and their phase (or fregryg. To capture the
wave pattern completely (that is, to obtain theogohm) both the
amplitude and the phase of the wave must be redatieach point on
the recording surface. As you are aware, recordhghe amplitude
portion of the wave is achieved in normal photogsapy converting it

to corresponding variation in the opacity of thefagraphic emulsion.
The photographic emulsion is, however, insensitovgphase relations.
In holography (also known as wave-front reconstamjt the phase
relations are rendered visible to the photogragiiate through the
technique of interferometry. You may recall from t@p Il that

interferometry converts phase relations into cqoesling amplitude
relations.
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When two plane waves derived from a common soungginge at
different angles on a screen, they produce a seindgbrm, parallel
interference fringes. The spacing of the fringepetels solely on the
angle between the impinging waves (that is, on ghth difference
between them). A photographic recording of suchrmé pattern results
in a grating-like structure. In case of holograpbye of these waves is
the one reflected from the object (called the abjeave) and hence
need not be a plane wave. The wavefront of thecstftd wave will be
highly irregular because of the unevenness of tiecd surface. When
this irregular reflected wave pattern interfereshwhereference wave,
the resulting interference pattern will not be omfi. Rather, it will have
irregular interference pattern — the irregularity the impinging
wavefronts. At places where the signal bearing wateeobject wave)
have maximum amplitude, the interference fringesehthe greatest
contrast and vice-versa. Thus, variations in th@lande of the object
wave manifest as the variation in contrast of #wrded fringe pattern.
Can you recall the implications of the spacing bé tinterference
fringes? It is related to the path difference (admehce the phase
difference) between the two interfering waves. Alnel path difference,
in turn, depends on the angle between them. Thgedathe angle
between the two interfering waves, the more closelyced will be the
fringes and vice-versa. Therefore, variations ia pihase of the object
wave manifest as the variations in the spacinghef ftinges on the
photographic record (the hologram). Thus, in aog@m, both the
amplitude and the phase of the signal-bearing w#we object wave)
are preserved as variations in the contrast andirgpaf the recorded
interference fringes respectively. The hologramaoigd in this manner
has many properties similar to the diffraction grgtabout which we
will discuss in the next section. When this hologres illuminated by
light of appropriate wavelength, a three- dimenaiomage of the object
can be obtained.

3.4  Holography: The Process

As mentioned earlier, the process of image formabip holography is a
two-step process. In the first step, the wavescedld from the object
are recorded in such a way that complete informatiegarding the
amplitude and phase variations is preserved. Tleisording of

wavefront is called the hologram. The second stegolves the

reconstruction of an image of the object by illuating the hologram by
light wave called reconstruction wave (which is ntleal to the

reference wave). In the following, we discuss thege steps and also
mention some of the practical considerations alibat holographic
technique.
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3.4.1 Production of a Hologram

Holograms can be produced in several ways depengtiag the relative
orientation of the reflected (or scattered) and rééfference waves. For
example, Gabor's zone-plate, which is nothing bimokegram, is the
record of interference between the two waves thagemore-or-less in
the same direction. This is easily done with olgetiat have enough
open spaces between them, such as a wire mestaqu@petters on a
clear background (Fig. 3.1c). Signal and refereimcether words, travel
in the same direction. Such a hologram is calledoB&ologram or in-
line hologram. It was only after the invention afsér that this novel
technique of photography became truly practicalthWthe help of
lasers, N Leith and Juris Upatnicks produced what is knowwof&ésxis
hologram. In the off-axis hologram, the referenearh and the object
beam arrive at the recording plate from substdptthfferent directions.
This made possible holography of solid three-dirared objects. Now,
the question arises: How are holograms recorded@nberstand this,
refer to Fig. 3.3. A beam of coherent laser lightwhich all points on
the wavefront are in phase) is split into two bear@me beam
illuminates the object to be recorded and the ligdilected from this
object falls on a photographic plate. The othemntezalled the reference
beam, is reflected from a mirror to the same pheatplgic plate. Due to
superposition of wavefronts of these two beamsanterference pattern
is recorded on the photographic plate. The recordhe photographic
plate (hologram) is simply a pattern of interferingvefronts and shows
no resemblance to the recorded object. The holognamever, contains
"all the information™ about the object.

Ordinarily, these interference fringes are veryselg spaced and cannot
be seen by unaided eye. Hence the hologram appedres uniformly
grey. When seen by microscope, however, a hologsarfound to
consist myriad of tiny "cells", each cell contaigia series of fringes of
various lengths and spacing. Further, a laser ésled for holography,
merely because its coherence length exceeds thedgégrence due to
unevenness of the object.

From laser

N

splitter

Fig. 3.3: Recording the hologram; microscope lengesadens both
beams without affecting their coherence
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Now, having learnt how holograms are recorded,uketpause for a
moment and think about the fundamental differencen terms of
technique as well as characteristics — of a hologaad a conventional
photograph. This is the subject matter of TQ 1.

3.4.2 Reconstruction of Image

As mentioned above, the hologram of an object ésrétording of the
interference pattern, on a photographic plate, yred by the object and
the reference waves. The hologram, when viewed withided eye,
does not even remotely resemble the object phqtbgd The process
of obtaining the image of the object is knownr@sonstruction. In the
reconstruction process, as shown in Fig. 3.4, thegnam is illuminated
by the light beam (which is similar to the referermeam) alone and the
reconstructed wavefronts appear to diverge fromrtiage of the object.
Let us investigate the process analytically.

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

wy = A(X y)cospt+ ¢ (X Y)
(3.1)

and the reference wave as

w, = A, cosppt+d,(X )]
(3.2)

You may notice that the amplitude of the referemaeve is not a
function ofx or y (the photographic plate is in th-plane) indicating,
therefore, that it is constant at all points on petographic plate. On
the other hand, the amplitude of the object wa&eis a function ofx
andy because it will vary from point to point on the pbgraphic plate
due to reflection from the object. Similarly, thegse of the reference
wave ¢, will be constant if it (the reference wave) fallsrmally on the
photographic plate and will be a functionxaindy if the incidence is at
some angle. The phase of the object wayewill be, however, a
function of x andy. When these two waves arrive at the photographic
plate, the total field distribution will be
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Lens

Laser

2 ’ Hologram
/ 27
{ V4 . Real image

N w
5 4
Virtual image

Fig. 3.4 Reconstruction process of an Image indralohy

Photographic plate

l//total = l//l + ‘//2

= A (X, y)cospt +¢,(X, y)] + A, cospt +¢,(X, Y)]
(3.3)

As you know, the photographic plate responds oolyhe intensity.
Thus, to get the intensity distribution on the mgvaphic plate, we must
take the time average of (3.3)

I (X, y) =< (l//total) >
<[A(x,y)cospot + 4, (x, y)] + A, cosppt + 4, (x, V)] >
A? <coS (ot +¢,) > +AZ <cos (ot +4¢,) >
+ 2A A, <cospt+¢)-cospt+g,) >
= %?+72+2A1A2 -%<cochut+¢1+¢2)+cos@2 —¢,) >
(" cos(A+ B)+cos(A—B) = 2cosAcosB)

= _2+%2+A1A2 COS@Z _¢1)

2
(3.4)

Eq. (3.4) indicates that the phase informationhef dbject wave is also
recorded in the intensity pattern on the photog@aplate.

Now, as mentioned earlier, during the reconstractmocess, the
interference pattern on the photographic platelgdahologram) is
iluminated by a reconstruction wave. Let this mestouction wavey,

have the same phase as that of the reference wavso,
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y3(Xy) = Ascospt+ ¢, (X )] (3.5)

What will be the nature of the transmitted wave wttee reconstruction
wave falls on the hologram? Well, the hologramxpased in such a
manner that the amplitude transmittance is lineaalgted tol (x, y), the

incident intensity at the time of recording. So, e, the transmitted
wave

v o s (V)X Y)

w,= [(AEZAZZ)%+A1A;A3 cos@t+¢l)+#cos@t+2¢2—¢1)}

(3.6)

SAQ 2
Starting from the relationy, o« w,(x y)I(x,y), derive EQ.(3.6) using
Egs. (3.4) and (3.5).

The transmitted wave represented by Eq. (3.6) stnsif three terms.
What do these term signify physically? The firstrieis the
reconstruction wavey,) with its amplitude modulated by the amplitude

of the object wave A ). It is so becausé\ is a function ofx andy
whereas the reference wave amplitutleis a constant. As a result, this
part of the transmitted wave will travel, with giigattenuation, in the
direction of the reconstruction wave. The secomah s identical to the
object wave {,) except for the constant ter(i,A,)/2. Here lies the

beauty of holographyThe hologram and the reconstruction wave
have generated a wave which is in every way idenéicto the wave
which originated from the real object itself while recording the
hologram. This part of the transmitted wave forms a virtimhge of
the object. The third term which is similar to thlject wave forms a
real image of the object. As a result, a three-dsrenal picture of the
object can be obtained by placing a camera in tis@ipn of real image.
The reconstruction process along with various paftthe transmitted
wave is shown in Fig. 3.5. You may note that thgectbis not present
when image is reconstructed. However, one of thelvexg beam,
resulting due to the reconstruction process, isitidal to the beam
reflected by the object at the time of recording hlmlogram.
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Hologram L
Hologram

Incident Light \.
¥

7
| bkt >
wave R
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Reference Virtual image Rea g
wave (a)
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Fig. 3.5: (a) Recording the hologram: Wave refldcteom an object
interferes with the reference wave, (b) Recowrstva: The hologram
diffracts the reconstruction wave, resulting iansmitted wave which
produces a real and a virtual image

3.4.3 Practical Considerations

So far, we have discussed physical principles dra eéxperimental
arrangements of holography. Suppose you are iratheal process of
producing holograms and its subsequent reconstrutii obtain a three-
dimensional image of the object. What are the ingraraspects of the
process, and components used therein, about whoch syhould be
careful? Well, there are several practical consiti@ns in holography,
which are essentially related to the photograpitng, fthe stability and
the coherence condition. Let us have a closer lmokhese practical
considerations.

As far as the photographic film is concerned, haog must be
recorded on films of high resolvance. Look agairrigt 3.3. You may
notice that the reference wave, (the light reflédig the mirror), and the
signal (the light reflected by the object) subteradtain angle at the
photographic plate. If this angle is too large, enttan a few degrees,
the fringes formed between the signal and referemeevery closely
spaced and even the best emulsion cannot resawe tho obtain high
resolution, extremely fine-grain film has to be disBut fine-grain films
are very slow and hence require larger exposure {(amfew minutes).
And, if during this exposure time the object movise recording of
hologram will not be proper. What is the way outlut problem? The
way out of the situation is to use high power ldsesam to compensate
for the exposure time.

Further, the whole system of recording the hologsdrauld be highly
stable, i.e., it should be completely free fromratibn. Can you say
why? It is because the density of the fringes @npghotographic film is
extremely high. For example, if the angle betwdes signal and the
reference wave is 8qRefer Fig. 3.3) and the wavelength of the laser
light is 633nm, the fringe frequency (Refer to ©gptil):
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=1/d; whered s fringe width

_ sind _ sin30°

635 10° lines per metre
<X

= 7x10° lines per metre.

Can you imagine the smallness of this separatitve! ffinge width will

typically be a thousandth of a millimeter. Therefoif any component
of the holographic set-up moves during recordirgg whole fringe
pattern will disappear. To meet this stability negment, the film

exposure time should be kept minimum (by using Vegy power laser)
and the holographic system should be isolated fyatside vibrations.

The most important and obvious consideration irota@phy is to use

coherent illumination. The coherence length of taser used for

illuminating the object must be greater than thi pifference between
the reference wave and the object wave. The pedgiroblem is that as
the power of laser increases (which we use formmsing the exposure
time), its coherence length reduces. Similarly, t@herence area
(spatial coherence) of illumination from a lasersinibie greater than the
transverse size of the object to be photographed.

Having learnt about various aspects of holograployy may now be
interested to know about its applications. Thishis subject matter of
the next section.

3.5 Applications of Holography

There are many aspects of holography. Its influemténterferometry,
photography, microscopy, astronomy, pattern redmgniand even art
has only begun to bear fruit. We will now discussse 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 gige to it. Similar

was the case with holography which introduced a reewge of powerful

methods to interferometry. Interferometry is gefigrased for precise
measurement and comparison of wavelengths, forumegsvery small

distances or thicknesses (of the order of wavelengif light), etc.

Testing for stresses, strains and surface defoomagi one of the most
useful practical applications of holographic ineedmetry.
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In the double-exposure technique of holographi@rfetometry for
measuring deformation in object due to strain, exposures are made
of the object — one before loading, and the otlfter &.e., under strain).
The original object and the object after defornmatiare recorded
holographically on the same photographic plate. Tbogram thus
obtained is a double exposure, with the seconcematif wave fronts
superposed on the first. When this hologram is nstacted by
iluminating it with the reference wave, both imagare viewed
simultaneously. Since they are slightly differenedo deformation, the
two images interfere. Thus, any distortion of thgeot will show in the
form of fringes. Like other kinds of interferometthe technique readily
detects changes that produce optical-path differesfcthe order of a
fraction of the wavelength of light. And unlike maal interferometry,
however, it is possible to perform experiment quéadily with almost
any type of material.

Holographic Microscope

Microscopy has been the primary area of applicatibholography. In
fact, Gabor's discovery of this technique was tiiea@me of his attempt
to enhance the resolving power of an electron mmype. In contrast to
a conventional high power microscope, a holographaroscope has an
appreciable depth of field and it need not be feedsat all. To see how
a holographic microscope functions, refer to Fig. I'he light beam
from a laser is split into two. One beam is pas$imgugh the specimen
and through the microscope, and the other beamdisatound it. The
two beams interfere on the Film, producing a hdagr The
reconstructed image can be viewed in any desiredsesection. The
observer merely looks at the cross-section he er wishes to see,
moving back and forth throughout the depth of tmage without the
object being present at alll.

Information Storage

Information can be stored and retrieved more effity in the form of
holograms than in the form of real images. Further,is the
characteristic of the hologram that it will only comstruct the
holographic image if the reconstruction beam isidest on the
hologram at the correct angle. Due to this propesgyeral holograms
can be recorded on the same holographic plate g uws slightly
different angle between the object and the referdmeams for each
hologram. Thus, on reconstruction, depending upb@ angle of
incidence of reconstruction beam, a particular gi@phic image will be
visible. Perhaps this is how information is stonedhe brain. If that is
the case, it would help explain why attempts t@tecertain centres in
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the brain never met with much success and why bngumy often does
not lead to predictable circumscribed defects.

S T witm

( Microscope

Object

Laser

l -

Fig. 3.6 Holographic microscope

Pattern Recognition

One of the most exciting applications of holograpByin pattern
recognition, also called the character recognitidearly pattern
recognition systems, before holography came orstieme, were based
on geometrical optics. Consider, for example, thatwant to read the
letter A (Fig. 3.7).A set of characters, B, C ...are printed on a strip of
film and this film is moved through the image platfehe character to
be read matches the character on the film, theubutpm a photo
detector is zero, triggering a printer. But, inlitgathis does not work.
The character and the negative must be alignedegibrf both in
position and size, which is an unrealistic requeain

Modern pattern recognition systems are based ooghaphy. In place
of a mark containing the real image of the le®ewe may use the
hologram of the letteA.

Fig. 3.7 Pattern recognition based on geometricept
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As in holography, the hologram of the let#&rns the superposition of
two sets of wavefronts, the signal and the refererihe signal is
diffracted by an originaA and the reference is a beam of collimated
light. Subsequently, when the hologramAois illuminated with light
from anotherA, plane wavefronts arise that can be focussed anto
bright spot (Fig. 3.8 top). The spot can easilyrésognised by eye or
photoelectrically. On the other hand, if the wawafs are coming from
B or from other characters, they do not transforno ipérfectly plane
wavefronts and do not produce a focussed spoeddsta diffuse patch
of light (centre) is produced. Hence, we can scagivan matrix of
characters and determine whether or not a partichiaracter is present
(bottom).

The holograms shown in Fig. 3.8 appear to be augdsitfilters. But

because they are generated by interference betsigeal and reference,
they in fact represent both amplitude and phadmlt. They are called
"complex”, "matched", or "vander Lugt filters."

Holograms &

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

Form reading machine are a distant reality. Sortierteand words are
“inside” others. For exampleis insideE, Pis insideR andB, T, L have
the same horizontal and vertical lines and 'ariciggle ‘search’. Clearly,
the more alike are two characters, the less will the power of
discrimination. Another problem will be to 'teactiie machine to
recognise the "meaning” of a letter set in diff¢étgpeface. The lettek
can be written in an infinite number of variatiggassible when it comes
to handwriting. However, pattern-recognition ushgographs is being
extensively used in developing fingerprints libramhich stores the
fingerprints of individuals with dubious character.
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3.6  Summary

Holography, discovered by Gabor, is a novel teammigpf
photography by which a three-dimensional picturammbbject or
a scene can be obtained. In holography, the imtgrée pattern
produced by the light reflected from the object andeference
beam is recorded. Such recording on the photograplaite is
called the hologram.

The three-dimensional picture of the object is wi@d by
illuminating the hologram by a reconstruction ligigam, which
In most cases is identical to the reference beaohogfiaphy is,
therefore, also known as wavefront reconstructiootqggraphy.

Hologram is produced by splitting a beam of cohelight from

a laser into two. One beam is directed, with thie & mirror(s),

towards the object and the other is made to fa#atly on the
photographic plate. The light reflected from thgeab reaches
the photographic plate and interferes with the rezfee beam.
The recorded interference pattern on the photogecgpate is the
hologram.

. If  w,=Axycospt+g(x,y)and v, = A cospt+d,(xy),
respectively represents the object wave (wave ateitefrom the
object being photographed) and the reference wheeintensity
distribution on the photographic plate is given as
Alz 2
7 +7 + AiAz COS@Z _¢1)

During reconstruction of image, when the hologram i
illuminated by the reconstruction wave,
(v, = Ajcosppt +¢,(x,y)] the transmitted wave through the

hologram is

W= [(Aiz +A) W, + A&A;As cos@t+¢l)+#008@t+2¢z —¢1)}

2

o The second term on the right hand side has the fanmeas the
object wave and it represents the three-dimensiartalal image
of the object. The third term is also similar te thbject wave and
represents the real image of the object which eareborded on
a photographic plate.
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3.7

74

In order to obtain a hologram, the photographidepan which
the hologram is to be obtained must be of highlogiem. This is

required because the density of interference fenge the

hologram is extremely high. Also, the whole arrangat of

holography — recording the hologram as well assitbsequent
reconstruction — must be highly stable, i.e., dwdd be free from
even the slightest mechanical vibration. And ofreeywe must
use coherent light for recording the hologram asll ves

reconstructing the image.

Holography has varied applications. Holographiernfgrometry
Is a distinct improvement over normal interferomdiecause the
former can be used for any kind of material. Homirc

microscopy has enormous magnification and it aldter®

appreciable depth of field. Holography finds exteasuse in

information storage and pattern recognition.

Terminal Questions

(a) How is the process of holography défe from ordinary
photography? (b) Discuss some of the salient featwf a
hologram?

Following Gabor, assume that amplitudes signals and

reference are in ratio 1:10. Suppose that the ®ars when they
combine may be completely out of phase or in ph&&st is the

maximum ratio of their intensities?

If the angle subtended at the hologram hmy dignal and the
reference beam is 15°, what is the spacing ofrihgds provided
the wavelength is 492 nm?



3.8 SOLUTIONS AND ANSWERS

SAQs

1. (@) The least possible amplitude (when sigmal eeference
are out of phase, pointing in opposite directioiss}.36 — 1 =
3.36.

This is because, measuring the lengths of vectigrs32, we find that
the ratio of signal versus reference is 1: 4.36.

The highest possible amplitude (when signal aneregice are in phase)
and pointing in the same direction is 4.36 + 1 365.The ratio of the
amplitudes = 3.36/5.36. Thus, the ratio of intaesits

=(3.36/5.36) =0.39

(b)  The contrast is given as

Imax — | min
Imax + Imin

(536)° - (336)° _
(536)% + (336)2

which is high enough to make the reconstructioibles

2. The transmitted wave is linearly proportional ttee incident
intensity 1(x,y) at the time of recording the hologram and the

reconstruction wave, i.e.,

Wy < y5(X V)X Y)

{/f +%2+ AA, cosg, - ¢1)} (using egn 3.4)

G A +A)

5 W 5[ A A, COSE, — 4]

S A +A)

By 4 [A,cospt+4,)] [AA, Cos@, - 4,)]

(using equation 3.5)

S A +A)

Ty AAACOSE L 6,) oS, - 4,)]
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LA A

2Dyt AR, (oSO g, + 6, 1)+ COS L 6, 6, 6]

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

|

which
TQs

1.

(b)
(i)

(ii)
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(A ; A) W, + A1A22A3 cos@t+¢l)+#cos(@t+2¢z —¢1)}

Is equation (14.6)

(@) The technique of holography (photographywaye front
reconstruction) differs from that of ordinary phgtaphy in three
aspects. First, in ordinary photography, the ligéftected from
the object is received on the photographic platd wie help of
lenses or other image forming device. The amplitoidtne light
wave, reflected from each point of the object, esorded at
corresponding point on the photographic plate. l@nather hand,
in holography, no lens or other image-forming dev& needed.
As such, no image is formed on the hologram. Whs¢setially is
obtained is the interference pattern due to th# ligflected from
the object and the reference beam. Secondly, féasirobhg a
hologram, coherent light is used whereas in the cdshormal
photography, no such source of light is needed. réqairement
of coherent light is due to the fact that the hodmg is an
interference pattern. Thirdly, in holography, a eétmirrors is
used to render the reference and object beam gohittegraphic
plate.

Hologram has several interesting propertiesné& of them are
given below:

The image obtained from the hologram has three-asmeal
character unlike normal photographs, which are dimeensional.
Due to the three-dimensional character of the imagained in
holography, you can observe different perspectivéhe object
by changing the viewing position. Also, if a scenas been
recorded, you can focus at different depths.

We do not obtain negative in holography. The Hadogritself,
however, can be considered as negative in so fabi@ning the
positive is concerned. Otherwise, there is no sintyl between
the typical negative of the ordinary photographsd athe
hologram. You may have noticed that when the negaif an
ordinary photograph is seen through, we do geteh & the
object or the scene photographed. On the other, hahen we



look at a hologram we observe a hodgepodge of bbb
whorls; it has no resemblance whatsoever with thginal
object.

2. Let the amplitude of the signal (or theeajwave) beA and
that of the reference wave l#g, then, as per the problem

AL
A, 10

When these two waves are out of phase, their seguimplitude will be
(10 -1) = 9. On the other hand, when they are iasphthe resultant
amplitude will be (10 + 1) = 11. Thus, the ratictloéir intensities,

2
Yo = O _ 967
Imax G':DZ
3. The spacing of the fringes is given as
d = L
sind
_492x10°°
=—————m
sin15°
=1.8um
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UNIT 4 FIBRE OPTICS
Unit Structure

4.1  Introduction

4.2  Objectives

4.3  Optical Fibre
4.3.1 Types of Fibre
4.3.2 Applications of Optical Fibre

4.4  Optical Communication through Fibres
4.4.1 Pulse Dispersion: Step-Index Fibre Pulse
4.4.2 Dispersion: GRIN Fibre
4.4.3 Material Dispersion
4.4.4 Power Loss

45 Summary

4.6 Terminal Questions

4.7  Solutions and Answers

4.1 Introduction

You might have seen advertisement displays (madglasfs or plastic
rods) and illuminated fountains. While looking hese, you might also
have noticed that light seems to travel along alippath. In the above-
mentioned cases, most of the incoming light is @oed within the

boundaries of the medium (glass or plastic or Wathre to the

phenomenon of totahternal reflection. And since the medium itself
has a curved shape, the light travelling througdppiears to travel along
a curved path. Optical fibre, which is made of $@arent glass or
plastic, also transmit light in a similar fashiofhese fibres are thread
like structure and a bundle of it can be used amsmit light around
corners and over long distances. Since opticakfian transmit light
around corners, it is being used for obtaining iesa@f inaccessible
regions e.g. the interior parts of human body. Tded potential of the
optical fibres was, however, revealed only afterdiscovery of lasers.

You may recall from Unit 2 of this course that thecovery of lasers — a
source of coherent and monochromatic light — raifesl hope of
realising communication at optical frequencies.c8inncrease in the
frequency of the carrier wave enables it to carmgrenminformation,
communication at optical frequencies (~°L0Hz) has obvious
advantages over communication at radio wavé i) and microwave
(~1@° Hz) frequencies. But, early attempts at commuitoaat optical
frequencies faced a major problem. When opticaliatemh travels
through the Earth's atmosphere, it is attenuatedusy particles, fog,
rain etc. Thus, a need for an optical wave guids gl and the answer
was the optical fibres. Optical fibres are an indégoart of optical
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communication — transmission of speech, data, g@ctar 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 principles/olved in the

transmission of light through fibres. Types of &brused in optical
communication has also been described. Generaldswatons about
the optical communication through fibres has basoussed in Sec. 4.3.
In the same section, you will also learn about riguirements which
must be met by optical fibres so that efficienticgdt communication

may take place. The area of optical fibre is re&yi new and an
exciting field of activity. A thorough understandirdemands rather
sophisticated mathematical background on the gaheostudent. It has,
therefore, been attempted here to keep the matiwinaspects to a
bare minimum and the underlying physical principleave been
highlighted.

4.2  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 fibres| a
solve simple problems on optical fibres.

4.3  Optical Fibres

An optical fibre consists of a cylindrical glassrecsurrounded by a
transparent cladding of lower refractive index.srassembly is further
covered by a plastic coating to protect it agaiokemical attack,
mechanical impact and other handling damages. #ih.shows the
geometry of a typical optical fibre. The core diaemes in the range
5um to 125 m with the cladding diameter usually in the range 100

£ mtol50x m. The plastic coating diameter is around 2500.

Lt TE W AR B

C il i g

o e

Fig. 4.1 Optical Fibre
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In order to understand why the incoming light doed come out
through the cylindrical surface of the fibre, yohosld recall the
phenomenon of total internal reflection. You areasavthat when light
travels from an optically denser medium to a raredium, it bends
away from the normal as shown in Fig. 15.2(a)h# tefractive indices
of the two media are, andn, such thatn, >n, and¢, andé, the angle
of incidence and the angle of refraction respebtijvimen, from Snell's
law

n, _sing,
n, sing,
(4.1)

i i S
Y

n, n,
AT //

(a) (b) (c)

Fig. 4.2 Total Internal reflection

As the angle of incidence is increased, the redchcay will further bend
away form the normal. Ultimately, when the anglanmidence reaches
the critical value — known as critical angte,— the refracted ray travels
along the interface separating the two media, asvshin Fig. 4.2 (b).
And, when the angle of incidence is increased bey@n there is no

refracted ray and the incident ray undergoes totafnal reflection into
the optically denser medium, Fig. 4.2(c). This piraenon is known as
total internal reflection and the critical angle, is given as, from

Eq.(4.1)

n_ sin(r /2) N 0 —sin? n,
n, sing, ‘ n,
(4.2)

Transmission of light, based on above principleguigh an optical fibre
of core refractive index, and cladding refractive index, with n, > n,

Is shown in Fig. 4.3(a).
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Cladding

a)

(b)
Fig. 4.3. (a) Light propagation through a fibre bgtal internal
reflection. (b) Light propagation
through a bent fibre

When the ray of light is incident at anglg > 6_) at the core-cladding

interface, it undergoes total internal reflecti@ue to the cylindrical
symmetry of the fibre, the ray undergoes total rimaé reflection at
subsequent incidences at the core-cladding interfaed hence gets
trapped inside the fibre. Due to this "guiding" peaty, optical fibres are
also called"Optical Waveguides." Fibres in the bent form can also
guide the light, as indicated in Fig. 4.3(b), pd®d that, even at curved
portions, the angle of incidence is greater tidanDo you know why

cladding material is needed? The need for a clgddiaterial of lower

refractive index is due to two reasons, First, thieve total internal

reflection at the core-cladding interface. Seconadlyen light undergoes
total internal reflection, a part of it penetrateto the cladding material
(region of lower refractive index). This may leadé¢akage of light, and
it may also couple with the light travelling in adgnt fibres. The use of
sufficiently thick cladding material prevents titype of loss.

You may note, from Eq. (4.2), that the critical Enfpr the incident ray
depends on the refractive indices of the core hrdctadding material.
In Fig. 4.3(a),0 is the angle at which incident light falls on there:
cladding interface and this angle is different frtma angle,i, at which
light is incident at the entrance aperture of tbeetf It is so because the
entrance aperture is an air (refractive index~«1)-glass (refractive
index n,) interface. Thus, according to Snell's law, (reteFig. 4.3(a))

N, Sini = n, sing
4.3)
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Now, if this ray has to undergo total internal eefion at the core-
cladding interface, from Eq.(4.2)
sind>n,/n

from A OAB,

sing =sin@0° —9) = cosd

= (L-sin® )2

= [1-(n,/n)?]"?

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

sini,,, = N, sing

1/2
-
n
2
n

= (nf -nZ)"”

1/2

I = sin{n? —nZ] (4.4)

max

The angle of incidence, ., given by Eq. (4.4) is a measure of the light
gathering capacity of the fibre. You should conenyourself that if the
incidence angle is greater thap,, the light will be refracted into the
cladding material. All the light incident on thdoffé aperture along the
core formed byi= 0 toi =i, will undergo total internal reflection in

the fibre. The quantityn’ —n2)"? in Eq. (15.4) is called the numerical
aperture of the fibre.

4.3.1 Types of Fibres

As mentioned above, in its simplest form, an optitae consists of a
glass core and a cladding (also of glass) of lawé&active index. This
type of fibre in which there is a sudden changtherefractive index at
the core-cladding interface is call&iep-index fibre. The variation of
the refractive index with the radius of such adiis shown in Fig. 4.4.

Further, when light travels through optical fibrékere are different
types of losses as welk a broadening of the pulse. These aspects of the
optical fibres are of vital importance for opticadmmunications and
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have been discussed in the next section. In oalevércome some of
the inherent deficiencies of the step-index fibeagther type of fibre in
use is calledGRadient-INdex Fibre (or GRIN-fibre).

In optical communication, signal is transmittecbtingh the fibre in the form of
pulses.

n 4
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Cladding
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Refractive index
1
i

T Aar
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Radius of fibrg = ———

b= 3 e bt

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 parabati@anner, from a

maximum value at the centre of the core to a cohstalue at the core-
cladding interface. The variation of the refractindex, with radius, of a

GRIN - fibre is shown in Fig. 4.5(a).
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Refrective index
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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 filwecontinuously bent
towards the axis of the fibre as shown in Fig. #.5Can you explain
why this happens? This smooth bending of the raatds the axis is
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again a consequence of Snell's law. As the ray maveay from the

centre, it encounters media of lower and loweraective indices and
hence bends towards the axis of the fibre. Can ryame a natural
phenomenon which results due to the atmosphertiggraof refractive

index? You guessed rightly — the Mirage, which served while

looking across an expanse of hot desert or onmaataion a hot, sunny
day is one such example.

SAQ1
What will happen if the refractive index of the adng 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 itagortant features as a
component of an optical communication system. Bibile we do that,

let us see what uses optical fibres have beeroput t

4.3.2 Applications of Optical Fibres

The most elementary application of optical fibresn the transmission
of light.

Inner Fibers
conduct image
o observer

Outer Fibre
conduct light \
1o object

Fig. 4.6 Flexible fibrescope

An example of transmission of images using optledlres is in the
flexible fibrescope.As shown in Fig. 4.6, some of the fibres conduct
light into the cavity to be examined, while the exth carry the image
back to the observer. The image conducting fibugsto 140000 of
them, are by necessity very thin, often no more th@& . min diameter,
and the entire fibre-bundle has diameter of theeomf a few mm.
Fibrescopes are used extensively in medicine ampheearing. They
make it possible to inspect a cavity in the humaayband to look inside
the heart while it beats.

Of increasing interest is the use of fibre guides dommunication.
Compared to electrical conductors, optical fibres leghter in weight,
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less expensive, equally flexible, not subject tecwlcal interferences
and more secure to interceptions. Fibres can nomade which have
losses as low as 0.2dB/km. This is a remarkableieaement
considering that only two decades ago the besedildlrad losses in
excess of 1000 dB/km and 20 dB/km was thought tthedimit.

4.4  Optical Communication Through Fibre

As mentioned earlier, optical communication refiershe transmission
of speech, data, picture or other information lghti You may recall
from Unit 2 that the replacement of radiowaves amciowaves by light
waves is especially attractive because of the adthnnformation
carrying capacity of the latter. Optical frequescege some five orders
of magnitude higher than, say, microwave frequenci@erefore, larger
volume of information can be transmitted throudirdi cable compared
to that through copper coaxial cable (used for av@ve
communication) of similar size. Further, in contragith metallic
conduction techniques (e.g. through copper cab&Esjmunication by
light offers the possibility of complete electrigablation, immunity to
electromagnetic interference and freedom from digeakage. In a
typical optical communication system, the inforroatcarrying signal
originates in a transmitter, passes through ancalpfibre link or an
optical channel and enters a receiver, which rdoactsthe original
information. In order to minimize the distortiomet signal is encoded
into digital form before transmission. In this wagirieval of the signal
at some distance down the line depends only orettegnition of either
the presence or the absence of a pulse represemtbigary (0 or 1)
digit. Minor distortion and noise may therefore toéerated as long as
pulses can be detected and regenerated, free fsbontin.

You may be wondering that with above advantagey, hgit was not
used for communication purposes. It is not as ésé&advantages of
using light as carrier of information were not kmovRRather, it was the
unavailability of a suitable source of light, whicbuld be modulated.
Light from lasers, being highly monochromatic, cafiectively be
modulated by the information carrying signals. Tdeer light, acting as
the carrier wave, responds, either directly orrectiy, to the electrical
signal say, from telephone. These signals canetiw, modulate the
carrier wave, which then travels through the optfdare (the optical
waveguide). At the receiving end of the fibre, afoldetector receives
and demodulates these optical signal into soundesva¥or long
distance optical transmission line, yet another poment, called
repeater is used in optical communication system. A repeater
essentially amplifies and reshapes the signal atrdismits it along the
fibre.
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Optical communication, as such, can be carriedloough open space.
Then why do we need fibres to carry optical sighdibe reason lies in
substantial attenuation (or damping) of the sigviale it travels in open

space between the information source and informaitse. For example,
communication between one satellite to anotherarsied out through

open space because the intervening region is ésberd vacuum.

However, similar open space optical communicatidhnet be feasible

between a satellite and the earth or between twoepl on the earth
because the earth's atmosphere strongly influetheesransmission of
light. Hence, the need for an optical waveguiderés) for terrestrial

optical communication.

Well, you have learnt in the previous section haoghtl is transmitted
through optical fibres. But, is this property ofores enough for
transmitting information carrying signals from go@nt to another? No,
the optical fibre must have some additional charastics if at all it has
to serve as an effective optical signal-carryinglimm. The optical fibre
should be, as much as possible, free from pulgeedi®on in order to
carry large volume of information. Pulse dispersianses because
different light rays take different times to trawelfixed length in the
fibre. Secondly, as we know, even the light fromels may have a
spread in its wavelength. That is, even laser lighhot completely
monochromatic. And since the refractive index dfrdi material is a
function of wavelength, light of different wavelghg will travel with
different velocities. This inherent property of el is yet another
cause of pulse dispersion and is known as mataisgkrsion. Further,
the optical radiation will be attenuated by the enial of the fibre due to
scattering and other phenomenon. In the followiog will learn how
these problems can be tackled.

4.4.1 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 thécaki angle 6,
undergoes total internal reflection and propagé#tesugh the fibre as
shown in Fig. 4.7.

Fig. 4.7 Rays of light passing through a fibre
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However, the ray, marke#l in Fig. 4.7, which is incident on the core-
cladding interface at the largest angle will traaébnger optical path as
compared to other rays incident at smaller angissa result, different
rays will take different times in traversing a gwkength of the fibre.
This causes broadening of the information carryaofges, as shown in
Fig. 4.8. What effect does the pulse broadeningehaw the signal
transmission capacity of the fibre?

JAVAVASS

Fimme————————— =

m‘lpllt
i L 1

-

Energy—»

i e

Fig. 4.8 Pulse dispersion: (a) At the Input, théoimation carrying
pulses are well resolved, (b) At the output, dudioadening, pulses
overlap and are irresolvable

Well, pulse broadening severely restricts the trassion capacity of
the fibre. It is so because the pulses which aiéresolved (Fig. 4.8a)
at the input may overlap at the output (Fig. 15.8hie to pulse
broadening. To avoid this overlap, the time delagtwieen two
consecutive pulses must be increased. Therefoeendimber of pulses
that can be transmitted per unit time through theefwill go down, that
is, the transmission capacity of the fibre willleeluced.

To have a quantitative idea about the pulse digpersn case of
propagation through step-index fibre, refer to Bid. Let a ray of light
be incident at an anglewith the axis of the fibre. The time taken by this
ray to travel a distandeR

Cladding——» n Q

Fig. 4.9 Ray of light passing through a step-infilere
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_ PQ+QR
c/n
wherec/n, = velocity of light in the core medium (refractiweex n,)
t =M1 psioR
C COsp
_ n,(PR)
ccosp

t

What does this relation indicate? It indicates that time taken by the
ray of light in travelling a distance through thieré depends on the
angle it makes with the axis of the fibre. Thus,ddixed length. of the
fibre, minimum time will be taken by a ray whictavel along the axis
of the fibre p = 0) i.e.,

t.,=nL/c

and the maximum time will be taken by the ray fdriat ¢ is equal to
(#12-6.); where g, is the critical angle at the core-cladding inteefac

Thus, ¢ =cos*(n,/n,) and the maximum time

. nL nlL
c(n,/n) cn,

max

Thus, if all the input rays travel along the fibsenultaneously, the
spread in time in traversing a distahcwill be
At = _tmin

nL
=—(Mn-n
o (=)

max

SAQ2

If the core and cladding refractive indices fort@psindex fibre is 1.47
and 1.46 respectively, what will be the broadenifica pulse after a
distance of 5 km?

Due to the pulse dispersion represented by Eq.),(4l%e signal
transmission capacity of optical fibres is severelstrained. Therefore,
an efficient optical fibre should have least posimulse dispersion so
that it can carry larger number of pulses per timé.

Now the guestion is: Do we have any method of miximg the pulse
broadening in optical fibres? Yes, there are methmg which we may
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minimize the pulse broadening. One of them is te gsadient-index
(GRIN) fibre. In the following, you will learn howRIN-fibres help in
reducing pulse broadening.

4.4.2 Pulse dispersion: GRIN Fibres

You may recall form Sec. 4.2 that the core of thReINEfibre offers

gradually decreasing refractive index environmentlight rays as it
moves away from the axis of the fibre. Let us sew lthis parabolic
refractive index profile of the GRIN-fibre (Fig.5{a)) helps in reducing
the pulse dispersion. Refer to Fig. 4.10 in whislo raysA andB are

shown to enter the core axis at different angles.tde rays move
towards the core-cladding interface, they encoutieereasing refractive
index environment. As a result, both of them wiinld away from the
normal and hence towards the axis of the core.pHtles taken by rays
are not straight lines as in the case of step-iniere; rather, it is

sinusoidal. It is because in the core, refractivéek is a continuously
decreasing function of the core radius. Now, Aayhich makes the
smaller angle with the axis travels smaller dis¢gatlirough the core
whereas rayB travels a longer distance. However, the time takgn
both of them, separately, in traversing a fixedatise along the fibre
will be the same. Can you say why? It is so becaag@ which travels

a shorter distance, does so in the region of higbhé&active index.

Hence the velocity of light along the path takerréyA will be smaller

(velocity of light =c/n). On the other hand, raB which travels a
relatively larger distance, does so in the regiblower refractive index
and hence with higher velocity. The net resulthiat tthe rays making
different angles with the core axis take equal timepropagating

through the fibre. Due to this reason, the pulsadening is reduced in
GRIN-fibre.

Cladding

flz
Cladding ——Z

Fig. 4.10 Two rays A and B travelling through a GRibre

The volume of information which may be transmittbdough GRIN-
fibre is more or less free from pulse broadening tuthe above reason.
The information carrying capacity of such fibre asly limited by
material dispersion about which you will learn lre ffollowing.
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4.4.3 Material Dispersion

Above, we discussed about the pulse broadeningtinad fibres arising
because of the fact that light rays incident diedént angles at the core-
cladding interface take different times to traveadexed length of fibre.
We also discussed how to reduce this dispersionsnyy GRIN-fibre.
Now, suppose that the light beam travelling throtigé fibre is free
from the pulse broadening due to the above merdioeason. Does it
mean that the beam is free from pulse broadening?there is yet
another source of pulse broadening known as mhtdispersion.
Material dispersion arises due to the variatiorraffactive index with
wavelength, i.e. the velocity of light in the mewlius dependent upon
its wavelength. You are aware that light even frimghly pure source
(like laser which gives highly monochromatic ligh)ll have a spread
in its wavelength. Therefore, different wavelengthéthin the range,
will travel with different velocities and hence Wwdrrive at the end of
the fibre at different times and cause broadeninip® pulse. You may
note that material broadening is an intrinsic pbtaisiproperty of the
fibre material.

Although glass is transparent to electromagneticaten in the visible
range, it does absorb a part of it due to sevemlgsses. As a result, the
input power of the light beam will suffer a loss ilghtraversing the
length of the fibre. In the following, we brieflyistuss some of the
processes causing power loss in fibres.

4.4.4 Power Loss

When electromagnetic radiation interacts with nrattanay lose energy
via different mechanisms. In the case of optichidimaterial, silica,

major loss in energy or power is caused due t@abserption of photons
by impurity atoms. Therefore, to minimise this logse fibre material

should be of high purity. Secondly, the photons mlgy lose energy by
exciting the atoms of oxygen and silicon (the hatdblocks of silica,

SiOy). Thirdly, silica being an amorphous material, ea$f randomly

varying refractive index. Due to this, the propaggatight beam may get
scattered and its direction of propagating may gbadrastically. These
loss-causing mechanisms are taken care of by prdeergn and

synthesis technique of the fibres.

The power loss we are talking about is expresseterims of bel or
decibel, which are comparable units. One bel méaaispower in one
channel or at one time is 10 times that in anoth@nnel, or at another
time. 2 bel means 16Q 3 bel means 100Q and so on. For practical
use, the unit bel is too large. Hence the deciii},is used. 1 bel = 10
dB. A decibel (dB) is equal taOlog,,(p,/p,) Where p, and p, are
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input and output power levels. Thus, if the powarel of an optical
signal reduces by half, the power loss in decilde 10log,, (1/2)= —

3dB. In optical fibre communication, the power lassexpressed as
dB/km. In long distance optical communication ttgbufibres, the
permissible loss is 20dB/km. With modern techniquéssynthesis,
optical fibres with power loss as low as ~ 0.2dB¢an be produced.

4.5 Summary

An optical fibre consists of a transparent glasse @and a cladding of
lower refractive index. Since the refractive indek the cladding
material is lower than that of the core, much & light launched into
one end will emerge from the other end due to gelastumber of total
internal reflections.

In the step-index fibre, the refractive index chesmiguddenly at the
core-cladding interface. On the other hand, ingitaglient-index (GRIN-
) fibres, the refractive index decreases continlyofrem the core axis
as a function of radius.

The maximum entrance core angle, also known agtatee angle, is a
measure of the light gathering capacity of theefiand is given as

. 17, Lqu2
sini ., :—[nl —nz]
Ny

The term[n? —n2|"*is known as theumerical aperture of the fibre.

In optical communication, information is transmittén the form of
pulses. While travelling through the fibre, thesdsps broaden because
rays incident at different angles at the core- dilag interface take
different times in traversing a fixed length of titere. Pulse broadening
due to this reason in a step-index fibre of lerigth given as,

n L
At=—2[n —n
s [N, —n,]

2

Pulse broadening can be greatly reduced if, instéadep-index fibre,
we use a GRIN-fibre. It is so because in GRIN-fjdreough different
rays traverse different optical paths in the ctiney all take same time
in travelling through a given length of the fibre.

Material dispersion is yet another cause of pulsadening. Material
dispersion arises because the refractive index lfande the velocity of

91



PHY406 OPTICS Il

light) in a medium is a function of the wavelengithlight. And, even
highly monochromatic light has a spread in its angth.

4.6 Terminal Questions

1. Suppose you have two optical fiborAsand B. The refractive
indices of the corer() and the claddingr(,) materials is

(n),=152,(n,),=1.41,(n,),=1.53,(n,);=1.39
Which of the two fibres will have higher light gating capacity?
2. A step-index fibre 635x10°m in diameter has a core of
refractive index 1.53 and a cladding of refractimeex 1.39.

Determine (a) the numerical aperture for the fib(e) the
acceptance angle (or maximum entrance cone angle).
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4.7 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 incominghligwill not
undergo total internal reflection. It is so becausgeen the light
travels from a rarer to denser medium, it bendsatd# the
surface normal. Thus, the light ray incident on t¢bee-cladding
interface will, instead of coming inside the coget refracted in
the cladding material (refer to Fig. 4.2).

2. The pulse broadening is given as

n L
At=—2[n —n
Cn2[1 5]

As per the problem,

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

So,
3
At = _1A7x5x10 (M 1 47_ 146
3x10°(m/s)x 146
3

At _ 1.47><58><10 (m) 001)

3x10°(m/s)

=0.17%s

TQs

1. Refer to Fig. 4.3. The maximum angle of incidenc, , of the

light beam at air-core interface is the measureth& light
gathering capacity of the fibre. The sine of tmgla of incidence
is given as

_ 17, Lqu2
Sini, ., :—[nl —nz]
nO
wheren,, n, and n, are the refractive indices of air, core and claddi

respectively.

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

n,= 1.52 andn,= 1.41

1/2

sini, =[ (15272 - 142)?]
= [0.3223"2

(i,.) A =Sin™ (057) = 35°
For fibreB,

n,= 1.53 andn,= 1.39

1/2

sini,, =[ (1532 - (139)?]
(i) s = SIN' (064) = 40°

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

=[(153)? - (139)*]"?
= 0.64

(b) The acceptance angle or the maximum entrance anmgle,
corresponds t@_, the critical angle for total internal reflectiam
the core-cladding interface.

Sini, ., :i(N.A)

nO
=0.64
= i = sin™* (064)

max

= 40°
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