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9.1 INTRODUCTION

In the previousunit you studied Fresnd diffraction and learnt that the diffraction pattem
dependson the distance between aperture and screen as well as the source. As the
observation screen is moved away from the aperture, the diffraction pattern passes from
the forms predicted in turn by geometrical optics, Fresne diffraction and Fraunhofer
diffraction. When a plane wavefront is incident at the diffracting aperture, the transition
from Fresnel to Fraunhofer pattern is determined by the ratio of the 9zeof the diffracting
obstacle 10 its distance from the source and/or the observation screen. You will now learn
about Fraunhofer diffraction in detail.

In Sec, 9.2 we have described the experimental arrangement and salient featuresof the
observed Fraunhofer diffraction pattern from a singleslit illuminated by a point source.
This is followed by a simple theoretical analysisof observed results. When we deal with
plane wavefronts, you will find that theoretical analysisisfairly smple. In See. 9.3 we
have described Fraunhofer diffraction by a circular aperture because of its importancefor
optical devices. You will learn that the diffraction pattern consistsof a central bright disc
(called Airy disc) surrounded by concentric dark and bright rings. As acorollary, you will
see that a random array of small and nearly circular obstacles gives overlapping
diffraction patternscaled halos. Yau may have observed brilliant halos while drivinga
car whose fogged window is illuminated by a motorcycle at the back. We shall discuss the
physical basis for diffraction halos at the end of this unit

Objectives
After going through this unit you will beable to

® describeexperimental arrangementfor observing Fraunhofer diffraction pattern
from a narrow vertical slit and acircular aperture

e explain observedirradiance on the basis of simpletheoretical analysis
@ solve numerical problems, and .

® explainformation of diffractionhalos.

9.2 DIFFRACTION FROM A SINGLE SLIT: POINT
SOURCE

From the previous unit, you may recall that to observe Fraunhofer diffraction pattern, we
require a point source, which is far away (almost at infinity) from the diffracting aperture
(a single dit in the present discussion). The wavefronts of light approaching the diffracting
aperture can be assumed to be essentially plane. The observation screen should aso be at
infinite distance from the aperture. You may now liketo ask: Isit practical to put the



source of tight and the observation screen at infinite distance from the diffracting aperture?
This definitely is nat practical because (i) the intengity of diffracted light reaching the
obscrvation screen would be reduced infinitesmally (inverse square law) and (i) we will
require infinitely big laboratory rooms. Do these limitations suggest that we cannot
observe Fraunhofer diffractibn? These difficultiesarc readily overcomehy using
converging lensesin an actual'experiment.

L, L,
Diffracting Screen \] J

Observation Screen

Fig.9.1: Producing Fraunhofer diffraction pattern

The experimental arrangement for producing Fraunhofer diffraction pattern is shown in
Fg. 9.1. A monochromatic point source(S) of light is placed in the focal plane d a
converging lens Ly, so thet a plane wave is incident on a long narrow dit. Another
convergent lens L, is placed on the other Sde of the dit. The observation screen is placed
at the sccond focal point of this lens. Then light focussed at any point on the observation
screen iS due to pardld diffracted wavelets emanating from different portions of the

dlit. Yau mugt note that the observation screen and diffraction screen are kept parald.
Moreover, both the screens are perpendicular to the common axisd L, and L,. The dlitis
50 adjusted that the common axis of these lensesis perpendicular to the length of the dlit
and passes through the middle of the dit, both in height and width.

In a physicslaboratory this arrangement is easily achieved by using an ordinary
spectrometer. WWe hope that you got an opportunity to work with a spectrometer in your second
level laboratory course. To observe the diffraction frana point source, the dit of the
collimator should be replaced by a fine pinhole, which should be carefully positioned at the
focd point of the collimator lens. The observation screen can be placed a the back foca plane
of the telescope. Alternatively, wc may observe the beck focal plane d lens.L, with an
eyepiece. The diffracting screen with dit aperture is placed between the two lensessuitably on
the turn table.

9.2.1 Observed Pattern

Let us pausefor a minute and think what would the diffraction pettern of the vertical dit
look like? Or what would be the didtribution of intensity in this pattern?Yau may thirk that
the diffraction pattem would be a single verticd line or a series of vertica lineson the
obscrvation screen. Thisline of thought is wildly off-target. The actua diffraction pattern
is astonishingly different; it consistsof a horizontd streak of light composed of bright
elongated spots connected by faint streaks. In other words, after passing through the
vertica dlit, light spreads along a horizontd line. This means that diffraction pattern is
along a line perpendicular to the length of the diffracting dit. You may interpret this
horizontal diffraction asa spread out image of the point source. The extent of horizonta
spreading is controlled by the width of the dit; as the width increases, the spreading-
decreases. Ard in the extreme case df a very widedlit, the (horizontal) diffraction Streek
reduces to a bright point. Physically, very wide dit means that thedit has effectively been
removed.

The salient features of the observed Fraunhofer diffraction pattern of a single vertical dit
from a point source are shown in Fig. 9.2. Theseare summarised below:

i) Thediffraction pattern consistsdf a horizontal streek of light along aline perpendicular
to the length of thedlit.

Fraunhofer Diffraction
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The width of a spot 18 specified by
the distancebetweentwo
consccuiiveminima.

Wetake thepl the paper
hoﬁz%niaheﬂg?’ﬁ(x){e of glaep:‘!::r is

defined by the diffraction Sresk and
theaxisof thelensL,.
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ii) Thehorizontal patern isaseries of bright spots. The spot at the central point Po, which
liesat theintersectionof theaxisof L; and Ly with the observationscreen, isthe
brightest. On either sidedf thisspot, we observeafew more bright spotssymmetrically
Situated with respect to Po.
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Fig.9.2: Observed Fraunhofer diffraction pattern of a diffracting dit

iii) Theintendty of thecentral spot is maximum and its pesk is located a Pg. The peak
intengtiesof other spots, on either side of the central spot, decrease rapidly as wemove
away from Py, The central maximum is called principal maxima and other maximaas
secondary maxima

iv) Thewidth of thecentral spot is twicethe width of other spots.

V) A careful examinationof the diffraction pattern shows that the central peak is
symmetrical. But on either sideof thecentral maximum, sccondary maxima are
asymmetrical. In fact, the positionsof the maximaarc dightly shifted towards the
observation point Py.

Let us now learn thetheoretical basisof these result?.

9.2.2 Calculation of Intensity Distribution

Thefirst step in the calculation of intendty distribution is to realise that the observed
diffractionpattern is focussed on the observation screen placed at the back focal planc of
lens L,. We know that only parallel rays are brought.to focus in the back focal planc of
the lens. Therefore, diffracted light must be emerging as a series of parallel light. The
beam of rays parallel to the axis o the lens are focussed at the focal point. However, the
beam inclined to the axis of the lens is brought to focus on the back focal planc but away
from the foca point. We can as well describe this observation in terms of the wavefront;
the two being perpendicular to each other. Since diffraction pattern lies on a horizonta
line (which is at right angles to the common axis of L, and L,), the diffracted wavefmnts
will be vertical planes perpendicular to the plane of the peper. That is, after passing
through the verticd dlit, the incident plane waves are replaced by a system of vertica
plane waves which proceed in different directions. Therefore, for our theoretical analyss it
is sufficient to assume that when a plane wavefront falls on the diffracting dlit, each point
of the aperture suchasA A, A A ... B (Fig. 9.3) becomesa sourceof secondary wavelets,
which propagate in thedirection of the point Py under consideration. These are

diffracted plane waves. (You should realise that diffracted waves have no existencein the
domain of geometrica optics. The diffracted waves arise due to interaction between light
and matter. In the present case, the interactionis between light and the jaws of the dit.)

Refer to Fg. 9.3a which shows the geomeltry for the irradiance at point P (on the distant
screen) which makes an angle 8 with the axis. In order to sum up the contributions of
different waveletsat Py, we mugt know their amplitudesand phases. The amplitudesof the
disturbancesfrom A. A,, A,, ... will be very nearly equal. Do you know why? This is
because the distance of point P, from the diffracting screen is very large compared to the
width (b) of the aperture.,

Now let us consider the phasesof the disturbancesreaching the point P,. You will agree



that the points A, A,, A,, A, ... B within the aperture form a series of coherent sources Fraunhofer Diffraction
since they havc originated from the same point source. Also pointsA, A, A, .., B arein

the same phase since they lie on the same plane wavefront. The phase difference between

different diffracted rays reaching the point. P, arises due to the differencein path lengths

travclled by them to reach P,. To know the phase difference, we draw a plane normal to

the pardld diffractcd rays. The trace of this planein the planc of the paper isAD (Fig.

9.3a). Though the disturbances are in phase at pointsA, A,, A, ..., B when they start, they

reach the trace AD in different phases because of the unequal path lengths travelled by
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Fig.9.3: (a) Cross-sectional vicw of the geometry for single slit diffraction
(b) Trace of optical paths between slit and sereen

them. The optical pathsof diffracted wavcs from the planeAD to the focal point 7, are

cqual. Thisis because in a welt corrected converging lens the optical paths of all rays ‘

between any plane intersecting the parallel beam of light perpendicularly and the point Two sources are snid to be cohcront
wherc rays converge after traversing the lens, arc cqual. That is, optical pathsAp, Pgand |1 ey emit in-phase waves of the
Dp, Py arc cqual, as may be seen from Fig. 9.3(b). Thercfore, the wavclctsarrive at P, same {requency.

with the same relative phasc diffcrenccas the ones existing at the race AD.

Let us consider the aperture AB to be divided into n cqual parts so that AA; = A,A,; = A,A,
=b/n = A. It mcans that wc have ascrics of point sources from A to B. Actudly, the aperture
contains a continuous distribution of points from A to B, and thercfore in the limiting case,
n— oo and A — 0 such that nA — b. Consider the two rays starting from two
ncighbouring pointsA and A,. The path diffcrence between them iS A4, sine, where 6 is
the angle bctween the diffracted raysand the norma to the slit. Henee the corresponding
phase difference is given by

o = %E(AAIQn O):%?[% sin6)=27nAsin0 ©.1n
Let the fidd at P, duc to the disturbance originating from A bc @ cos wt. Then, the ficld
duc to the disturbance from A, isa, cos (wr — ¢ ). Here we have assumed that the
amplitudes of disturbances from different points arc cqual. The ficld duc to disturbances
from successive points A, A, ....,B aca cos (or - 2¢),  cos{wt—3¢), ...,

a,, Cos (wr — ng), respectively. The magnitude of resultant ficld at Py is cqual to the sum
of thesc disturbances. Henee we can write

E = aycos @ + aycos (O = ¢) + a, cos (@ - 20 ) + ..+ a, COS (0 —nd)

In Unit 2 of PHE-02 course on Oscillationsand Waves, we summed up this scrics
(Eq. (2.38)). Wc will just quote the result here:
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= Ey cos [mt —%Q] 9.2)

wherc £ is the amplitude of the resultant ficld at Py :

oy
sn|= ]
E, = a, sr{p/2 9.3)
In thelimitn - «eand A — 0, n A — b. Then from Eq. (9.1) wc have
n._n2n, .o T PSRN
5 =2 A sind = Y (nA) sind oy b sinf
2n bsinb . .
so that ¢ = U will be very small for n — e, We may thercfore write
. (9)_. ¢ _ mbsing
sin (2] ~ 27 n\
Substitute this result in Eq. (9.3).0n simplification you will find that
sn [!’:.2‘12} sin [————n b{ﬂ‘ﬁ}
- - sin(nd/2) _
B gy Z9 @ % (nbsing )
LA )
T = g [%‘ﬁ] = A [ﬂgﬁ] (9.4)
whcrc wc have written
A= na
and
B=n b S)l\‘n(-) (9.5)

Yau will note that for a given wavclenglh, B signifies haf of the phasc difference between
disturbances originating from the extreme pointsA and B. The cxpression for resultant
ficld at P4 takes the form

E = Ailgp- cos (w1 - B) =Ly cos (o — ) | 9.6)
The corresponding inlengity distribution at Py is given
)
Ry
I = A? (13@} .7

Let ws pause for a while and ponder as to what we have achieved. This result suggests that
the intensity is maximum at 8 = (). This readily follows by noting that when we substitute
8 = 0 wc have both B and sinp cqual to zcro but

' lim sinB =1

B0 B
Therefore

Iy = A2
Thisresult isexpected on geometrical considerations. In the limit of a distant screen, the
central point becomes cquidistant from cach point on the dlit. All diffracted waves arrive

in phasc at P, and interfere constructively. A? isthen the value of the maximum intcnsily
at the centre of the pattern. This maximum is also termed principal maximum.



For brevity We write /g_, = A2 =/,. Then intensily at ay point at an angle 6 with the

horizonwal axis is given by

sin
Ig =1, {“ﬁ

B

Positions of maximaand minima

A plot of Eq. (9.7) for inlcnsily distribution is shown in Fig.9.4. You will note that the

inicnsily is maximum for  =0: 1, _,, =1, = A2 The intensity gradually falls on either sidc
of the principal maximum and bccomes zero when B = + wor B = -  since sin (&) is

zero. Thisisthe first minimum. So we can say that the angular haf width of principal

maximum is from B =0 to B = n. The sccond minimum on cither Sidc occurs at P = +'27,

Thus we get h e minimawhen

+n, 2%, 37w ..

m=41,%£2 %3 ..

(9.8)

Nole that the valuc m = 0 is excluded because it corresponds Lo the principal maximum

(for B = 0). Substituting the value of B from Eq. (9.8) in Eq. (9.5) we find that the

condition for minima can also be expressed as

bsing

n

= nth,

That is, 8 depends on the wavclength of light and the dit width. For a given dit width, the
spread in diffraction pattern depends directly on the wavelength. Accordingly you should
expect that red light will be diffracted through a larger angle than the bluc or violet light,

Yau may now like 1o know: What will happen when white light illuminates a single dlit?

+ A, £ 2, £ 3.

m=+% | +t2 £3..

9.9)

WE expect that cach wavelength will be diffracted independently. This givesrisce to a
whitc central spot surrounded by coloured fringes. The outer part of this patterm would

tend 1o be reddish. You can easily observe this diffraction pattern by looking through the
tines of'a dinner fork at a candle in adimly illuminated room. On twisling the fork about

its handle, you will observe the diffraction pattern as soon as the cross-sectional area

bccomes small enough.

. 2
The expression /, = 1, (igﬁ] gives the diffraction intnsity in different dircctions. In

order o determine the directions (and positions) of secondary maxima, wc differentiate
this equation with respect to B and equate the result to zero. Thisgives

dly sin
o
= 2losin[3‘[
so that sin BB -tanp) =0

BecosB — sinB
o

28]

From this wc get the conditionssin B =0 and B - tan = 0.

The condition sin § = O implies that B =+ mn, where m isany intcger. Thisisa trivial
condition as it signifiesminima and is of no interest.

The condition B = tan B therefore gives the positions of secondary maxima Thisis a
transcendental equation. The roots of this cquation can be found by a graphical method.
All you havc to do is to recall that an angle equals its tangent at intersectionsof the

straight line

y=P

and the curve

y =tanf

(9:10)

Fraunhoier Diffraction

A very clear idea of the single slit pattern
can be ohtained from the following
simple qualitative argument. The path
diifcrence between waves diffracted by
extreme points in the slit is
BD = b sin 8 (sec fig. below). Suppose
that light is focussed at somepoint P If
BD is an integra) multiple of A, we will
show that the resultant intensity at P,

: m_ ¢ the
YA e Sduations sinSES. we
divide the djt into two equal halves AM

and MB as shown in the figure below.

Consider the waves starting from the two
point sources A 81160 A The pars
difference between them IS

AM sin0 = (b/2) SiN9 = A/2. The
corresponding phase difference will be
7, Therefore the two waves on
superposition lead 10 zero intensity at P,
Similarly, for a point A, just below A,
there will be acorresponding point #7,
just M the path
dificl?’%lr‘l)c‘(\:’ be&b’&hntﬂlhu rbances
generated by them isagnin A/2. On
superposition this pair also leads to zero
intensity at 7y Wc can thuspair off al
the pointsin the upper half (AM) with
corresponding points in the lower half
(ML) and the disturbances due 1o upper
half of the it will b cancelled

by disturbances due to the lower half. So
the resultant intensity at 2 will be zero.
This explains why we get aminimum
intensity at £y when the path difference
between the raysfrom extremes isequal
to A,

Let us now consider the case m =2

0 that the path diffcrence b sin®
betwcen the extreme rays isequal to 2 .
We can now irnaginc that the slit is
divided into four equal parts. W can, by
similar pairing, show that the [Irst and
second quancrs havc a path difference of
A/2 and cancel each other. Third and
fourth quaners cance! cach other by the
same argument SO that the resultant
intensily in thefocal planeat Py is again
zero. Form = 3the path difference
between the two cxtremc raysis
bsin0=3A ., Inthis case, the slit should
be divided into six equal parts to show
similar pairing and cancellation and then
leading to zero intensity. By this simple
qualitative argument, wc have shown
that when the path difference between
the extreme parallel diffracted raysin a
particular direction is an

integral muitiple of A , the resultant
diffracted intensity in that direction is
zer0,
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y = Bis a straight line passing
through the origin. y=tan B is
represented by a family of curves
having for asymptotes

% ,3n  5n
B—z.iz.tz....
Spend
5 min

Plots of these curvesarc aso shown in Fig. 94. The pointsof intersection excluding § = 0
(which corresponds to principal maximum) occur at B = 1.43x, 246w, 3.47x ctc, and give
the pogtion of the firdt, second, third mexima on either side of the centra maximum. Yau
should nate that these maxima do not fal midway between two minima. For indance, the
first maximum occursat 1.43x rether than 1.50r. Similarly the second maximum occurs at
2.46m rather 2.50r and 90 on. This means that the intensity curves are asymmetrica. The
plot clearly shows that the poditionsof maximaare dightly shifted towards the cenire of
the pattern. Yau mey recdl that this asymmetry is observed experimentaly as well.

YA

Amplitude Distribution

Intensity Distribution

0 (n {21:(31: >B
R
B 3 y=tan

Fig. 94: Amplitude and intensty contoursfor Fraunhofer diffraction of a single
dlit showing positiens of maxima and minima

Let s now caculae the intensitiesat these pogtions of maxima. The intensity of first
secondary maximum is given by

sin 143 _
[ 143 T_ 0.0496

This means that the intengty of thefirst secondary pesk (nearest to the centra pesk) is
about 4.96% of the centrd pesk. Similarly, you can caculate and convince yoursdf that
the intengitiesd the second and third secondary maxima are about 1.68% and 0.83% of
the central maximum. We call these maximaas secondary maxima.

Theintenstiesof the secondary maxima can be calculated to_?_lfairly clo:izl_eapproximation
by finding the valuescf B a hafway positionsie. at p = L2  2X T 3%

2 3y 2 ”
3“—+4—n,... etc. The intensities at these positions are ,‘i . ... 0r
2 On?’ 25m2 " 49n2 "

£ 1

21° 61L7° _J]j , « Of the central maximum which are vay close to the above

caculated vaues. We thus see that mogt of thelight is concentrated in the central
maximum.

Anocther important characterigtic of the principal maximum is that its width is double of
the width of secondary maximum. We have left its mathematica proof asan exercisefor
you. Before you proceed, you should solve SAQ L

SAQ1
Show thet the principal maximum is twice as wide as the secondary maxima

Togiveyau afed for numericd vauesand fix the ideas developed in this section, we
now give afew solved examples. Yau should go through these carefully.

Example 1

In the experimentd set up usad to obsarve Fraunhofer diffraction df avertica dit (wicth
0.3mm), the focd length of lens L, is 30 cm. Caculate (a) the diffraction angles and
positionsd the first, sscond and third minima, and (b) the positions of the first, second
and third maxima on cither side of the central spot. The dit isilluminated with ydlow
sodium light which isadoublet. Yau may takeA = 6000 A.



Solution

Yau have seen that the conditionsfor minimaaregivenby bsn O=mh ;m=+1, £ 2
% 3, ... For small values of 6, we may writesin 6 = 0. Then

and thedistance P, Pg isf 6, where f is the focal length. Therefore,the diffraction angles

8,, 8,. 6, for the first, scond and third minimaare%. 2%, ad 3% , respectively..

On subdtituting the numerical vauesd A and b we find that

0 = 6000 x 108cm
17 03 x 10'cm

=2x 1073 rad
8, = 28,=4x 10~ rad
8, = 30,=6x 10 rad
The distancesd,, d,, d;, of these minima from the central spot are
d, =8, =(30cm)x2x103=6x10"2cm = 0.06 cm
d, = 26, =2x006 can=0.12 cm
dy = 38, =3 x0.06 cm=0.18 cm

Yau will note that these minima are separated by adistance d 006 an on the focd plane

of the lens. We know that the first three secondary maxima occur a B = 1.43=, 2.46r and

3.47x, respectively. The correspondingdiffraction angles in radians for these three maxima are
A A

A
Odmar = 143 F , (O))ney = 246 T A (O3)p = 347

ODnee = (1.43)(2X 1073, (0,),,,, =246 (2X 107),

0D = B4ATY (2 x1073)
and the corresponding distances from the central point (Po) are
dy = £ (8)pe = (30Cm) X 143 x 2 x 10-2 = 0086 cm
dy = f(0)p, = (30CM) X 246 x2 X 107 =016 an
dy = £(83),0 = (30aM) X 347 X 2 x 10 = 0.21 am

Example 2

In the above experiment, we changedit widthsto 0.2mm, 0.1mm, and 0.06mm. Calculate
the positionsof the first and second minima

Solution
For dit width b = 0.2 mm, we have

6000 x 10-¢ cm

dy = 8, = 30cm)x 0.2 x 107em

= 0.09 cm

Similarly

dy = f0,=2x0.09m= 0.18 cm
These minima are separated by 0.09 cm. Recall that the corresponding value for a dit of
width 0.03 cm was 0.06 cm. This means thet for a given wavclength, the spread of

secondary maximum increases as dit width decreases. This condusion is brought out in
the following calculations as well.

Frannhofer Diffraction
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Fig.9.5: Single-dit diffraction

4

irradiances as the dlit
width varies

5mn.

For adit of width b= 0.1 mm, we have

d, = (30cm) x%m
= (.18 cm
and d, = 2x0.18com =0.36 an
For dlit width » = 0.06 mm, we have
d, = (30cm) x%
= 03 cm
and dy = 2x03 cm=0.6cm

W thus find that for dits of widths0.3mm, 0.2mm, 0.1mm, and 0.06mm, the first
minimum on either side of the principal maximum occurs a distancesof 0.06 cm, 0.09
cm, 0.18 cm, 0.3 cm. In these four cases, the corresponding principal maximum extends
over 0.12 cm, 0.18 cm, 0.36 cm and 0.6 cm.

This shows that as the dlit becomes narrower, the spread of central maximum increases.
Conversdly, the wider the dlit, the narrower is the central diffraction maximum.

We now consider an inlcresting case where width of the dlit is varied in comparison to the
waveength of light.

Example 3

Consder adlit d width b= 10A , 5h and A . Calculate the spread of the central
maximuim,.

Solution

From Eq. (5.9), we note that for a dit of width b = 10X , the first minimum is located at

10X sinf= A
or
sin8=0.10
ad
8 =57
Fora slit of width 5 , we have
Shsin® =}
or
6 =11.5°

That is, asthe aperture of the slit changes from 10A to 5A , the diffraction pattern spreads
out about twiceas far. For b= A,

snf=1
or
8 = 90"

The first minimum falls at 90°. That is, he centra maximum spreads out and the
diffraction pattern shows no ripple. These festures are shown in Fig. 95.

Yau may now like to answer an SAQ.

SAQ 2

We illumiuate the slit of Example 1 with violet light of wavelength 4358 Afrom a
mercury lamp, Show hat the diffraction pattern shrinks correspondingly.




Diffraction Pattern of a Rectangular Aperture

So far we have described Fraunhofer diffraction pattern o a dlit aperture. Let us now

consider as to what will happen if both dimensionsof the slit are made comparable. We

now have arectangular aperture of width a and height b as shown in Fig. 9.6(a). We

expect that the emergent wave will spread along the length as well as the width of the dit.

Can you depict the diffraction patterzn? It is shown in Fig.9.6(b). Mathematically, the
R _ i

intengity isgiven by | :loglz—%?nawhereﬁ = b_n_islrl@_ and a:%‘“e.

Slit Source

The experimental arrangement shown in Fig. 9.1 is modified as shown in Fig. 9.7 so that
ingtead of the point source o light we have a dit source of light (Fig. 9.7(a).

Callimator Ly N

(h)

Fig9.7: (a) Experimental arrangement for diffraction from a vertical narrow single slit illuminated
by a slit sour ce (b) Experimental arrangement In a physicslaboratory.

As amatter of fact, the experimental arrangement, which is commonly employed in most
experiments, uses a spectrometer (Fig. 9.7(b)). Thedlit of the collimator arm isilluminated
o that each point of the slit source acts as an independent source. Yau know that a point
source givesa horizontal streak of light as the diffraction pattern of a vertical dit. Now

when we use a dlit as a source, we can imaginea series of point sources O, 0,, Oy, .. tc.

one above the other to form the dlit source (Fig. 9.7(a)). Each point source will give its
own diffraction pattern since each point is to be regarded as an independent point source.
With the same diffracting slit and the samelcuses L, and L., the central d.ffraction
maximum due to all point sources will lieabove oneanother and give a central bright
vertical fringe. Similarly from secondary maxima and minima points, we will obtain a
series o vertica fringes, which will be situated a equa intervalson either side of the
central fringe. The resulting pattern arises by superposition of a serics of horizontal
diffraction streaks stacked on each other in a verticd direction. The intensity along any
horizontal line will be the same as in Fig.9.2. Thisis because €ach point of the dlit source
acts as an independent and effectively as a non-coherent source.

You will observe that clear fringes are obtained only when the width of the sourceslit is
small. Suppose that the width of the sourcedlit is gradually increased. Thiswill lead to an
increasein the width of its image on the observation screen. A stage will come when the
width of its image, becomes comparable with the distances between successive vertical
fringes. This will gradually make the vertical fringes less clear and indistinct. For a
similar reason, we obtain clear fringes only when the source slitis parallel to the
diffraction dlit.

9.3 DIFFRACTION BY A CIRCULAR APERTURE

Fraunhofer diffraction by a circular aperture is of particular interest becausea lensin an
optical device like microscope, telescope, eye etc. can be regarded as acircular aperture.
For this case, the experimental arrangement is shown in Fig. 9.8(a). A plane waveis
incident normally on the aperture and a lens whose diameter is much larger than that of
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Diffraction from a
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dimensional diffraction
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screen, The lower part shows
diffraction pattern of a single
square aperture
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Fig.9.8: (2) Experimental arrangement for observing the Fraunhofer diffraction pattern by a

circular aperture. (b) The Airy pattern of three stars; the circle of light at the left of
the figure corresponds to zeroth order (C) The corresponding intensity distribution.

the aperture is placed close to it. The Fraunhofer diffraction pattern is observed on the
beck focd plane of the lens. Because of the rotational symmetry of the system, we expect
that the diffraction pattern will consist of concentric dark and bright rings known as Airy
pattern, Fig. 9.8 (b) shows the Airy pattern of three stars. The detailed derivation of the
diffraction pattern for a circular aperture involves complicated mathematics. So we just
guote the fina result for the intensity distribution:

2
27, (V)
=1, [";—] 9.17)
where
v = -’Ef-sine ©.12)

Hee D is the diameter of the aperture, A is the wavelength of light and © is the angle of
diffraction, 7, is the intengity at 6 = O (which represents the central maximum) and Jy(y)
is the Bessel function of the first order. (We know that you are not very familiar with
Bessd functions)) We may just mention that the variation of J; (y) is somewhat likea
damped sine curve. Moreover, the intensity is maximum at the centre of the pattern since

lim 25, ()
yo0 Ty 1

smilar to the rdation

lim sin B
B0 B -1

Other zeros of J, (y ) occur at y = 3.832, 5.136, 7.016, ... which correspond to the
successivedark circlesin the Airy pattern. Thusthefirst dark ring appears when

3.832A _ 1222
= = .13
D — D ‘ ©13)

sin 6

Let us compare this result with the analogousequation for the narrow dit. We find that the
angular haf-width of the central disc, i.e. the angle between the central maximum and the
first minimum of the circular aperture, differsfrom that for the dlit pattern through the
weird number 1.22. The intensity distribution of Eq. (9.11) is plotted in Fig. 9.8(c). The
pattern issimilar to that for a dlit, except that the pattern for circular aperture now has
rotational symmetry about h e optical axis. The centra maximum is consequently a
circular disc of light, which may be regarded as the diffracted "image’ of the point source
by h e circular aperture. It is called the Airy disc. It is surrounded by a series of dternate
dark and bright Fringesof decreasing intensity. However, the pattern is not sharply defined.



If you consider any section through the circular aperture intensity distribution is very Fraunbofer Diffraction

much the same as obtained from a point source with a singleslit. Indeed, the circular
aperture pattern will be obtained if you rotate the single dlit pattern about an axisin the
direction of the light and passing through the central point of the principal maximum.

\We now give an example to enable you to havea fed for the numerica values.

Example 4

Plane waves from a helium-neon laser with wavelength 6300 A areincident on acircular
apertureof diameter 05 mm. What is the angular location of the firgt minimum in the
diffraction pauern? Also calculate the diameter of Airy disc on a screen 10m behind the

aperture.
Solution

We know from Eq. (9.13) that

Dsinég = 1.22%
On substituting the given values, we get

(05 X 102m)sn6 =122 x 630 x 10°m
or

1.22 x 630 10~°m
05 x 103 m

sné =

i1

1.54 x 10-3
In the small angle approximation, sin 8 = 8 so that
0 = 154 x 10~ rad =0.087°
On ascreen placed 10m away, the linear location of the first minimum s
x=Dtan 0 = Dsin8=D6
Hence
x = (10m) x (1.54 x 1073 rad)
= 154 x 107m = 1.54 cm
This value of x signifies the radius of the Airy disc so that the diameter iS about 3 cm.

Yau can observe a white light circular diffraction pattern by making a smal pinhole in a
sheet of aluminum foil. Then look through it & a distant light bulb or a candle standing in
apoorly illuminated (dark) room.

Imagine that a random array of smdl circular apertures is illuminated by planc waves
from a white point source. Wc know that cach aperture will gcneratc an Airy type
diffraction pattern. If the aperturcs arc small and closc together, the diffraction paticms arc
large and overlap. The overlapping diffraction patterns produce a readily visible halo,
namely, a central white disc surrounded by circular coloured rings. Which colour do you
expect to be at the outermost rim? Should it not be red? Similar halos arc also obscrved
when the diffraction is due to a random array of circular obstacles,

Suspended water (# = 1.33) droplets in air (n = 1.00) give risc to diffraction hdos When
observed through a light cloud cover around the sun or moon, thesc diffraction haos arc
referred t0 as coronas. Wc can distinguish between diffraction hdos and ice crystal haos.
Ice crystal halos are due to refraction and dispersion by the ice crystals; they have red on
the inside of the rings.

While driving a car at night, you may have scen brilliant halos through fogged up car
windows on which light of a motorcycle following you is incident. These arc diffraction haos
Yau can easily produce such halos by breathing on the side of a clear glassand then looking
through the fogged area at a smal source (e.g., match, penlight, or distant bulb).
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94 SUMMARY

To observe Fraunhofer diffraction pattern, the distanceof the diffractingscreen from the
sourceand observation screen should be alomost infinite. Experimentally this condition
isachieved by usng convergent lenses.

The Fraunhofer diffraction pattern of adlit formed by a point sourceconsistsof a
horizontal streak o light. This horizontd diffractionpattern may be regarded as a spread
out image of the point source and consistsof a seriesof diffraction spots symmetrically
situated with respect to central point.

The central spot hasa maximum intensity and its width is twicecompared to other spots
which are df equa width. Their intensitiesdecreaserapidly. In fact, most of thelightis
concentrated in the central maximum.

The plane wavefront incident on thedlit givesriseto a system of vertical plane
diffracted wavefrontswhich originatefromeach point of the diffracting aperture.

Theintensity at any point P on the screen iscomputed by taking the phase difference
between the successivediffracted wavesinto account. Theintensity at apoint Py is

given by

ol

where B = 7 2328 and b iswidth o the i,

If the path difference b sine between wavesdiffractedby extremeendsof thedlitisan
integrd multiple of A, we obtain zerointensity.

The Fraunhoferdiffraction pattern of adlit (asaperturc) formed by adlit source of light
conssts of aseriesaf vertical fringes. In thispattern, the central vertical fringeisthe
brightest and the intengity of other fringes decreasesrapidly. The width of central fringe
isdouble of that for other fringes.

The diffraction pattern of acircular aperture consistsof concentricrings with acentral
bright disc. The first dark ring appearswhensin8=1.22A /D,

95 TERMINAL QUESTIONS

1

A single it has awidth of 0.03 mm. A parallel beam of light of wavelength 55004, is
incident normally on it. A lensis mounted behind the slit and focussed on ascrecn
located in itsfocal planc, 100 an away. Cal culatethe distancedf thethird minimum
from the centre of thediffraction pattern of thedlit.

A helium-ncon laser emits a diffraction-limited beam (A = 6300 A) of diameter 2 mm,
What diameter of light patch would the beam produce on the surfaceof themioon at a
distance of 376 x 10°km from the earth? You may neglect scattering in earth's
amosphere.

9.6 SOLIJTIONS AND ANSWERS

SAQs

1. Wc know that angular spread of the central maximum is from

. A . A
— an-t |2 — et [
6 = sin [b] to 6 = —sin [b]

For small 6, wc have sn 8 = 8 and wc find that principal maximum is spread from

_A __A
e-bloe——b. '



Similarly, you can show that the first secondary maximum on the positive side extends Fraunhokr Diffraction

from 8 =£b]t08 =2—bhandonthc negativeside from 8§ = - E 10 0= _%‘

Thuswe see that the central maximum is twiceas wideas a secondary maxima.
2. Wc know that
bsné, =h
(0.3 x 10-'cm) sin6, =4358 X 10-%cm

sin@; = 1.45% 103
In the small anglc approximation we can take
9, = 145 X 103 rad
ad
9,=290x 107 rad

On comparing these values with those given in Example 1 for the first and second
minima, you will note that violet light is diffracted about 27% Icss.

TQs
I. From Eq. (9.9) we know that the conditions for minima are given by

b sind = nA n=+1, 2, ..
Herc b= 0.03mm = 3 X 10-3cm, n= 3 and A = 5500 A

nh _ 3 x (5500 x 10 cm) _ Y
b~ 3x10%em > x1

SN =

In the small angle approximation,sin § = 0 = tand
x = 55X 1072 x (100 cm)
= 55an

2. Suppose thet thelight patch on the Moon istaken to be Airy disc of diameter x of a
dilfraction limited beam of initial diameter 2 mm. Then using Eq. (9.13) we can write

Gind = 1.22A _ 122 X (6300 X 10%cm)
- D (0.2cm)

=3843 x 10°¢

In the small angle approximation,sine = § = 384.3 X 107 rad. Since x =2r6 , wefind n
subgtituting the numerical values that

2 X (376 X 10%m) X (384.3 X 10°9)
289 km

X
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