Unit-1lI

Wave-optics

Lecture-18



Outline

> Interference of Light

> Coherent Source

> Condition of sustained interference
> Snell’s law



Interference of Light

» When two or more waves of the same frequency and having
constant phase difference between them, travels simultaneously In
the medium and cross each other, intensity of light changed.

> Interference Is superposition of two or more waves of light.
> Interference is based on the principle of superposition of waves.

> There are two types of interference.

(1) Constructive Interference
(i1) Destructive Interference
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Constructive Interference

Due to superposition of two or more waves, Intensity IS maximum at
some points. Interference at these points Is called constructive

Interference.
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Constructive Interference




Destructive Interference

Due to superposition of two or more waves, intensity is minimum at
some points. Interference at these points Is called destructive
Interference.
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Destructive Interference




Coherent Source

Two sources of light are said to be coherent if they emit light which have
always a constant phase difference between them. It means that two sources
must emit radiation of same wavelength.
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Write the main conditions for sustained interference. (2015-16)



Essential Conditions of Sustained Interference

1. The two interfering waves should be coherent.
2. Light sources should be monochromatic.
3. The two coherent sources must be narrow.

Double slit e

(Source)

Young’s double slit experiment



» The separation between the coherent sources should be as small
as possible.

> The distance of the screen from the two sources should be quite
large.

Double slit ——

(Source)

Young’s double slit experiment



What happens when Young’s double slit experiment immersed in water.
(2015-16)



If the Young’s double slit experiment immersed in water,
fringe width will be narrower.

Fringe width, DA

F=3

where,

d = slit separation,

A = wavelength of light,

D = distance between slit & screen,



Refractive index,
- C
= (%
where, c-speed of light in vacuum, v-velocity of light in medium.

The wavelength of light Is less in water than In alr.

/lwater < }Lai’r



Two independent sources can not produces interference, why ?



> Two Independent sources of light don’t have a constant phase
relationship between them.

> The reason behind it Is that every source undergoes haphazard changes
of phase in every billionth of a second. Within a time interval of 108 sec,
the phase will be randomly changed because of the fact that the excited
atoms which are responsible for emitting vibrations, are replaced by
other excited atoms. Hence two independent sources of light can not be
coherent and can’t produce a sustained interference pattern.



Production of different coherent source

The coherent sources of light can be obtained by using following two
methods.

Division of wavefront -

The coherent sources obtained by dividing the wave front, originating from
the common source, by employing mirrors, biprism or lenses

Example :- Fresnel biprism ,Lloyd mirror and laser.



Interference of Light by Division of Wavefront

Light source
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Division of amplitude-

The amplitude of incident beam is divided Into two or more parts either by
partial reflection or refraction.




These beams travel different paths and are finally brought together to
produce interference. This Is referred as two beam interference resulting
from the superposition of two waves.

Example: Thin film Interference, Newton ring, Michelson Interferometer
etc.



Snell’s law

Snell’s law gives relation between angle of refraction and angle of
Incidence. Snell’s law defined as the ratio of sine of angle of incidence to
the sine of the angle of refraction, which is constant.

Sin i

— = u = constant
sinr

where | = angle of incidence, r = angle of refraction
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> Thin film

> Interference of light due to reflected light

> Interference of light due to transmitted light
> Interference due to wedge shaped thin film



Thin film

A thin film is layer of material ranging from 1nm to 100 nm In
thickness. Film thickness is constant in whole film from one end to

other.

t (Film thickness)

4



Discuss the phenomenon of interference Iin thin films due to

reflected light.
(2015-16)

Discuss the phenomenon of interference of light due to thin films
and find the conditions of maxima and minima. Show that reflected
and transmitted system are complementary in thin films. (2018-19)



Interference due to reflected light in thin film

» Consider a transparent film of thickness incident wave
t & refractive index p (>1). Let a ray of '

R Reflected wave

monochromatic light PQ be incident on N ’
the upper surface of the film. o\ h

> PQ ray is partly reflected along QR and QN ¥ AT
partly refracted along QS. At point S, it “ii:zi:’f A\ Film

NN thickness = t

IS again partly reflected ST and partly

refracted along SV and this process N 5
continues throughout the film. ' =



Incident wave
R

P : Reflected wave
i U
i1 N
N .
Air ::
Q| -+ T 4
Refractive r : Film
index=p |thickness =t
Y :
Air Si



The optical path difference,

A = path (QS+ST) in medium — path QN In air Incident wave

A= (QS+ST) - ON
In right angled A QSO,

t

SO
cosr=— or QS =
QS COST

Similarly in right angled A SOT,

SO t
cosr =— or ST =
ST

COSr

P , R Reflected wave
...(1) U
LN
(2) Air P 0l b
Qi H AT
Refractive h: | Film
(3) index=|1 L‘,{ thickness = t
Air S



In right angled A QTN,

QN
sml—QT
ON = (QTsin i

ON = (QO0 + OT)sini ....(4)
Putting these values of equation 2, 3 & 4 into
eq” (1),

A= (QS+ST) - QN

A= (—+——)—(QO0 + OT)sin i

COST COST

A==EL (00 + 0T)sini ........ (5)

COSTr

Incident wave R

P , Reflected wave
U

i N
Air P 0 ién‘l

Q\ &+ /T

RV R ~

Refractive | r : ! Film
. AT
indesp |\l thickness = t
Air Si



Now again in A QSO and A SOT,

tanr = % or QO =0S tanr ...(6)
Incident wave .
and tanr = % orOT =0Stanr ....(7) P Felcted v
, U
Putting these values of equation 6 & 7 into i ; |
. [ N, |
eq”(5), Air ; T}kt
21t . QT
A= —(Q0 4+ 0T) sin i Refractive |\ |/ Film
COS T | T\l
ULt index=p - thickness = t
A==k —(OStanr+ OStanr) sin i Y
COST SI_—
_2Ut . Air
A= — (2ttanr ) sini........ (8) | y

COSTr



sin i

From Snell’s law,—— = u

SINr

sini = usinr

_2ut .

A= — (2uttanr )sinr
_ 2t sinr) .

A B COS T B (2Ht COS T) SINT

A =221 _sin?27)

COSTr

A=2ut cosr

Incident wave R
P , Reflected wave
| U

i N
ar N/ i

Q\ =+ /T

R -

Refractive r : ! Film
. AW AR
index=| \Aiy thickness = t
Air Si



According to Stoke’s law, when the light is reflected from the
surface of an optically denser medium, a phase change of =«

equivalent to a path difference of A/2 occurs.

A
A=2,utcosri§

1. Condition for maxima :
If A =nA, wheren=1,2.3,....... constructive interference takes place and the

film will appear bright.

A
2,utcosr+§ = ni

A
or 2utcosr = (2n — 1)5



2. Condition for minima
I[fA=(2n+1)A/2, where n =0, 1, 2, 3...then destructive interference
takes place and the film will appear dark.

A A
2,utcosr+§= (2n + 1)5
2ut cosr = nAi



Interference due to transmitted light in thin film

» Consider a transparent film of
thickness ‘t” & refractive index ‘p’.
Let a ray of monochromatic light be
Incident on the upper surface of the
film.

> The ray PA ray is refracted along
AQ at an angle r. The refracted part
AQ s partly reflected along QS and
partly refracted along QB.

P Incident wave
|
o .
Air '; 'S
Al £\
Refractive | ; rir Film
index=p. LLT | thickness = t
[ X7
Air O‘ /f/l

N'

B

C

Refracted wave



p Incident wawve

Air :
A ' F 3
Refractive Film
index=p thickness =t
Alr

Refracted wave



» The reflected part QS is again reflected
from point S on the upper surface of the
film along ST and finally emerges out
through TC.
The optical path difference,

A = path (QS+ST) — path QN

A=pn (QS+ST)-ON ... (1)
In right angled A QSO,
_ S0 __t
cosT = Oor QS = e (2)

P Incident wave
i

C

Air ] 5
Al !
W
Refractive | : rr Film
index=p. ri r thickness = t
o |
/[ ] oT
! 0 iy
Air Qi //l |
N | C

B

Refracted wave



Similarly in right angled A SOT,

P Incident wave
I

SO t

cosr=— orST=—— ... (3)
ST COST |
Putting these values of equation (2) & (3) into |
eq” (1), A\ S
A= M (QS + ST) - QN Refractive AU | \:Mr Film
— t t — index= | r: r . thickness =t
A= (COS -+ — r) ON ... (4) N L\
In right angled A QTN, N Q‘?
SIni = Q—N E N i C
QT B Refracted wave
ON = QTsin i

= (QO0 + OT) sini.. (5)



Putting the values of equation (5) in eq" (4),
we get

A=u (=) —(Q0 + 0T) sini ... (6)

COST P Incident wave .

Now again in A QSO and A SOT,

Q0 oT ar S
tanr—ﬁ and tanr—ﬁ Au —:
Refractive r | r r Film

Putting these values in eq"(6), we get Lo {[{j : thickness = t

2t . . Q\ Qi
A=p(— r)—(OS tanr + OS tanr) sin i Air ; ]; i

N -

2t .. Refracted wave

A=u(——) —2(OStanr)sini ....(7) B

COSTr



Ssin i

From Snell’s law, = U sint=usinr
Putting these value in equation (7),

2t

A=p(——)—Qttanr) psinr ..(7)
L 2t , tsinzr
~ Ml cosr K os T
2ut
/l = a (1 — Sinzr)
COS T
~ 2utcos’r
~ cosT

A =2utcosr



1.Condition for maxima :

If A=n\, wheren=0,1,23,....... constructive interference takes place
and the film will appear bright

2ut cosr = ni
2.Condition for minima:

If A =(2n-1) A/2, where n =1, 2, 3 ... destructive Iinterference takes
place and the film will appear dark.

A
2ut cosr = (2n — 1)5

Therefore, the point of film which appears bright in reflected light
appears dark in transmitted light.

Hence, the interference pattern of reflected and transmitted
monochromatic light are complementary to each other.



Discuss the formation of interference fringes due to wedge shaped thin
films seen by normally reflected monochromatic light and derive an
expression for fringe width In wedge shaped films.

(2015-16, 2017-18)



Interference in Wedge shaped film

> A wedge shaped thin film is R,
one whose plane surfaces
are slightly inclined to each
other at small angle 6 and

. A

encloses a film of transparent

material of refractive index
g

L

> The thickness of the film
Increases from one side to :
another. At the point of
contact thickness is zero. e

Medium, b

Air




> Consider a film of non-uniform
thickness, bounded by two surfaces

OP and OQ inclined at an angle 0. The /’ﬁRl IR,
thickness of the film gradually > il

Increases from O to P. The point O at / P

which the thickness is zero is known > |

as the edge of the wedge.

> Let a beam AB of monochromatic
light of wavelength A be incident at an
angle ‘I’ on the upper surface of the .
film. It is reflected along BM and is RO Ai
transmitted along BC.




» At C also the beam suffers partial
reflection and refraction and finally we
have the ray DR, iIn the reflected

system.

> The optical path difference between the
two reflected rays R, and R, will be

A= u(BC+CD)in film - BM in air
A= u(BN + NC + CD) — BM ..... (1)

In AB
. . BM.
Sint =—,;
BD

and ABND :

. BN
SINTY =———
BD

Air



According to Snell’s Law,

~sini  BM/BD BM
~ sinr  BN/BD BN

u

BM = uBN
Substitute the value BM In equation
(1) become
A= u(BN+ NC+CD)— uBN

A= (NC +CD) ecovrrrrrnnn... (2)

Air



Now draw perpendicular DF from D on OP and produce BC. They
meet at L.

Now triangle CDF and CFL are congruent,
Since«CDF = £CLF =r + 6
¢/DFC = £CFL =909

And CF 1s common
DF =FL =t
CD=CL
Substituting value of CD in equation (2) we get "-\el ‘\’*ii Ai
A= u(NC + CL) § g

A= uNL ... (3)



» The angle of incidence BCJ at C Is,

therefore (r + 0). CJ and DL are normal 4R)

to the surface OP therefore CJ and DL / / / A
are parallel as ACL cuts the parallel line / " A
CJ and DL, we must have M/ .

LAC] = 2CLD =1+ 0

NL
2t

NL=2tcos(r+86)

As In ANDLcos(r + 0) =

Air

Equation (3) gives oG
A = 2utcos(r + 8) :



As the wave train along BR; Is the reflected wave train from a denser
medium, therefore there occurs a phase change of w or path difference
M 2.Therefore the effective path difference is,

A = 2ut cos (r+9)+§ ............. (4)

Condition for maxima (Bright Fringe):

A
2 Ut cos (r+9)+§=n/1

or 2utcos (r+6) =(2n— 1)%
wheren=1, 2, 3...........



Condition for minima (Dark Fringe)

A A
2t cos (r+9)+§= (2n+1)§

2utcos (r+6) =nAa

wheren=0,1,2..



Fringe Width

For bright fringe, Let x_ be the distance
of n™ bright fringe from the edge of the
film, then

tan 0 = xior X, tan 0 =t t*
Putting this value of t In effective path
difference equation, ‘
Xn

A
2utcos (r+6) =(2n— 1)5
X+




2ux, tanOcos (r+60) = (2n — 1)% ....... (1)
Similarly, if x _,, is the distance of (n+1)" bright fringe, then
2ux,41tan @ cos (r + 0) = [2(n+1)-1]% = (2n+1)% ........ (2)

Subtracting eq” (1) from eq"(2),

For normal incidence, 1 =r=0and cos (r + 6) = cos 6

_ A _ A
- 2utan9c059 _Zusine




For very small value of 0, sin6 = 0;
A

(1)=2—'ue

_ _ _ A
Forairfilmu=1 W = o



unit-111

Mmict

GROUP OF INSTITUTIONS

Wave-optics

Lecture-20




Outline

> Necessity of an extended source
» Newton’s rings



What is Newton’s rings? (2015-16, 2018-19)



Newton’s rings are the locus of constant thickness of air film formed
between glass plate and Plano-convex lens. It is based on interference
phenomena. As a result, alternate dark and bright fringes are obtained.

A E/ /F

Air /ﬁlm

Plano-convex
lens

¢ Glass plate




Why the centre of Newton’s rings is dark in reflected system?
(2015-16)



As the rings are observed in reflected light, the effective path difference is
given by 2ut cos r + A/2, where p Is the refractive index of the film, t is the
thickness of the film at point of incidence. For normal incidence r = O,
therefore path difference is 2ut + A/2.

At t = 0, the effective path difference i1s A/2. This iIs the condition of minimum
Intensity.

Hence the centre of Newton’s ring is dark.



What do you understand by Newton's rings? Explain the
experimental arrangement. How can you determine the wavelength
of light with this experiment ? (2016-17)



Newton’s RIngs

» When a Plano-convex lens of large
radius of curvature is placed with its
convex surface In contact with a
plane glass plate, an air film of |
gradually increasing thickness from A”/ﬁlm

the point of contact is formed N/ 5 N
between the upper surface of the - D t lens
plate and the lower surface of the

E/ /F

—

lens. ¢ Glass plate




» If monochromatic light is allowed to fall normally on this film,
then alternate bright and dark concentric rings with their centre
dark are formed. These rings are known as Newton’s rings.

» Newton’s rings are formed because of the
Interference between the waves reflected from
the top & bottom surfaces of an air film
formed between the lens and plate.




Experimental arrangement

» A Plano-convex lens L of large radius
of curvature is placed on a plane glass
plate P such that both of them are
having a point of contact.

»Light from a monochromatic source Is
allowed to fall on a glass plate G
Inclined at an angle 45° to the incident
beam.

.---ins.‘..x *

"!
i

A

\

P




» The light reflected from the glass plate
falls normally on the air film enclosed
between Plano convex lens & plane
glass plate.

»Light rays reflected upward from the
air film, superimpose each other and
Interference takes place. Due to
Interference of these rays, alternate
bright & dark concentric rings are
seen, with the help of microscope.

6
---Jfl.‘f‘.;; Y X E
\——/
Y — —q




As the rings are observed In reflected light, the effective path
difference is given by 2ut cos r + % where u Is the refractive index of
the film, t is the thickness of the film at point of incidence. For normal
Incidence r = 0, therefore path difference is 2ut + %

At t = 0, the effective path difference Is %



Condition for constructive interference-
A =nA

2ut + %: nA

or 2ut=(2n- 1)%,

o wheren=1,2,3,......
Condition for destructive interference-

A= (2n+1)]

A 2
2“'[ + E_ (2n+1)2
or 2ut=nA,
wheren=0,1,2,3.........



Determination of Wavelength of Sodium light using
Newton’s Ring-

Dark rings-

Let D, and D, be the diameters of the n"& (n+p)" dark rings
respectively, then

D2 = 4nAR e, (1)
D2, =4 +P)AR . (2)

where p is any number & R be the radius of curvature of the lens.



Subtracting equation 1 from equation 2,
D,?Hp — D2 =4(n+ p)AR — 4nAR
D,%er — D2 = 4pAR

Df.p— DA
A= ZZR ..... (3)

The same result shall be obtained for bright ring.



Show the diameter for bright rings are proportional to square root of
odd natural number and for dark rings diameters are proportional to
square root of natural number. (2015-16, 2018-19)



Diameter of Bright & Dark Rings

> Let R be the radius of curvature of ) G .
the lens and r be the radius of a R T H‘H.
Newton’s ring where film thickness ! \
IS ‘T’

» From the property of a circle,

DE x EF = OE x EG
rxr=t(2R-t)
2 = 2Rt - t° ....(1)

Since t 1s very small as compared to R,




hence

r> = 2Rt
or " ::_Zfi ....(2) P E{EM‘
ZR ‘,-'*f T ‘"t\
f
For Bright rings, substituting the value of t in 1R \
condition for maxima, | ETQ

A
2ut = (2n — 1)

2

2 = (2n —1 A
hos = (2n )2



For ntring,

2

r A
2U— = (2n — 1)5

2R

2 — (on — N2
re =(2n 1)2u

5 AR
r=02n—1)—

2u
D,%_Z 1/1R
4—(n )Zu



AR
D2 = 2(2n — 1)7

D, =\/2(2n—1)%R ............. (5)

For air film, u=1

D, =+/2(2n—1)AR
LetvV2AR = K

Hence D,,= Kv2n — 1

or D,xv2n-—1

Thus, the diameter of bright rings are proportional to the square root
of the odd natural number.



For Dark rings, Substituting the value of t In condition In minima,
2

2U— =nl
R "
, NAR
re = ——
For ntring. nfltR
r? = ——
U
D; nAR
4 pu

D
where r = >



DA p
D — AnAR
=
N l/l
For air film, u=1, D,, = V4nAR
Let V4AR = K D, = K7
D, «<\n

Thus, the diameters of dark rings are proportional to the square root
of the natural number.



Explain the necessity of extended sources. (2018-19)



Necessity of an Extended source

» An extended source IS necessary to
enable the eye to see whole the film
simultaneously. .
: Foint
» Let light from a narrow sources S SALIBO
can be incident on a thin film. For S
each incident wave we get a pair of \

Incident wave 1,2,3 are shown due
to the limited size of pupil the ray

parallel interfering wave in fig (a) w
the interfering pairs of wave due to v'

from only a small portion will be (a)
visible.



» To observe the different part of film they should move to
sideways. Hence with a narrow source it is not possible to observe

the whole film simultaneously.

» Now let us consider the case when the
film 1s illuminated by an extended
source of light in fig (b), the portion
of A film is seen by reflected light
originally coming from some point S,
of the extended source.

» Similarly the portion B Is seen by
reflected light originally coming from
some point S, of the same source and
SO on.

Eye

Rl




» Thus In case of extended
source of light the rays of
different part of are reflected
from different part of the
film so as to enter the eye
placed In a suitable position.

» Thus we may see the entire
film simultaneously. So we
conclude that utility of an
extended source Is to enable
the eye to view a larger area (b)
of the film.




Unit-IlI

Mmict

GROUP OF INSTITUTIONS

Wave-optics

Lecture-21




Outline

> Numericals



Calculate the thickness of soap bubble thin film that will result In

constructive interference in reflected light. The film is illuminated

with light of wavelength 5000A and refractive index of film is 1.45.
(2020-21)



We know that the condition of constructive interference in the
reflected system Is

(2n —1)4
2Ut cosr = >
For normal incidence, r=0 orcosr =1 and for thinnest fiimn=1
A
Hence, t =
4ucos T
_ 5000 x 10719
T 4x145X1

t =8.6x10"3m.



Calculate the thickness of the thinnest film (u = 1.4) in which
interference of violet component (A = 4000 A) of incident light can
take place by reflection.



We know that the condition of constructive interference in the reflected
system IS

(2n —1)A

2Ut cosr =

2

For normal incidencer =0 orcosr =1 and for thinnest flimn =1
A
Hence t =
4ucosr
4000 X 10”8
T 4x14x1

t=714.3 A



Light of wavelength 6000 A falls normally on a thin wedge shaped
film of refractive index 1.4 forming the fringes that are 2 mm apart.
Find the angle of wedge. (Imp)



If 6 is the angle of wedge formed by a medium of refractive
index y, then for normal incidence the fringe width for

wavelength A is given by
A

2p0
A1 =6000x10"%cm, n=1.4,  =2mm=0.2 cm

B =

—8
g =22°X10 " —10.71 x10~5 radian

2x1.4x0.2

6 = 10.71 x10~°X ﬂdegree

6 = 0.0061°



In Newton’s ring experiment the diameter of 4" and 12t dark ring
are 0.4 cm and 0.7 cm respectively. Deduce the diameter of 20t dark

ring. (Imp)



If D?,., and D*,be the diameters of (n+p)" and n" dark ring respectively, then

D%,,,—D?,=4p\R e (1)
In the given problem n =4, n+p =12, D,= 0.4 cm and D;,= 0.7 cm
D%, —D?,=4x8XAXR = e (2)
Suppose the diameter of 20" dark ring is D5,
D?,0 = D?,=4 X 16 XA X R =memmmmmm oo (3)

Dividing equation (2) by (3), we get

D%, —D?, 4x8xAxR
D2,,— D2, 4x16xAxR

1
2

2 X (D?15 —D?y) = (DZZO_ D%, )



D%y = 2D%;, — D?,
D2,, = 2(0.700)(0.700) — (0.400)(0.400)
D2,, = 0.98 — 0.16 = 0.82
D,o = V0.82 = 0.906 cm
So diameter of 20 ™ ring = 0.906 cm



A square piece of cellophane film with index of refraction 1.5 has a
wedge shaped section so that its thickness at two opposite side is t; and

t,. If the number of fringes appearing with wavelength A = 6000 A is 10
calculate the difference (t,- t,).



If the order of the fringe appearing at one end o the film be n , then the order of the fringe appearing at
other end will be (n +10) for dark fringe.

2ULCOST =4, oo comcen memmenme kL)
2utscosr = (n+ 10)A.......(2)
Subtracting equation (1) from Equation (2) we get
2u(t; —t; Jeosr =101 .......(3)
If the fringe 1s seen normal and the angle of wedge very small, then r =0 so that

coST =1 ves e (4)



Substituting the value of cos r from equation 4 to equation 3 we get

104 52

t,—t ) =— = —
(t2 —t1) w7

Here
u=15 and 1=6000x 1073 cm

5x 6000 x 1073 .
(tz—tl)z 15 =2X 107" cm
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Outline

> Diffraction

> Types of diffraction

(i) Fraunhofer diffraction
(ii) Fresnel diffraction



Diffraction

The bending of light around the sharp corner of opaque obstacle and
spreading of light within the geometrical shadow of opaque obstacles
IS called diffraction of light.

Condition of diffraction:

The particle size is equal to wavelength of light.

Types of diffraction:

There are two types of diffraction.
(i) Fraunhofer diffraction

(ii) Fresnel diffraction




Secraean Y

Opaque object

Source

sorean Y




Difference between Fresnel and

—raunhofer diffraction

S.No Fresnel Fraunhofer

1. Source and the screen are at| Source and the screen are at
finite  distance from  the| infinite  distance from  the
diffracting aperture. diffracting aperture.

7. Incident wave fronts are spherical| Wave fronts incident on the
or cylindrical. diffracting obstacle are plane.

3 For obtaining Fresnal diffraction,| For this, single, double slits or

zone plates are used.

gratings are used.




Convex lens i1s not needed to|Plane diffracting wave fronts are
converge the spherical wave|converged by means of a convex
fronts. lens to produce diffraction pattern.

The centre of diffraction pattern| The centre of the diffraction pattern
may be Dbright or dark|isalways bright.

depending upon the number of
Fresnel zones.




Discuss the phenomena of Fraunhofer’s diffraction at a slit and show that
relative intensities of the successive maxima are nearly

1:(4/972) : (4/2572) : . .
(2015-16, 2018-19)

or
Obtain an expression for the intensity distribution due to Fraunhofer
diffraction at a single slit. (2017-18, 2019-20)
or
Obtain intensity expression for single slit Fraunhofer diffraction pattern.

(2015-16)
Discuss the phenomena of Fraunhofer’s diffraction at a slit and show that

the intensity of first subsidiary maxima is about 4.5% of principal maxima.
(2019-20)



Fraunhofer diffraction at a single slit

et a parallel beam of monochromatic light of wavelength A, produced by a
point source S be Incident upon a converging lens (L,) and emerging light
from it, falls upon a slit AB of width ‘e’ where it gets diffracted. If a
converging lens (L,) is placed in the path of the diffracted beam, a real
Image of the diffraction pattern is formed on the screen in the focal plane of

the lens.



Plane wave front

R

S ‘
—
-
—

.

L

Slit
0
Al
f 40
€ :
o
: "'p..-"
8
Wl

4\“|' >

A

Screen



Path difference Is given by,
BN = AB siné
BN =esing............ (1)

Phase difference = 27” (esinf) ... (2)

Now, Consider the width AB of the slit Is divided Into n parts. Each part
forms an elementary source. So phase difference between successive wave
fronts Is

1 12, o 2«
— (total phase) = E[T (e sin 9)] = 8[=— (say)]



According to the theory of composition of n simple harmonic motions of
equal amplitude (a) and common phase difference between successive
vibrations, the resultant amplitude at P, Is given by,

. (nd
a S| ==~ _asina

o) ()

. T 5 ne mo 5
where a = A(esm ) 3~ > —A(esm )

R =




a Sin « a . a a
R = —; ,(for small —, sin (—) = —)
— n n n
n
nasin «
R =
a

When n —» oo, a — 0 but product na remains finite. na— A (say)

Asin a

R = - . (3)
Resultant intensity,
[ = p2 — A?sina (4)

a2



Positions of Maxima and Minima

Principal maximum or central maxima: The resultant amplitude given by
eq”(3) can be written as

° A o3 x® 7

I
«? o«*  ®

ZA[1_§+5!_7!+'"]

[f <« = 0, the value of R will be maximum.

T
o<=I (esinf) =0

~ sin@=0o0r0=0 ... (5)

Thus the maximum value of resultant intensity at P,. This maxima is called
Principal maxima.



Position of minima and secondary maxima:Differentiate eq®(4)
with respect to a and equate to zero, that is,

dl d Az(sinOC)2 0
dox dx B

o<
, 2sin o« (¢ cos « —sin ) 0
[ ] m n m2 —

So that either sina=0

or (acosa-sina)=0



Position of minima:
The condition sin a = 0 gives the position of minima.
So for minimum intensity, sina = 0

X=4nmor + m, +2m,+3m7..... tnm

T
n (esinf) = +nm

esinf =+tnai......... (6)



Position of secondary maxima:

The position of secondary maxima are given by
(xcosa-sina) =0

a=tanaa = ... (7)
On plotting graph, y=a and y=tana«a

= — b
b= Y -
11
-

- <

<5 &5
z P
< =~
= Soc oy St /37t e T
2 2 >




In graph, the points of intersection are the points of maxima.

Here, at a = 0 we get the central maxima. The direction of secondary maxima
is given by,

a = %(e sinf)=+(2n + 1)%

esinf = +(2n + 1)% eoue(7)
wheren=1,2, 3,4 .......

Here n = 0 is not taken because for n = 0, we get the position of Principal
maxima.



1) Forn=0, I=A*= I, (principal maxima)

2) Forn =1,
2
sin(37m/2
A ELICLIE)
3m/2
4
= A% —
912
Iy :
— > (Ist secondary maxima)

Thus intensity of first secondary maxima is about (1/22)™" j.e. 4.5
% of the intensity of the central maximaor the intensity of first
subsidiary maxima is about 4.5% of principal maxim



3) Forn=2,

— A% —
5m/2 252 61

Thus intensity of second secondary maxima is about (1/61)" i.e. 1.61 % of
the intensity of central maxima.

Thusly): I,: L: 1, =1 — e —

9m? " 25m% " 49m?

(IInd secondary maxima)

e [sin(Sn/Z) ’ 4
2




L E!f]tl"i:JI maximum

secondary maximum

Relatrve mtensity

-3 -2 -7T 7T 27T 39T

Intensity distribution due to single slit diffraction
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Outline

> Fraunhofer diffraction at double slits
> Diffraction grating



Fraunhofer diffraction at a double slits

> Let a monochromatic plane
wave front of wave length ‘A’
IS Incident normally on both

the slits.
> The double

slits have been

represented as A,B, and A,B..

et the widt
be equal anc

n of both the slits
It 1S ‘e’ and they

dre separatec

by length “d .

Source
S€-

e— Double slit  \l/

* Screen



Screen

Plane wave front

w

«— Double slit

Source

L



P, corresponds to the position of
the central bright maximum. The
Intensity  distribution on the
screen Is the combined effect of
Interference of diffracted
secondary waves from the slits.

From the triangle A,B,C,
. BsC _ BiC
Sin 6 = AB, e
B,C =esinf

phase difference,

T
2 X= 5 (e sinB)

cccccccc
1

Plane wave front

+ Double slit

* Screen



T

o=~ (e sinf)... (1)

The diffracted wave amplitudes

[A sina / o] from the two slits,
combine to produce interference. The
path difference between the rays
coming from corresponding points In
the slits A,B, and A,B, can be found
by drawing a normal
from A, to A,R. A,D is the path
difference between the waves from
corresponding points of the slits.

Plane wave front

+ Double slit

*“ Screen



In the A A;A,D,

Sin 6 =A,D/ A/A,
path difference, A,D =A;A,sin
A.D=(e+d)siné

The corresponding phase difference,

5=2,B=27n(e+d)sin9 ... (2)

Plane wave front
W
/A\ v "
A
Source T
s AT [ ...............
7‘ .
I w
L)

4~ Double slit

*~ Screen



Applying the theory of interference on the wave amplitudes [(A
sin o) / o] at the two slits gives the resultant wave amplitude (R).

OA:Asina’AB:Asina

a

From figure we have,
(0OB)?= (0A)?*+(AB)*+2(0A).(AB) cos §

5 Asina 2 Asina ° Asin a Asin a
R4 = + + 2 . cos O
a a a a




5 Asina\’
R4 = (2 + 2cos )

a
. A%sin‘a 4 core? )
= cos? [ =
a2 2

, AA%sin‘«a , (6)
R< = > coS“ | —
a 2

[where 8 = g = % (e + d) sin 6]



Then the Intensity at P, IS

sin? «
I = R? = 4A° — cos?f
sin? «
=4y — cos?p e (3)
[since |, = A?]

Equation (3) represents the intensity distribution on the screen. In equation
(3) the term cos?f corresponds to interference and [sin%a / o] corresponds to
diffraction.



Interference maxima and minima: If the path difference

AD=(e+d)sind=xni ... (4)
where n = 1, 2, 3... then ‘6@’ gives the directions of the maxima due to
Interference of light waves coming from the two slits.

On the other hand, if the path difference is odd multiples of A/2 I.e.
then 6 gives the directions of minima due to interference of the secondary

waves from the two slits.

AD=(e+d)singd=+(2n—1)7 ... (5)



Diffraction maxima and minima:

For diffraction minima,
esin 0=+ mi

where n = 1, 2, 3... then 6gives the directions of diffraction minima. The x sign
Indicates minima on both sides with respect to central maximum.

For diffraction maxima, esinf = +(2m — 1)%
The % sign indicates maxima on both sides with respect to central maximum.
Missing orders in double slit:

The direction of interference maxima are given as,
(e+d)sinf=ni....... (6) wheren=1,23,.....



The directions of diffraction minima are given as,
esin@=mi ....... (7) wherem=1, 2,3, ...

Based on the relative values of e and d, certain orders of interference maxima
are missing In the resultant pattern.

(1) Ife=d, then, 2 esin 8 =ni and e sin 8 = mA , on dividing (6) by (7), we get
n
:'E:Z or n=12m
Ifm=1,2,3...thenn=2,4,6...1.e., the interference orders 2, 4, 6 ... are
missed In the diffraction pattern.
(||) If 2e = d, then 3e sin 8 = n4 and e sin 6 = mA

~2 =3 or n=3m
m

ITm=1,2,3... Thenn=3,6,9... 1.e. the interference orders 3, 6, 9... are
missed In the diffraction pattern



(im)ife+d=e 1e. d=0,then two slits are joined. So, the
diffraction pattern is due to a single slit of width 2e.

-5 —4 -3 —,\2 —,\1 O 1 =
NNNNNANNN
i
cos?ps f ‘ ‘ \ { \ : . : ‘
E'R'R"RIEY "R"
/ \1} / U' u' u’ ' \/J .u U U U
—4

&nz

|/\ /N / \/\/\

—45T —27T

4al_sin“c

=

cos< B

Figure: Intensity distribution due to double slit diffraction.



What do you understand by grating? (2016-17)



A plane diffraction grating I1s an arrangement consists of a large
number of close, parallel, straight, transparent and equidistant slits of

same width e, with neighboring slits being separated by an opagque
region of width d.

Grating

Q-“f'b.

— g f—



Give the construction and theory of plane transmission grating? Explain

the formation of spectra by It. (2015-16)
or

Give the construction and theory of plane transmission grating. (2017-18)
or

What is diffraction grating? Discuss the phenomena of diffraction due to
plane diffraction grating. (2015-16)



Diffraction Grating

et a monochromatic light incident on a plane diffraction grating consists
of large number of N parallel slits, each of width e and separation d. Here

(e+d) Is called grating element.

......

C O LI T I

«



The waves diffracted from each slit is equivalent to a single wave of

ASsina

amplitude R =

a
The path difference between the consecutive waves is same and equal
to (e+d) sin®.

Phase difference (2f) = 2711 (e +d)sin6

where f§ = % (e +d)sinf



Thus, the resultant amplitude at P is the resultant amplitude of N
waves, each of amplitude R and common phase difference, 2. Hence,

the resultant amplitude at P IS given by
(7)
R sin 0
R =
(3
Sin 5
Asina
|Here, R = . (due to single slit), 6 = 20, n=N|

RsinNf Asina sinNf

R = —
sin a sin 3

Resultant intensity at P Is

2 A%sin*a sin®Np

I' =R = —_— (1)




A%sin’a . . . . .
The factor S”; - gives the intensity pattern due to a single slit
(04

in?N : el : :
while the factor (S = ) gives the distribution of intensity due to

sin?p

interference from all the N points.

Principal maxima: From eq (1), intensity will be maximum when
sin3=0
f = +nm where,n=0,1, 2 .........

sin N
sin 3

But sinNp is also equal to zero. Hence, becomes indeterminate. Its

limiting value can be evaluated by L'Hospital rule:

d . .
sin N8 W(sm Np)
lim _ = lim
B-tnm sin p-tnm d (i P\




~ Ncos N
= lim =

N
B-tnmw cos [

Therefore, the intensity at f = £nm js given by,

. 2
Sin K
= 2 (25

v Ipgx X N?
The direction of principal maxima are given by,
f = dnm

T
n (e +d)sin@ = +nmn



(e+d)sin@=4nid ... (3) n=0,1,2,.

For n = 0, 8 = 0, this gives the direction of zero order principal maxima. The
values of n = 1, 2, 3,......... gives the direction of first, second, third......order
principal maxima.

Secondary minima: For minimum intensity, sin NG =0

Nf = t+tmm
% N(e +d)sin@ = +mn
N(e+d)sinfd =+maA ... (4)

where m can take all integral values except 0, N, 2N, 3N,.......nN.



Secondary maxima: For secondary maxima,

dl d (Azsinza: sinzNﬁ) — 0o

dg ~ dp a? sin2f
A?sin? sinNpB1 [NcosNBsinfB — sinNBcosf
2] | - - 0
a? sinf3 sin?p
NcosNpBsinfs — sinNBcosfZ = 0
tan NG = Ntan 8 ceeeee(D)

To find the intensity of secondary maxima, we make the use if the triangle
shown below:

[V
-1.@3

Ntan B




N tan
N (A+NZtan? §)

sin“Ng (N<tan*B)/(1+ N=tan=f)
sinZff sin‘
(N<tan“ ) N <
(1 + N2tan2B)sinZ2f 1+ (N2 — 1)sin2p
Putting this value of (sin NG)/sin< fimneqg® (1)

We have, sin NS

A sin®o N2

a2 1+(N=—1)sin®

I' =R~ = . (6)



Dividingeq® (6) by eq® (2), we get

Intensity of secondary maxima [ 1

Intensity of primary maxima I, T 1+ (N2 —1)sin?p

Hence, the greater the value of N, the weaker are secondary maxima.

Zero order principal
First principal Mmaximum First principa!
maximuem 4 ha

Secondary Secondary
minima minima

Figure: Intensity distribution due to I slit diffraction
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Outline

» Formation of spectra by diffraction grating
» Missing order



Explain the formation of spectra by diffraction grating.
(2015-16, 2017-2018)



Formation of spectra by diffraction grating

The direction of the n'" principal maxima is given by
(e+d) sin 6,, = nA

where 6,, is the angle of diffraction and (e+d) is the grating
element. From this equation, it can be concluded that




1. The angle of diffraction 8, is
different for different order
principal maxima for a given
wavelength.

2. If we use white light then the
light of different wavelength is
diffracted in a different direction
for a particular order. Longer the
wavelength, greater the angle of
diffraction.

Zaero ordar
MaXemum

Vi

First
R, order

R: ~sacond
ordar




3. In grating spectra, violet colour iIs In the
Innermost position and red Is the outermost
position. As the order of the spectrum increase,
the Intensity decreases.

B (e+ d)sin6
- A

4. The maximum orders available In grating
spectra can be obtained from the following
condition. For nt" principal maxima,

(etd) sin 8 = nA

n

Zero ordar
LEE Ll

vy

Firgt
Ry S order

R; Second
ordar




» At central maxima (n = 0), all - ~\Second
maxima of different wavelengths : Norer
coincide to form a central image of
color similar to incident light.

» Forn =1, all principal maxima of
different wavelength form a
spectrum of the first order.

» Similarly for n = 2, all principal
maxima of different wavelength Hyémm

Zerto ordar
AN U

form a second order spectrum.



What do you understand by missing order spectrum? What particular
spectra would be absent if the width of transparencies twice of
opacities of grating? (2015-16, 2016-17).



Missing order spectra in Diffraction Grating

As we know, the condition for maxima in grating,

(e+d) sin 0 = n4, n=0,1,2,3...... (1)
and condition for minima in grating
e sin 6 = mA4, m=1,2,3........ (2)

Dividing eq " (1) by eq " (2),

ce+d Zi e +d
( ):— or n:( S )m
C m

This is the required condition of missing order spectra in the diffraction
pattern.



i) Whend=¢,thenn=2m
Therefore, whenm=1,2,3,....... missing orders are 2, 4, 6,........

1) When d = 2e, then n = 3m
Therefore, whenm=1,23,....... missing orders are 3, 6, 9,........

2nd order

HsaEHmnm
SULHL R R 4

mhﬂmhmmhmnmlmmmmmml
20000A 15000A 10000A 5000 A 0



What particular spectra would be absent if the width of the
transparencies and opacities of the grating are equal. (2016-17)



According to missing order condition in diffraction grating, we know
<e + d)
n = m
e

n=2m

Here, e = d

where, m =1,2,3
Missingorderm=2,46.........



What do you mean by resolving power on an optical instrument?
(2018-19, 2020-21)

What Is resolving power of grating? (2015-16)



Resolving Power

The capacity of an optical instrument to show two close objects separately
IS called resolution and the ability of an optical instrument to just resolve
the images of two close point objects is called its resolving power.



Resolving power of a grating

It Is defined as the ratio of
the wavelength of any
spectral line to the smallest
wavelength difference
between neighboring lines
for which the spectral can be
just  resolved at the
wavelength .

It can be  expressed

. A
mathematically as7~ -

bodd: dobey

Y

Grating Screen



et the direction of n'" principal maxima for wavelength 4 Is given by
(e+d)sinéh=nAi

N (e +d)sin 6h =Nn A
and the first minima will be in the direction given by

N (e + d) sin (6n +d6h) = m A

where m Is an integer except 0, N, 2N ... because at these values
condition of maxima will be satisfied.



The first minima adjacent to the n" maxima will be
In the direction (6h + dbh) only when m = (nN + 1). o
Thus '

. — P
N (e + d) sin (6n + d6h) = (NN + 1) 1 (D) | P.
—
: : .. . — | ™
For just resolution, the principal maxima for the
wavelength A+ dA must be formed in the direction :
(On + dOn), therefore '
— ] Y
(€ +d) sin (6n + dbn) = n (4 + di) Grating Screen

N (e + d) sin (6n + dbn) = Nn (A + dA) ...(2)



Now equating (1) and (2),

(NN +1)A=Nn (1 +dA)

A =NndA
Thus resolving power of grating is,

Ao _
T—Nn

Grating Screen



What is a Rayleigh criterion of resolution? (2015-16, 2016-17, 2020-21)



The Rayleigh criterion of resolution

According to Rayleigh, the two point sources or two equally intense
spectral lines are just resolved by an optical instrument when the
central maximum of the diffraction pattern due to one source falls

exactly on the first minimum of the diffraction pattern of the other and
vice-versa.



o




Define dispersive power of a plane transmission diffraction grating.
(2017-18, 2018-19, 2019-20)



Dispersive power of diffraction grating

The dispersive power of a diffraction grating Is defined as the rate of
change of the angle of diffraction with the change in the wavelength of

light used. de
~dA

w

For plane diffraction grating, (e +d ) sin O = nA, (1)

Differentiate this eq * with respect to A, we get

de
(e+d)cosﬁﬁ—n

do 7

dl (€+d)cos &

do 7

di  (e+d)(1-sin28)"

or

or



From eq™ (1), we have, i

sin @ =
(e+d)

Substituting the above value of sin 8in eq ™ (2),

i, n

dh (e+d)[1-(nd] e+d)']"

do 1

dA e+d

I( )2 _ 32 ]1..-'2

¥l



The above equation leads to the following conclusion:

1. o Is directly proportional to the order of spectrum I.e. the higher is the
order, greater Is the dispersive power.

2. w is inversely proportional to the (e+d) i.e. the dispersive power
is greater for a grating having larger number of lines per cm.

3. w is inversely proportional to the cos 8 i.e. larger the value of 6,
higher is the dispersive power.
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» Numericals



A diffraction grating used at normal incidence gives a yellow line
(L = 6000A) in a certain spectral order superimposed on a blue line
(. = 4800A) of next higher order. If the angle of diffraction is
sin~1(3/4), calculate the grating element.

(2015-2016)



The direction of principal maxima for normal incidence for wavelength A,IS
(e+d)sinf =nA; ...... (1)

Let nt" order maximum of A, coincide with (n+1)" order maximum of A,,
then

(e+d)sinfd =nl;=(n+1)2,

or n =22
C A— Ay




From (1),

A1 4z

(e +d)sinf = R

A1 Ay

(e+d)= (44 — A;)sin6

_ 6000x1078x4800x1078
(6000—4800)x1078x(3/,)

=3.2X 10" %cm




Light of wavelength 5500 Afalls normally on slit of width 22.0 x105
cm. Calculate the angular position of two minima on either side of
central maxima. (2015-16)



For single slit diffraction, the angular position of minima is
e sin 8 =n4
sin @ =24/ e(n =2)
0= sin~1 (2\/e)
=sin~1 (2 x 5500 x 1078) /(22 x 107>)
o= 30°



A diffraction grating used at normal incidence gives a green line
(L = 5450A) in a certain spectral order superimposed on a violet
line (A = 4100A\) of next higher order. If the angle of diffraction is
30°, then how many lines per cm are there in grating?

(2015-16)



For grating, (e +d)sinf@ = ni

Let nt" maxima of A; coincide with (n +1)" maxima of A,, then we have
(e+d)sind =niA;=(n+l) 4,

nl;=(+1) 4,

A NP P B
n= R We have, (e + d) sin@ = i,

o Az A4
sin f = )i (1)




A= 54004 = 5400 x 10~ 8cm, 1,= 4050 A" = 4050 x 10~ 8cm,
Ai—A,=1350 x 10~ 8cm, 6 = 30
A,  4050x107% ;
Ay —A, 1350 x10°8

5400Xx10"8%x4050x10 "8
1350 X10~8xsin 30°

=

Now from (1), (e + d) = =33.10 X 1077 cm

Number of lines per cm = =3 X 10°

(e+d)



A plane transmission grating has 15000 lines per inch. Find the resolving
power of grating and the smallest wavelength difference that can be
resolved with a light of 6000A in the second order. (2016-17)



The number of lines per inch on the grating, N = 15000

: A
n = 2, Resolving power = = niN

= 2 x 15000 = 30000

The smallest wavelength difference,
di= 2
nN

_ 6000x1078
30000

=0.20 X 107 8cm




A plane transmission grating has 16,000 lines to an inch over a length of 5
inches. Find in the wavelength region of 6000 A, in the second order (i)
the resolving power of grating and (i) the small wavelength difference
that can be resolved. (Imp)



The number of lines per inch on the grating, N = 16000
Length of grating = 5 inches, So total number of lines = 80000,

n=2,

A

(i) Resolving power = = nN = 2 x 80000 = 160000

(i) The smallest wavelength difference,

A _ 6000x1078
nN 160000

dl= =3.75 x 1071%m



Light of wavelength 5000 A is incident normally on a slit. The central
maximum falls out 30° on both sides of the direction of incident light.
Calculate the slit width. (Imp)



For single slit, the direction of minima Is given by,

esin@ =nA wheren=1,62 3.....

Therefore, the angular spread of the central maximum on either side
of incident light is,

sin @ =

Q| >

A 5x10"8 _
e=—_== =10"7cm
sin 6 sin 30




Calculate the angle at which the first dark band and the next bright
band are formed in the Fraunhofer diffraction pattern of a slit 0.3 mm
wide (A = 5890A).



For single slit, the direction of minima is given by,
esind =nA wheren=1,2,3.....
For first dark band, n =1

_H_/1_5><10‘8
S = e T T 003

0 = sin~1(0.00196) = 0.112"

= 0.00196







