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31 Fraunhofer's diffvaction at a single slit

Let a parallel beam of monochromatic light of wavelength A be incident normally upon a
narrow sht of width A8 « b placed perpendicular to the plane of the paper. Let the
diffracted light be focused by a convex lens 2 on a screen XY placed in the focal plane of
the lens. The \lllT!'uCIinll'l pattern obtained on the screen consists of a central bright band,

having altermative dark and weak bright bands of decreasing intensity on both sides.

X

AP

Sz ) =0
Y

Explanation
In terms of wave theory, a plane wave front is incident normally on the slit48.
According to the Huygen's principle, each point on 4B sends out secondary wavelets in
all directions. The rays proceeding in the samé direction as the incident rays are focused
atO, while #hose diffracted through an angle @ are focused atP. Let us find out the
resultant intensity at p. | :
Let AK be te perpendicular to BK . As the optical path from the plane AK toP are
equal, the path difference between the wavelets from 4 to B in the direction

Path difference = BK = ABsin@ = bsin @

The corresponding phase difference = ZTE(bsin 9)
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Let the width AB of the slit is divided into n equal parts. The amplitude of vibration

Direction for Maximum Intensity

. equal toa. The phase o .% ” % mqu“_
atP. Due to the waves from each part will be the same, say eq . For direction of maximum intensity P 0 i HER P
3 . (27, . - Al A T § :
difference between E_w waves.from any two consecutive parts is Mh[\ﬂlvm_: mw =4 (say). P sin’a [ 2sing Yacosa—sine ) H : by n
’ Do A —— =04 S — =0 : Poa/i
J . [ né . ( wbsin@ . @ - ) 0 ” _. __
asin| —= | asin B i : VPR S a—>
Hence the resultant amplitude at Pis R = . hm...u R ha&mmsmu U#nonvmoomalmﬁ.nnﬁv = a=tag o 2 ACT R T .
sin| — sin| =——— ,._ : : “
E na The equation is solved graphically by plotting the curve P : : :
’ : ’ Ll ’
Let llu@m,ﬁmun = g=204 nnmm_n 2 is small y=a and y=tana . .
“ ) miﬁmu = i the points of intersection gives (approximately) | ey w : g
n =y b ]
3r St Iz > S
i =0,—,=,~—=0,1.4307,2462 7,3.4717.....
R nasina a 2°2°3
a

Substituting the value of « into the expression of I

Asn—o, a—0 but the product ra remains finite in0

& ; sin

2. ’ sina The intensity of the central maxima J/, = 4> mlw =1
Thus Resultant Amplitude at P dueisR = 420 &% let na= A A 0
«N o 2
sing )’ R "
Thus resultant intensity at P ; d=R*= mmﬁ - w
a

The constant of proportionality being taken as unity for simplicity

Condition for Maximum and Minimum intensity The intensity of the second maxima A
* . ‘ 52T £ : ¥
Direction for Minimum Intensity / R S
=4 —2 | =24
& : 57 161
For minimum Eﬁmmmm,.\., = e _ 0 = sina=0 buta#0. z
@ Thus the ratio of intensities of the successive maxima
- -
Thus a =+mz  whete; m has an integral valuel, 2,3 except zero Ll F....=1 LI S el S TS 0 TS
: o e 121 B o2r -r 0r 2
« mbsind & o, . ; i
p =tmz Clearly most of the incident light is concentrated in:

= bsinbf=+mj where \.zn_.w_u

the same direction as the incident light
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Effect of Slit"Width on Diffraction Pattern

If slit is made narrower

Since first minimum on either side of the central maximum occurs in the directiond,

given by equation dsin@ = +4 ’

When the shit is narowed (& is reduced), the angle @ increases w hich means the central

maximum becomes wider. When the slit-width is as small as wavelength (b = ~$ , the first

minimum oceurs até? =90, which means central maxima fills the whole space i.e.

condition of uniform illumination,

-

Example: A monochromatic light with a way clength of 4 =600m passes through a

single slit which has a width o£0.800 nm

{2) What is the distance between the slitand the screen be located if the first minim

the diffraction pattern is at a distance 1.00mm. from the center of the screen?
. N . L
(b) Calculate the width of the central maximum.

Solution: (2) The general condition for destructive imerference is

a_.nmnsw m=#] 2 +3

of smal

s‘nnﬂu"owEnuﬂwau_s...nonu_.:mu anf = W which yields
The first minfmum mo._.wnmvouau, Om=1.1fy, =1.00mm, then

5 \m‘ocx_oka.____.gxs._i

L="2L = T —————1=133
mi _?Sw_o.ai »

(b) The width of the central maximum is J’ — 2y, = N:.Sio-.i =2.00mm

———

u

O~
SN
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3. Diffraction of Light

The spreading out of a wave when it passes through a narrow opening s usually referred

to as diffraction, and the intensity distribution on the screen is known as the diffraction

pattern, } .

The diffraction phenomena are usually divided into two categories: Fresnel diffraction

and Fraunhofer diffraction.

In the Fresnel class of diffraction the source of light and the'sereen are, in general, at a
. finite distance from the diffracting aperture In the Fraunhofer class of diffraction, the

source and the screen are at infinite distances from the aperture; this is easily achieved by

placing the mmE,nn on the focal plane of a'convex lens and placing the screen on the focal

plane of another convex lens. The two lenses nmﬁnn:,,‘.mc. moved the source and the screen

to infinity because the first lens makes the light beam parallel NEn_Bn second lens

. ” % ",
effectively makes the screen receive a parallel beam of light.
’ Slit |
Point_g_---*%" ‘ Point
Source ..-ﬂl-:.-..- Source &
‘ f : A
; } Slit v‘ . AS8een Tl L 'm »\a _

Fig: Fresnel diffraction Fig: Fraunhofer diffraction

Head office: .

fiziks, H.No, 23, G.F, Jia Saral,

Near IIT, Hauz Khas, New Delhi-16
Phone: 3.u.mmmmm&mm\...wu,wmﬂu:wbwm

Website: htto://www.phys

Branch office:

Anand Institute of Mathematics,
28-B/6, Jia Sarai, Near IIT

Hauz Khas, New Delhi-16

piks. '

Email: :._r..v:«.ru@u.‘r-:.;:_




fiziks '

Institute for CSIR-UGC JRF/NET, GATE, IIT-JAM, GRE in PHYSICAL SCIENCES

Ans. 38: 1.93
Solution: The path difference is A = d'sin @

for D >> y, -sinBEt_anH:%

yd
A 5
where, y=1.8x10% m, d=1.5x10" m and D:l.*im

- (1-8x10 m)(1.5x10" m)

=193x10°m = A=1.93 um b

14 m
S *n-; 5
%) ‘
- i
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Example: A'monochromatxc light is incident on a smgle slit of width 0.800mm and a
diffraction pattern is formed at a screen which is 0.800 m away from the slit. The second
order bright fringe is at a distance 1.60mm from the centre of the central maximum. |

What is the wavelength of the incident light?

Solution: The general condition for destructive interference is
. L

, A
sind=m 5 ~ % where small-angle approximation has been made.

th

Thus the position of the m" order dark fringe measured from the central axis is

-
b

Let the second brlght fringe be located halfway between the second and the third dark

1 ) AD _ "'-AD

fringe. That is y,, =1(y2 +y3) —(2+ +3

The approximate wavelength of the incident light is then

122y _ 2(0.800x107m)(1.60%107m) Wit
5D 500(0.800m)

Example: Light of wavelength 580 nm is incident on a slit having a width 0f0.30 mm .
The viewing screen is'2 m from the slit. Find the positions of the first dark fringes and
the width of the central bright fringe. What if the slit width is increased by an order of
magnitude of 3.0 ,zm ? What happens to the diffraction pattern?
Solution: Tq analyze the problem, note that the two dark

fringes that flank the cehtral bri ght fringe corresponds to

5.80x107m

= ), =t — =+1.933x107
03x107m .|
since, y, = Dtan§,,, - | “——D
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. —_
For small angk: O.i =tanb,,, =sinf,, = % ned
oy, = Dsin6,, =(2m)(£1.933x107) = +3.87x107m i;ce

?3 The width of the central bright fringe is W =2|y,| =2x3.87x107m =7.74 mm
Note that this value 1s,much greater than the width of the slit.

We expect thét angles at which the dark bands appear will decrease as b increases
Thus the diffraction pattern narrows. A {
For b=3.0 mm, the sine of the angle 6, forthe n= = +] dark fnnges,are tb
sin@,,, = i% = is—ij‘ll()—(_):fl 5217933 x 10*.‘" : ;
= - - i, ty
= Dsing,, = (20 m)(£1.933x10) = 43.87x10m,, %
The width of the central brlght fnnge is Sk ' 1
. W=2p =2x3. 87x10"4 ;
=5 W= () 774 mm ; _
- Notice that thjs is smaller than the width of the slit - i

M,

E]]

hi- r
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~32 Fraunhofer’s Diffraction at a Double Slit
In Double Slit diffraction experiment, thé pattern obtained on the screed is the diffraction
pattern due to a single slit on which a system of interference fringes is superposed.
By Huygen's principle every point in the slits 4B and CD sends out secondary wavelets

in all directions.

-

Shit widtlr=B9ey
Y Opaque Spaéﬁ =g Slit

From the theory of diffraction at a singlé slit, the resultant amplitude due to wavelets

diffracted fromveach slit in a direction @ is R = A_sm where o = 228108

(1

Consider the two shts as cquwalent to two coherent sources placed at the middle points

f"‘“*‘ e

S, and S of the shts and each sending wavelets of amplitude AXZ in a direction .

mommﬂh

r

| ' N sin .
interference betwéen two waves of same amplitude A——, and having a phase
a

e,
difference & (say) and path difference S,K = (b+e)sing. .

(04

Phase dxfference S= 5 (b +e)siné

The resultant ampiitude R

¥ 2 ) 2 . "
R? =[Asmaj +(Asma) +2[Asma)[AsmaJcosé.
a o a a
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) .-‘3.‘. ’ s
R’ ( ‘_\1“_0] (2+2cosd) =R ‘—“I "\"'I.] ”4&‘05).‘
a v A ' @
> 7(b+e)sind
Lel ﬂ=32>5=—/1_‘_“'

Therefore the resultant intensity at P is

1sm (04

I=R*=44° cos” 8

Thus the intensity in tht resultant pattern depends on two factors
2

(1) 51::_01 which gives diffraction pattem due to each mdlwdual sllt and

‘A ."\

(ii) cos® B, which gives mterfercnce pattem due to dlff'racted llght wagé%‘om the two

slits.

12

The diffractipn term

gives céng_ifal maximum. in the directiond=0, having

aZ

alternate mlmma and subsidiary'm
are obtalned 15@% dlrectlo%ven byaf
‘ sina=0 =

=1,2,3,... (but not zero)

(m=123,.)
The interference t;rrnfi os* i gives a set of equidistant dark and a bright fringe as in
Young’s double slit": 1nte.if:fe1"ence experiment. Thc"bright fringe are obtained in the
direction - |

cos’ =1 = f=tnr = -}(b+e)sin9=irm’

Thus the condition of maximum is

(b+e)sing = +n where n=0,1,2,...
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The entire pattern may be considered as consisting of interference fringes due to light

from both slits, the intensities of these fringes being governed by the diffraction occurring

at the individual slits._
= sin? &
” a
NN NN
=3z 27 - a=0 = 27 [ Bpx. a>
[ ]
cos’
B>
a sina
>—COS
2

Effect of Slit- Width on Diffaction Pattern

+

(1) Effect of -mcreasm’g the slit wndth
If we increase the. slit width b, the enve]ope of the fringe pattern changes so that it central

peak is sharper. Thﬁﬂ_ﬁ‘mge spacing, which depends on slit separation, does not change.
Hence less interference 1 axuna now fall within the ccntral diffraction maximum.

(2) Effect of'mcreasmg the dlstance between slits

If b is kept constant and the separation d betwé_en them is increased, the fringes

-mm TIN5 ) WETATET TV VA6l ko fedclo M 1119041 (I

interference maxima fall within the central envelope..
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Absent Orders

For certain values of 4 certain interference maxima become absent Jfrom the pattern.

Suppose for some value of @ the following conditions are simultaneously satisfied.

(b+e)sin@=+na Interference maxima

bsin@=+mA Diffraction minima
Thus according to the first condition there should be an interference maximum in the
direction@, but according to the second condition there is no diffracted hght in this

direction. Thérefore, thc interference maximum will be absent in this direction.

- b+e_ n. ‘
2 m b i
(1) If €=b then n=2m—2 4, 6-’"-:* h Sinée m‘ 1,2, 3

Thus 2™, 4" and 6™ order mterference maxima willibe absent; i’e. they w1ll coincide with

1%, 2nd 3 Qrder diffraction minima. Thus the central dlffractlon maximum will have

three interference (zero order and two first orders) maxima.

(i) If e=2b, thcn n= 3m 3 6 4
Thus th,;. 3rd 6“' 9th order mterference maxima will coincide with 1%, 2™, 3™ order

1 '
5 _ , 2 '
m4 4
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Hiraction Gra ing
A diffraction grating is an arrangement equivalent to a large number of parallel slits of
equal widths and separated from one-another by equal opaque spaces. It is made by
ruling a lqrge number of fine, equidistant and parallel lines on an opfically plane glass
plate with a diamond point. The rulings scatter the light and are effectively opaque while

the un-ruled parts transmit light and act as slits.

Let AB be the sectlon of a p]ane transmlsswn gratmg, the lengths of the slits being

perpendlcular to the plane of the paper Let b be the width of each slit and e the width of
each opaque space between the slits, then d=h +e is called the grating element.

E

'am of monochromatlc hght of wavelength A be incident normally on the

Leta pat;allq ;

grating. By ﬁ_e theor.y of Fraunhofer diffraction at a single slit, the wavelets from all

points in a sllt dlffracted in a direction 6 are equlvalent to a single wave of amplitude

zbsind
T

sina

a
Thus if N be total numbéf 6f slits in the grating, the diffracted rays from all the slits are
of the slits.

A

, starting from t}}c,middle point of the slit where a =

equivalent to N parallel rays, one each from the middle pointsS,,S5,Ss..
Path dlfference between the rays from the slits S, and S, is

SK S,S, sinf = (b+e)sm9
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The corresponding phase difference = 27”( b+e)sinf=2p

Hence the resultant amplitude in the direction 6 is R =4>-% S0 NGB
- AL ‘ a sinf

~

- 2 . ' 2 :
The resultantdntensity is 7 = R* = 4* sin” ¢ |( sin” N3
: sin” 8

a
The first term represents the diffraction pattern produced by a single slit whereas the

second term represents the Interference pattern produced by N equally spaced slits. For

N =1 the above equation reduces to a smgle slit d1ffract10n pattern and for N =2,to the

£

double-slit diffraction pattern

L asa fuat:tion of S for N:

Following figure shows the plot ot~_»,sm ]\; ﬂ ’
mn . “ ; 4 J‘:.,,.::':&;

7 As the value

l’I}

of N becomes very large, the above fungtion becérﬁe‘é narrow and very sharply peaked at
B=0,7,27.. |

Between the two peaks the functt n vamshes when p' ‘_

—2;r : 2';7

———ae
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Position of Maxima and Minima
Condition for Principle Maxima
When the value of N is very large, one obtains intense maxima whensin £ = 0. This
condition arises when
e +hm ' where n=0,1,2,3.....
- - SO W sinNg=0 e

sinNg _0
sin f

SONA | i eosE <

Thus (indeterminate form), thus'

lim — =
f-rtan Smﬁ p-tnn COSﬂ

-

Thus intensity

A’sin’ a sina
[==——N'=N,—;
a a

Such maxima are most intense and are known as principal maxima. Physically, at these
maxima the figlds produced by each of the slits are'in phase, and therefore, they add and

the resultant ﬁeld is N times the field produced by each of the slits.

ey are obtaine irection given by -_— e —

, l_i;-(b+e)sim9=:tmt

T (b + e)sin 0 =+nl ' ' where n=0,1,2...
This is the poﬂ&itidn- of maxima where for n=0, we get the zero order principle
maximum. For n=xL42+3..... we obtain the first, second, third- order principal
maxima respectively. The + sign show that there are two principal maxima for each order

lying on either side of the zero order maximum.

__w——_*,_______———#—_
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] )
" 1 sin’ a

e i
e e

Condition for Minima ™ &,

F

| m

The intensity is zero when sin N3 =0 butsin # # 0 then s“_l Nﬂﬂ =
sin
. ' ?

(sin f = 0 gives maximum intensity). Thus minimum are obtained in the directions given

by

sinNf=0 = Nf=im'm :N—E(b+e)sin9=ﬂ:m'n’
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y
)

Thus the condition ofiminimum intensity is

. N(b+e)si110=im'/l

where m' takes all integral values ¢xcept 0, N,2N.... nN . Because these value of m’

£l i dadian et

makessin # =0, which gives principal maxima.
It is clear from above that m' =0 gives the principal maximum and m"=1,2,3.. (N-1)

give minima and then.m' = N give again a principal maximum. Thus there are (N -1)

minima between two consecutive principal maxima.

Condition for Secondary Maxima
(@ e
As there are (N —l)mmlma between two consecutlve pr1n01pal max1ma, there must be

(N —2)other maximaibetween two principal maxima these are called secondary maxima.

Their positiops are obtained by differentiating the. gg:;m,xla of intensity / with respect to

F and equating it equal to zero. Thus

dl  A*sin’ azl:smNﬁ}NcosNﬂsmﬂ smNﬂcosﬂ

dp o @} sinf i sin® S8 : .
N coﬂs:'n‘ﬁ sin f# =sin Npcosf => tan NG = N tan 8 —-(1)
sin N yi] 7 .
To find the valuc of — under the condltlon (1), we make use of the triangle shown
sin

in figure (1) th1s gnves ‘4
sin N/i’ G N’ tan’ ﬂ _ N?
sin® B (1¢N2 tan’ ﬂ) (1+N2 tan’ ﬁ)coszﬁ

- —&-—Nl--—--w S Y S e NLEN t_an.’.ﬂ/

N tan 8
cos’ B+ N*sin’ 8 1+(N2—.1)sin2,8
Np
) N tan
This gives sinNf = - 7 = 1

\/1+N tan® g~ .
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v
This shows that the intensity of the secondary maxima is proportional to

8 . where the intensity of the principal maxima is proportional to N? so,

l+(N2—-l)sin2ﬂ

Intensity of secondary maxima _ .
Intensity of principal maxima 1+ (N 2o l)sinz Yij

Hence greatet the valie.of N the weaker arc secondary maxima. In an actual grating, N

is very large. Hence these secondary maxima are not visible in the grating spectrum.

Condition for absent spectra @

r. e
f520

A particular principal maximum may be absent if it. corresponds to the 5}3 _;e which also
determines thc minimum of the smgle-sht dlffractlon pattern.

Principal maxima in the grating spectrum are obtamed in the dlrectlon ngen by

(b+e)sm9=nﬂ o % (D

where n is the order of max1mum i :
The minima in. a single SlltS pattern a;te obtamed in the direction given by .
bsm O=mA . m= -1, 2 3... -7—--(2)

this is the g:onditic‘iﬁ;fqgr the spectrum of the order n to be absent.

If e=b then n=2m =24,6... ie. 2", 4" 6" order spectra will be absent

If e=2b then n=3m =3, 6,'9... ie 34 6™ 9" ... order spectra will be absent
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Example: Monochromatic light beam a helium-neon laser (A =632.§ nm) is incident

normally on a diffraction grating containing 6000 grooves per centimeter. Find the

angles at which the 1 and 2™ order maxima are observed. What if we look for the

d . .
3" order maxima? Do we find it?

Solution: First we must calculate the slit separation, which is equal to the inverse of the

number of grooves per centimeter.

em 21.667%10 cm =1667 nm

d=
6000
»
For the 1% order maximum (n =1), we obtain
sin@, = A _BIEB wn _ o0 =8 =2231°
d 1667 mm

For the 2™ order maximum (n =2), we find

v 22 2-(632._8 nm) 3
ing, =22 = S22 L 7592 = 6, = 49.39
SN, == " 667 ndl :

For 3 order maximum (n=3), we find

o,

. 31 (3(632.8 nm)

AP alid ) (Y
,.‘l:‘._vs_:ml?3 1 - 4667 nm [

becausé;isin%a;nnot exceed unity, this does not represent a realistic solution. Hence only

zeroth 1° & 2'-‘"“ order maxima are observed for this sifuation

»
=

Branch office:
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/3(4 Rayleigh Criterion of Resolution and Resolving Power

The resolving power of an optical instrument represents its ability to produce distinctly
separate spectral lines of light having two or more close wavelengths.

34.1 Rayleig.h’s Criterion of Resolution

Lord Rayleigh proposed the following criterion for resolution which has been universally

adopted. “Two spectral lines of equal intensities are just resolved by |

|
|
pattern due to one falls on the first minimum of the dlffractlon pattem of the other.

|
an optical mstrument when the principal maximum of the dlffractlon |'

3.4.2 Resolving Power of a Gratmg

The resolving power of a grating represents its ab111ty to form: separate spectral lines for

wavelengths very close together

the two wavélengths®which the gratmg can _]ust resolve the smaller the value of AL,

larger the resglving power.

Leta parallel beam of light of, velengths of A4 _and Arda be incident normally on

t" to

obtained in the direction n" maxima of A + dA

and first minima of 1

The equatiori for the jnlnlrﬁa is
n" maxima of A
N(b +e)sinf=m'A (2)

here 0=6, +d6,

where N is the total number of rulings on the grating and m’ takes all integral values

except O,N,2N,...nN because these values of m' give 0",1%,2%, .. .n" principal

maximum respectlvely

Rranrcrh nffira.
e
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Clearly, the first minimum adjacent to the principal maximum in the direction of &

increasing will be obtained for m'= (nN + 1). Therefore, if this minimum is obtained in
the direction 8, +d 9,,;-, we have from equation (2)
N(b#¥e)sin(6, +d6,)=(n.N+ 1)

nN+l

(b+e)sin(6, +d6,) = 3)

By Rayleigh’s criterion, the wavelengths' 4 and (A+dA) are just resolved by the grating

when the n” maximum of (A+dA) is also obtained in the direction @, +d0, . Then, we
have from equation (1) | V

A Ay

(b+e)sin(6, +d6,)=n(@4d2) o @
Comparing equatlon (3) and (4), we get : o o

n]jvfll=n("7{,+d/1) |

nN;L+/1 Nn/1++Nndzl b,
_:-.-/1 Nnd;{ - . . N

But ﬁ— 1s-%th resolvmg powerR of the gratmg

Therefore, R=—=nN

The above expression mqyﬂbe written as
| _ N(b+e)sing,
A

But N (b+e) is the total width of the grating. Hence at a particular angle of

diffraction 8, , the Resolving Power is directly pfopoftional to the total width of the ruled

space on the grating. ) .
Head office: 3 ' Branch office:
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T,

3.4.3 Difference between Dispersive Power and Resolving Power -

- 3 * . - j ‘
The dispersive power of a diffraction grating gives us an idea of the angular separation

' '

between the lines of a spectrum produced by a grating, it is measured by 49 where d6 )
is the angular separation between two spectral lines whose wavelengths differ by dA. a
The value of Dispersive Power is given by

@0_ f :
dA (b+e)cost9 '

Thus, higher is the order n of the spectrum or c}oser are the rulings on the grating (i.e.

smaller the value of (b+e) greater is the dlsperswe power g

-‘—.:-uf
The resolving power of the gratmg, on the other hand -expresses the degré?e of closeness

which the spectral lines can have and yet be dlstmgulshed s two, It is measured by;,’l—,
9. y it -

where dA is‘the smallest waveleﬂgfh A. ;f'he value of Resolving Power is given by

ig,‘,’N 4

N is the total number of rulmgs on the gratmg and n is order of diffraction. Thus

greatel: lS the w1dth of the ruled surface hlgher is the resolving power. The higher

resolvmg pmger Iesults in sharp max1ma .
 k—de—l ) 1< de>

- (b)
Resolving power is greater in case (a) than case (b).
;ad office: Branch office:
fiziks, H.No. 23 G F,Jia Sarai, Anand Institute of Mathematics,
7

at ... Malhi_ 1€ 20 DI 1ia Casval AlaasllT



TP R AN AT I W] WWar il W W W FEIAY g YTYER R g W Ty o=y == - = =

@ L N

Example: When a gaseous element is raised to a very high temperature, the atoms emit

radiation having discrete wavelengths. Tow strong components in the atomic spectrum

have wavelengths of 5890 4 & 5896 4 .- .

(a) What resolving power must a grating have if these wavelengths are to be
distinguished?

(b) To resolve these lines in the second-order spectrum, how many slits of the grating
must be illuminated? '

Solution:

(a) Resolving power # defined as

while 1= 4  IOUUHCIRGR oo §

Ro A
AA 2 ;"'2_

Ad=2,~2 =5896—5890 =64 s,

58934
- 0
6 A

R -982 = R=982

e

(b) Reselving power also defined asﬂr’,}féb nN where n is the order of spectrum and N is

numbe_l_"@)f slits

T

Example: Aabéaﬂl of light is incident normally on a diffraction grating of width 1 cm.
It is found that at 3(')5"%;"‘111_@;1”' order diffraction maximum for A, = 600 A is super-imposed
on the (n+1)" order for112= 500 A. How many lines per cm does the grating have? Find
out whether the first order spectrum from such a grating can be used to resolve the
wavelengths 4; = 5800 A and 4, = 5802 A?

P

d office: & | Branch office:
s, H.No. 23, G.F,‘.{ia Sarai, ~ Anand Institute of Mathematics,
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Solution:

Condition for diffraction maxima is

(b+ e) sin@ =nAi

-

For given two wavelength the maxima condition can be written as
. (b+e)sin30" =nd and (b+e)sin30° = (n+1)A,
Taking ration of the two, we get

Ay _S000
A-2, 1000

The grating element is

0 W
(b+e)sin30° =5 x500A =b+e=5x10"cm

Number of grating is - W 1
N= Grating width W 1 4 Al

. Gratf'ng element. j',;}.')+e"= 5%107°

Resolving poiygg of this Gratif

ek ‘e”‘
oot
St :
Wi
For 1 ;igédcr spectrum
., 45

grating will résolve the :waveléngths A, =5800 A and A, = 5802 A.
lead office: . Branch office:
wilea LI Rl 29 A TF lHa Chual v n 1 a®a . fma .
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)2.

33,

4.

MCOQ (Multiple Choice Questions)

Consider Fraunhofer diffraction pattern obtained with a single slit illuminated at normal
incidence. At the angular position of the first diffraction minimum, the phase difference

(in radian) between the wavelets from the opposite edges of the slit is
r &; T - * -
(a) = (b) = (c) 2w d) .
= 5 2 :
A plane transmission grating has 800 lines and 0.5 cm width. Light consisting of two
doublets I and 1I falls on it nonnaliy. ;l"he mean wavelengths of doublets I and II are

60004 and 4200 4 , respectively, and.the wavelength separation for b

%é%6£.wmmh

one of the following is correct in first-order spectrum ?
(a) Both the doublets are not resolved

(b) Doublet I is not resolved, but doublet II is resolved”
(c) Both the doublets are resolved ‘

(d) Doublets I is resolved, but doublet 11 is not resolved
In diffraction gratmg,.sllt width is b and ruling separation ise . If second order spectrum

is to be :avmdj:d, one should choose:

@)b—i Gﬁb 2e f,‘ (c) b=+12e d) b=e

A dlffractlon gratmg has N lmcs and gratlng clement is (b+ e) For wavelengthl what

is the maxnmum rc;solvmg power possnble"

(b+e)‘~‘_b P, b (b+€)
(a)—~———/l S .- (b) V7)
N? e N
(c) (b+e)7— (d) (b+e-4) e
g .

st

el ablinas . Branch office:
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5. A 10mw laser beam ( = 0. 6 um) is launched on a lens of focal length10 cm. The

diameter of the laser beam is4 mm . The area of the focused spot is approximately given
by: :

(a) 2.25%107"° cm? (b) 2.25x10™° cm?

— ' ’
(c) 2.25x107% cm? (d) 2.25x10™° cm?
Q6. |

P e
A typical N slit diffraction gratmg mtensny distribution is shown in the figure above.
Assume A= 6x10 cm. The vaTue of N gwen by '

@4 . @ O T oW (d) 7
Q7. A scree; is placed ata distance D from a narrow dlffractmg slit of w1dthb << D. What

is the separatlon between central dlffractl,on maxima and the first minima, if wavelength

/p m,,,«

24 @ ”—”*

Q8. The angular separat%ﬁibetween two wavelengths A4 and A+dA in a diffraction grating
is directly prdportlonal to

(a) frequency of light .+ - (b) grating element
(c) width of grating (d) wavelength of light
Q9.  Inaplane diffraction grating with N elements, the intensity of the diffracted beam is:
(a) Proporﬁoﬁal to x/ﬁ (b) Proportional to N
(¢) Proportional to N? ' (d) independent of N

Mo b e
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Q10.

QlL

Ql2.

Q13.

Ql4.

Ql{i.

Which one 0} the follpwing plane transmission gratings of width, and number of lines
per centimetey N, will have the maximum resolving power in the first order?

(@) W =1cm, N =5000 o (b) W =1.5 cm, N =4000

(c) W=2cm, N=2400 (d) W =3 em, N =1500

A grating which would be most suitable for constructing a spectromefer for the visible

and ultraviolet region should have: |
(a) 100 lines/cm ' (b) 1000 lines/cm

(c) 10,000 lines/cm (d) 10,00,000 lines/cm

A parallel beam of light of wavelength600 nm gets diffracted by a single-slit of width
0.2 mm . The angular dlvergence of the first maxima of dlffracted llght is

(a) 6x10° rad . - @ (b) 3><10'3 ad

(©) 4.5x102 rad @, (d) 9.0x10° rad

A single slit is used to observe. dlffractlon pattem with red light. On replacing the red
light with v1olet hght the dlffractmn pattem would

(a) remaln unchanged (b) become narrower =
(c) become broader (d) disappear -
The nnmmum number of Imes in a grating which will just resolve the spectral lines of

.‘0

wavelengths 8’8'0A and 5886-A m the second order is:
' (b) 981

§ _‘ (c) 2940 d)2943
In the far-field dlffr ion pattern of a single slit under polychromatic illumination, the

first minima With the Wdi{e!ength /4, is found to be coincident with the third minima at 4,
than the relat?onship between these two wavelengths is:

(a) 34, =034, - () 34 =4,

(c) 4,=34, | d) 0.34, =34,

L
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MSQ (Multiple Select Questions)

Q16. Fraunhofer diffraction pattern of multiple identical parallel slits is’observed. If the
number 01; sli“ts is decreased, keeping the total aperture width and the slit size constant,
how are the fringes affected?

(a) The fringes become brighter (b) The fringes become less bright

(¢) The fringes become broader (d) The fringes become sharper
Q17. Which of the following can be diffracted? '

(a) Radio waves o " (b) Sound waves

(c) Microwave (d) X -ray :

Q18. Yellow light of intensity /, is used m-f'a,* ingle slit dlffractlon expenmentmnh slit width
of 0.6 mm if yellow light is rgplaced byt"-ilRed 11ght of same mtensﬁjr,%,l0 , then the
observed pattern will reveal, | i
(a) that the central maximum is broadert
(b) Intensity of central maxima reduces
(c) Intensity oﬁ.».ﬁg(e__ntral ma fla. remam same

:
Head office: 4 Branch office:

fiziks, H.No. 23, G.F, Jia Saral,

A Anand Institute of Mathematics
dhis £ Tay 28-B/6, Jia Sarai, Near IIT



I LILMG T Swal il " S S w oSy J T e ) Sy %" W=y S0 F Wr AEWEY WSS REE RNY N N ¥ N s s Sem e s = e
: : -

Q19.

Q20.

Q21.

Q22.

Q23.

NAT (Numerical Answer Type)
A slit of width d is placed in front of a lens of focal length 0.5 m and is illuminated
normally witn light of-wavelength5.89x107" m. The first diffraction minima on either
side of the central diffraction maximum are separated by 2x10™ m. The width d of the
slit is x10™m
The wave lengths of sodium D lines are 589.59 wm and 588.99 um The minimum

number of lines that & grating must have in order to resolve these lines in the first order

spectrum is

In a diffraction grating experiment, the gratmg has 10 rulmgs Then, in theél 5000 A

i
region of the spectrum and in the second order the gratmg can resolve two line with a

= ek, R, 5 -‘.‘A(»"’
0 SN i g L ik 4
wavelength difference of A v RS T AT . o

The angular dlspersmn of two spectral lmes from a plane dxffractlon gratmg in first order

spectrum is 3° the dispersion'in the second order spectrum for the same spectral lines will

be approximately: : degree

e

o

Head office: Branch office:
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Solution-MCQ (Multiple Choice Questions)

Ans. 1: (¢)

Solution: The figure deplcts Fraunhofer diffraction pattern.

- For P tobe ﬁrst minimum, the phase difference between OA or OB is 7.

. P
=

N P

. Phase difference from opposite edges =2 radian
Ans. 2:(b) ‘ ‘

A St T
Solution: Resolving power of grating is given as T = nN Q

\v:?' ¥
-

where n = order of spectrum, N ;»:\number of lines in grating

9

For first order n=1,

g - 3]\]:1260-—0:700
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Ans. 3: (d)
Solution: If slit width is e and ruling separation is d , then the direction of interference maxima
are givenas | (b+e)sind=nd ... (i)
>, N
The direction minima’are glven as bsin@=mi . (11)

In equation (r) and (ii) » and m are integers. If the va]ue of b and e are such that the

both equations are satisfied simultaneously for the same value of &, then the position of

certain interference maxima correspond to the diffraction minima at the same position on
L

the screen.
For second ordermlssmg —=2 :>§-_—l:—=2:>b+e 2b=b=e
" :
Ans. 4: (a)
Solution: The direction of interference maxima for a grating 1S given as
b+e)sin @
(b+e)sin9:n/1 =5 n=(——*fﬁn—
M &
Resolving power of grating R =nN
n is order of diffraction , N is total number of ruling

From equation (i) it is clear that maximum reSolution of diffraction grating occurs at

0= 90?-,__sin f=1

(b'.*'elj A
A

Maximum resolution =

Ans. 5: (d) :
Solution: If D is diameter of the laser beam, then DsmH A

If @ is very small, then smB deé

«— =—r

Ddo=1 =2 - jazx= =44 |
S D ' do
So, area . & f "
2 <101\ o
I =”(%J =3.l4x(0'6x41010:10 ) cin?=3 % 107 cnt?
X
]
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Ans. 6: (b)

Solution: B -
- Between two principal maxima of grating have N slit there is (N —1) minima.

A, A, A, A, i
From the ﬁgure there are four minima represented by Al,A2 A A

Hence, N 1=4 = N = 5
Ans. 7: ()

Solution: If b is width of narrow slit the? minima of ':

-

diffraction pattern is given as
- bsin@=mA

For first minimam =1, So, bsmB T_:A

If 6 is very small sing = and= %

€ D

maxima is —
b

Ans. 8: (d)
Solution: The diffr
distance b is given as ' .

(b+e)sm9 Y ::»(b+e)cos€ A0, =ndA

N 40 = ndA
" (b+e)cosd,

action pattern for a light of wavelength A and stiff width e separated by a

Head office:

Branch office:
fieil~ U N 72 2 EMia Sarai. Anand Institute of Mathem
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Ans. 9: (¢) >

Solution: In plane grating the intensity is propqrtion to square of number of lines drawn on the
grating / oc N*? |

Ans. 10: (b)

Solution: The resolving power of a grating is given as resolving power = nN
Where n is order and” N is total number of line of grating. Thus, resolving power of a
grating is proportional to the total number of liens on it.

(@) total number of lines =W x N =1x5000 = 5000
(b) total number of lines =1.5x 4000 = 6000

“
AR
Tiire vy

(c) total number of lil?S =2x2400 =4800
(d) total number of lines = 3 x 1500 4500

Hence, total numbers of lines are maximum for optlon (b).

Ans. 11: (¢) i \ -
Solution: In a grating the maxima is givézﬁié‘si.‘(b + e) sin@=nl = ‘nj. =sinf <1
: e
l e 1 ‘ ;
L — = N ~where N =-—— is number of lines per centlmeter (cm) for
b+ A 4 A b+e

v151ble and ultra\(}olet reglon we can take 2. aleOO A and n as 10

+~~_:;-‘-1_
~ 1000 % 10'3 xlO

"NSI0,000

Ans. 12: (b) ) _ ‘*
Solution: If g is width of a sht-}hg diffraction pattern is given as

bsin@ = n/'l,ﬁ sin @ ='-’-"i

€5 iy,

If @ is very small then 6= n;'t

Here, n=1,4=600x10" m, b=0.2x10"

-9
So, 9=1x600x10

02x10° =3x107 rad

Head office: Branch office:
fi'l"lﬁ ” Mﬂ '): n :.“5 [ T " a e X
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Nulution: The diffaction Pern s given iy
hain @ < yA
Nince the wavelength of violet gt b lews than that of red light 8o if red light is replaced

by violet lght the diffraction pattern becomos narower,

Ans, 14: (1) . 4 . .

Solution: The romlvl.ng power of grating iv given AAA “nN

L A SHK0 |
h W
o i Wi
Ans, 15 (0) d v 0, E . 1
‘ -t,‘ --. ) '?JW%?\ " Wl
Solution: Minima = nA - i o
b X

= A A, =4 w3,

' \
W
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MSQ (Multiple Select Questions) !

Ans. 16: (b) and (d)
Solution: Let the width of each slit is @ and b is opaque
spacing between two consecutive slits. X

Then the nth order principal maxima is given as |

(b-he)sinﬁ‘;le | | . R ——

If the number of slits is decreased keeping the D
4 —>—F oA T
other terms constant then fringes becomes ,
(1) less brighter and  (ii) broader .- . —>—— . lens
Ans. 17: (a), (b), (c) and (d) M C N e i

Solution: The diffraction can take place in 1 all above waves! |
Ans. 18: (a), (c) and (d) ' |
Solution: Since 4 (Red-light) is more than yellow light. Thus the fist minima appears at highe

angle as a result the width of the central maxima increases. But intensity of centra

maxima.remain same as incident intensity is unchanged.
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. | NAT (Numerical Answer Type)
Ans. 19: 2.945 » b '
" . . . 2AD :
Solution: width of central maxima = I , during diffraction,
) .
N
y 2AD
2%(5.89%x107)x0.5 b} B
or 2x107 = ( ) — \ b
b
or b=2.945x10" m. y
Ans. 20: 088

Solution: Here, A, = 589.59x10° m ﬂz 599. 59%10°m

s0, Ad =4 %, =589. 59x10-" '588.99x10° =0, 597x10“"
The resolving power of grating is given as fi =nN

where n is the order of diffrgct‘i'dﬂ axid N is the m_;mBer of slits in grating.

e an

Here n=1

. "f
.-".\,;;.. "

4 589,59x10° '
5 " d (i) = =
yEqua ion (i) an (‘) Adn 0.597x107

Therefote, 'thermmmum number of lmes requ1red for just resolution in the first order in

Solutlon The gratmg can re d]'ve, lf —=nN
- ‘, d/l

Here 4= 50004 :>Z=5000x10“”’m n=2 and N=105

—_—— :>dﬂ-=
So, 7772 N 2x10

- T 7 4 PN
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Ans. 22: 6°
Solutiom‘ﬁiSpersive power of a grating: The dispersive power of a grating is defined as the
| ratio of difference in ahglc o‘f diffraction of any two neighbouring spectral lines to the
difference in :wavclcngth between two spectral lines. It can also be defined as difference
in angle of diffraction per unit change in'wavelength.,

The diffraction of the n” order principal maxima for a wavelength A is given as

(b+e)sind =ni '

Differentiating (b + e)cbs 0.d0=ndi = i = 4 = Zj.) CH ..

di  (a +‘b_)cos 0

Thus, dispersive power o n

dé
Here, (ﬁ] = An A ="constant , £
o | . & A
(—) =3%n=1 and (dﬂ). =[d'6)x el 3°'><—2—=6°
dA ), : dd), \dA n, 1
Ans. 23 0.45 ' &
) - +Lens
Solution: - / ,.
; i) —— = P .
\ P"_ e «— Screen
m ; .-’Z:'-:-- L 2 C4— Central Point

Fraunhofer diffraction due to single slit. If b is diameter of lens the minima for
diffraction pattern is given as bsin 6 = nA
= (distancce) oc A

— , distance = (0.3 cm) X @) =0.45 cm
4000

ead office: Branch office:
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A. Polarization of Light
Plane of Incidence
Incident ray, uﬂulud ray, refracted ray and normal to incidence formsfa plane that plane
is plane of mudu .
Plane of Polarization
The plane passing through the direction of propagation and containing no vibration is
called the *“Plane of Polarization”.
4.1 Production of Plane Polarized Light
Different methods of production of polanzed light

(1) Polarization by reflection - %
. A 4 ‘i
(11) Polarization by refraction @ b _ 3;;%
(iii) Polarization by selective absorption ‘ AP
(iv) Polarization by double refraction <3 .

(v) Polarizatien by scattering

_A.1.1 Polarization by Reflection
Ifa lmearly po]anzcd wave (Electnc vector assocxated with the incident wave lies in the

.ﬂ,fk - ,:‘-" i tne 9 _{ll
g n,

&,

then the reﬂectlog coefﬁcxent IS Zero.

¥ '1

o, " No reflected - R Bp Planepo]arize(

2 Partiallypolarizec
Glass

Tre -- "
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Thus it an unpolarized beam is incident with an gngle of incidence equal to@,, the

reflected beam is plane polarized whose electric vector is perpendicular to the plane of
. . .
incidence.

Above equation is known as Brewster's law. The angle ¢, is known as the polarizing

angle or the Brewster angle. At this angle, the reflected and the refracted rays are at right

: s sinf, sin6,
angle to cach other i.e, 0,+r= ) D H=—t= =tanf,=n

sinr cosf,

For the air-glass inlc:‘k‘ncc, n =1 andn, =1.5 giving §, ~57° .
#1.2 Polarization by Refraction

If an unpolarized beam is incident with an angle of incidence equal to 6,, the reflected
direa « . T 3 y

beam is plane polarized whose electric vector i pe_rpendicul‘ar to_the plane of incidence.
The transmitted beam is partially polai"i'ngd and if this beam is made to undergo several
reflections, then the emergent beAm.is almost plane polarized with its electric vector in

the plane of incidence.’

Air o Plane polarized

@ Partially polarized
«Glass g

: Glass - \v

Almost polarized

I"?“’

If 7, and / be the intensity of the parallel and perpendicular compdnent in refracted

IP—I.\' l_ m

I+I, ( n T
m+ 3
l-n

where m is the number of plate and n is the refractive index.

light, then the degree of polarization is given by P =

2 B

Jead office: ' g Branch office:
ziks, H.No. 23, G.F, Jia Sarai, ‘ Anand Institute of Mathematics,
lear IIT, Hauz Khas, New Delhi-16 28-B/6, Jia Sarai, Near IIT

-_—_ee mmememem amem ] sma mmaEma s s ans



TIZIRD

’
Institute for CSIR-UGC JRF/NET, GATE, IIT-JAM, GRE in PHYSICAL SCIENCES

4.1.3 Polarization by selective absorption

A simple method for eliminating one of the beams is through selective absorption; this

property of selective absorption is known as dichroism. A crystal such as tourmaline has

different coefficients of absorption for the two linearly polarized beams into which the

incident bea® splits wp: Conscquently, one of the beams gets absorbed quickly, and the

other component passes through without much attenuation, Thus, if an unpolarized beam

is passed through a tourmaline crystal, the emergent beam will be Jinearly polarized

fiziks, H.No. 23, G.F, Jia Sarai,
Near IIT, Hauz Khas, New Delhi-16 -
Phone: 011-26865455/+91-9871145

¥ | 4 Sty
. ., Jr o
. Incident unpolarized “«;1‘;‘-_!;?
e el
light o
b4
—— — ™ ‘-_*" o
-~
r “: - _-‘ e . x
F i)
: crystal” " 7
- — - *- e ) o~
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4,1’./4,P0larization by Doubte Refraction

When a ray of unpolarized light passed through doubly refracting crystal (calcite or
quartz), it split up into two refracted rays. One of the ray obeys the ordinary laws of
refraction i.e. (n rer,ajns constant) and it is called. ‘ordinary ray’ (o -ray). The other
behaves in an;extra ordinary way (i.e. n varies) and called ‘extraordinary ray’ (e-ray).

It is found tixat both the ordinary and extraordinary rays are plane-polarized having
vibration perpendicular to each other. : '

If one can sandwich a layer of a material whose refractive index lies between the two,
then for one of the beams, the incidence will be at a rarer medium and for the other it will

be at a den_,ser medium. This

principle is used in a Nicol prism. Caleite
. , : y e-ra
which consists of a calcite crystal o

cut in such a way that for the

beam, for which the sandwnched o ‘ﬁ T
material is a rarer meﬁlum the angle of incidence is greater than the critical angle. Thus
this partlcula-r beam will ‘be ehmmated by total mtemal reflection. Following figure

shows a properly cut calcite crystal in which a layer of Canada balsam has been
mtrod}}ced SO that th;‘oramary ray undergoes total internal reflection. The extraordinary

component pas es‘ through and the beam.emergmg from the crystal is lipearly polarized.
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“"74.1.5 Polarftion by Scattering ‘ - ISR
y-polarized
~7~"Scattered wave
Scatterer
Unpolarized - K
nght y — \
' z
@*x-polarized . .
smttered wave e ’ﬁ-

—

When an un@l arized beam mov%m z -axis, stnkg ' gas atom than thc field in
- unpolarized beam set®the electric charges in the gas atom in vibration. Since the E -field

is in xy plang, therefore, the vibration ~w111 take place in xy plane only. These vibration

can resolve in x and y direction and can“éald that two dipoles oscillating one in x and

a=e-.‘.

otherin y -dlrecnon with the i:'requency of mc1dent light. Since an oscﬂlatmg dipole does

not radiate in the dlrectlon of'its own length . )
Therefo:e observer along x -axis wxll recewe light component vibrating only in y-

dlrectron and along y- a)us the component will vibrate only xaxis. Hence observer will

receive Plﬁe 1‘51anzed 11ght° .r 2 4 &

Blue colom' of sky R

o Lord Raylejgbfow Inten51ty of light scattered from firie particles (d1mens1on <A)

varies inversely as the fourth power of A.1.e./x %— .

Scattered intensity of blue light is more than red < Ay, <4,
Why blue scattered more: Natural frequency of bound electron in gas lies in ultra-violet

region. Blue_light closer to natural frequency than red light, therefqre, blue is more

effective in causing the electron to oscillate and thus it get more effectively scattered than
red. '

e
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Red colour of sunrise and sunset
The path of the light through the atmosphere at sunrise and sunset is greatest. Since the
violet & blue light is largely scattered and get removed and what we see is rest having red

component.

}Zﬁalus’ law .
b

An unpo]anzed hght beam gets polanzed after passmg through the Polaroid A P, which has

a pass axis parallel to the x axis. ‘When this x -polarized light beam incident on the

second Polaroid P, whose pass axis makes an angle & with the x axis, than the intensity

of the emerging beam will vary as

where 1, reﬁésﬂs *e intensit;f"iif the emergent beam when the pass axis of F, is also
along the x ax15 (1 e., when d=0), above equatlon known as Malus’ law.

Thus, if a lmearly polanzed beam is incident on a Polar01d and if the Polaroid is rotated

about the z axis, then the 1nten51ty of the emergent wave will vary according to the

above law.
]
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4.3 Superposition of Two Disturbances and Production of Polarized Wave hict
L
4.3.1 Superposition of Two Waves with Parallel Electric Field
Let us consider the propagation of two linearly polarized electromagnetic waves (both Y.
propagating along the z axis) with their electric vectors oscillating along the x axis. The )
electric fields associated with the waves can be written in the form
. )
E, = 3Xa, cos(kz-wt+6,) (1
w— - - — *——'—.‘. A i . el . — < I e co—
~ aL, =Xa,cos(kz—wt+6,) 2)
where a, and a, represent the amplitudes of the waves, % represents the unit vector 0)
along the x axis, and 6, and 6, are phﬁsq_constanm.‘=The resultant of these two waves is ?
given by i " 1)
E=E +E, ’ g €) tive
which can always be written in the form , akes
E= xacos(kz wt+6) 4)
| Wi st i 2)
i (BN 2
where ¥ a= [a,:,+ a; +2ala2 cos( 9 9 )] S
; =0,
ol cof the .wazq.ﬁqustmu‘i) tells us that memm
linearly polanzcd wave Wlth 1ts electrlc vector oscillating along the same axis. ly
4.3.2 Supemnsntion of Two Waves wuth Mutually Perpendlcular Electric field h
We nextthns;l ¢ »the superposmm; of two linearly polarlzed electromagnetic waves (both r, 1
propagating along ;,he z axis) but with their electric vectors osc1llatmg along two YW
mutually perpendlculér dlrectlons Thus, we may have X Eq
’ E, =%a, cos (kz - ot) . (6) fre
E, = ja, cos(kz - wt +0) (N ‘
4\
For 6= nr, the resultant will also be a linearly polarized wave with its electric vector
oscillating along a direction making a certain angle with the x axis; this angle will
--—depend-onwmc;va]ues ofuaf and‘ﬂi‘?”‘ RIS s A i e . . S
——
‘e ‘ {
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To find the state of polarization of the resultant field, we consider the time variation of
the resultant electric ficld at an arbitrary plane perpendicular to the z axis which we may,

without any loss of generality, assume to be z=0.

If E and E, represent the x and y components of the resultant field £ = (E, + E, ) , then

E, =a coswt (8)
and | ¥ L =a,cos(wt—6) : )

where we have used Equations (6) and (7) with z=0.
For 0 =nrx the above equations simplify to
E, =a,cosat and E,=(=1) aycosat “(10)
o * A .“.

from which we obtain —?}- =+% (independent of 1) _ ' -"( 1 i)

v ' X |
where the upper and lower signs correspond ton even and n odd, reépectively. In the
E.E, plane, Eq. (11) represents a straight line; the angle ¢ that this line makes with the
E_ axis depe_n‘ds on the ratio %2 . In fact ¢ =tan™ (-_f-ﬁ.} (12)

: - aq 4

The conditiort 6 = nx implies that the two vibrations are either in phase(n = 0,2,4...) or

out of ;.phas;':(n': 1,3,5,...). Thus, the supt_arposition of two linearly polarized
electrorqagnlgtj:i‘d‘t_gyvaves with their electric fields at right angles to each other and
oscillating in phasels again a linearly polarized wave with its electric vector, in general,
oscillating in a direction ' which is different from the fields of either of the two waves.

Following ﬁéures shows fh,e plot of the resultant field corresponding to Eq. (10) for

. a . g . :
various values of — . The tip of the electric vector oscillates (with angular frequency @)
q,

along the thick lines shown in the figure. The equation of the straight line is given by Eq.
- (1D). ¥

Head office:

Branch office:




y IS % ;‘;-’ . .| . .v )
,) , tﬁgﬂé’sulta%&glecmc vector.does not, m(!ggneral, oscillate along

Lane

4 E =acosat (14)

G

E, = a, cos @t (13) and'

If we plot the tim iation of the resultant electric vectors whose x and y components
are given by Egs. (1 and (14), we find that the tip. of the electric vector rotates on the

circumference of a circle (of radius a,) in the counterclockwise direction as shown in

-——W'—'—-_-L—-

Fig. (c) below, and t‘ﬁe’ propagation is in the +z direction which is coming out of the
page. Such a wave is known as a right circularly polarized wave (usually abbreviated as a
RCP wave). That the tip of the resultant electric vector should lie on the circumference of

circle is also obvious from the fact that

EX+E,=a . (Independent of?) ,

e
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y y
N

R S =
A4 G P

LP

(a) (b)
v y
A AN

REP LP
0=2n/3 O=rm
d e
{(d) . (e)
y i
AN N

¥/ cp & L’/ LEP

: | ‘ 0 'LP
6=3m/20 » 6‘= 87 |35 8=2r
e (h) O
For 8 = — 3; B E, = a, cosgls | w0 (15) and E =-q sinot (16)

which would also represent a c1rcularly polarized wave; however, the electric vector will

rotate in the clockwlse dlrectlon [Fig. (g)]. Such a wave is known as a left circularly
polarized wave (usua‘rly abbrev1ated as a LCP wave). For@ # ~2—(m 0,1,2,...), the tip

of the electri¢ vector rotates on the circumference of an ellipse. As can be seen from the

figure, this ellipse will degenerate into a straight line or a circle when @ becomes an even

or an odd multiple of%. In general, whena, # a,, one obtains an elliptically polarized
' *

wave which degenerates into a straight line for 6 = 0,7,2x,... etc.
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4 .
/The Pheriomenon of Double Refraction

When an unpolarized light beam is ‘incident normally on a calcite crystal, it would in
general, split up into two linearly polarized beams as shown in Fig. (a). The beam which
travels unc_Iev}ated is known as the ordinary ray (usually abbreviated a8 the o — ray) and
°beys Snell’s laws of refraction. On the other hand, the second beam, which in general
does not obey Snell’s laws, is known as the extraordinary ray (usually abbreviated as the

e —ray).

The appearance of two beams is due to the phenomenon of double refraction, and a

grystal such as calcite is usyall referred to as a double ;efsacta’gg gwﬂal, If we put 2

" Polaroid PP’ behind¥he calcite crystal and rotate; the' Polaroid (about NN!), then for two
positions of the Polaroid (when the pass axis is perpendicular to the plan%,of the paper)
the e - ray will be completely blocked and only the.o-ray will pass through.

P

Bl BB—B

N\
. : 9 v e v e w
A : 9 N N'

\ Unpolarized Calcit |'

P

Fig (a) Whenan 'u;npo]ar.ized‘” light beam 'is incident normally on a calcite
crystal, it would in general, split up into two linearly polarized beams. (b) If we rotate the
crystal about NN' then -ti"{é'é;;ray will rotate about NN’ .

On the other hand, when the pass axis of the Polaroid is in the plane 'of the paper (i.c.,
along the iine PP'"), then the o - ray will be completely blocked and only the e-ray will
pass through. Further, if we rotate the crystal about NN" then the e -ray will rotate about

the axis [see Fig. (b)].
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The velocity of the ordinary ray is the same in‘all directions, the velocity of the
extraordinary ray is different in different directions; a substance (such as as calcite,
quartz) which exhibits different properties in different directions is called an anisotropic
substance. Along a particular direction (fixed in the crystal), the two velocities are equal;
this direction is known as thé optic axis of the crystal. In a crystal such as calcite, the two
rays have the same speed only along one direction (which is the optic axis); such crystals

are known as uniaxial crystals. The velocities of the ordinary and the extraordinary rays

are given by the follo;‘ving equations:
v, = 5, (Ordinary ray) and » L 9 os

4 24 2
ns vr,‘ i c C
1 s s : "e Ino

where n_and n, are refractive 1ndex for O- ray and e-ray and @ i is the angle that the ray
makes with the optlc axis; we have assumed the optlc axis to be paradlel to the z axis.

(extraordmary)

c
Thus, — and — are the velocities. of the extraordinary ray when it propagates parallel
n + n, .

o

and perpendicular to the opti¢ axis.

% 5
e (Optic axis)
1» v
*-',’"""-Negative crystal (Calcite) Positive crystal (Quartz)
(a) . - (b)

Fig. (a)Ina negatﬁle cljystal the ellipsoid of revolution (which corresponds to the extra
ordinary ray) lies out51de the sphere; the sphere corresponds to the ordmary ray. (b) Ina

positive crystal the ellipsoid of revolution (which corresponds to the extraordinary ray)

lies inside the sphere.

3.
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4% Quarter Wave Plate and Halt Wave Plate

Let eloctrie field veotor (of amplitude £,) assoctated with the incident linearly polarized
beam makes an angle @ with optic axis which is parallel to =-.axis and incident on calcite

crystal of thickness & whaose optic anis is parallel to the surface

i 4;_ - . Caleite L‘l?'sl:\\ R ———— A AAT—
| A K - ' -
: < =
Such beam while traveling in calcite g.r)\l.ll splits ul{lo two components. The z-axis whose
amplitude !\ E,C08¢ passes thmugh as an extraordinary ray (c-my)‘ bm}agates with
velocitye . The y-axis whose amplitude is E, sing passes through qs an ordmary ray
(o-ray) propagates with velocitye/n,
Since n, = n, the two beams w l.ll pmpagte with dlfferent velocities, thus when they
come out of the crystal, they Will not be in phase. Let on the planex =0, the beam is
T incident thaTee—— T - - Dt B T ———
E, = amfcm(k\— ax) | andE =k, uos¢cos(kx wt).
Thllb at x= 0, wnha\c E E, su?!fcoswr and E =E,cos¢cosar .
Inside cry stal ﬁle two componenl&wnll be*’ |
E E,smécos(n hex — ax) and £, = E cos ¢ cos(n kx — wn).
If thickness of the crys@t?l is d then on emerging surface we have
E =E, sméoqs(nokd —ax) andE, = E, cosgcos(nkd - wt).
Thus the phase difference between e-ray and o-ray is& = kd (n, —n,).
s lfPhafg’diﬂ"crence‘isf =x/2,thend = a(n, l_" ) (Qua.rter WavePlate) —
If phase diffefence isd =« , then d = m{_’h (Half Wave Plate)
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4.6 Wollaston Prism

A Wollaston prism is used to produce two lincarly polarized beams. It consists of two
similar prisms (calcite) with the optic axis of the first prism parallel to the surface and the
optic axis of the secgnd prism parallel to the edge of the prism as shown below. Let us
first consider the incidence of a = polarized beam as shown in Fig. (a). The beam will
propagate as an o— ray in the first prism (because the vibrations are perpendicular to the

optic axis) and will see the refractive index n,. When this beam enters the second prism,

it will become an e-ray and will see the refractive index n, . For calcite n, > n, and the
’

ray will bend away from the normal. Smce the Optlb axis is normal to the: plane of paper,

the refracted r ray will obey Snell s laws and the angle of r efraction will be given by

n,8in20° = n, siny,

where we have assumed the angle of the prism\]lto_be 20°. Assuming n, ~1.658 and
n, ~1.486 , we readily get 7, = 22 43" ) &

- &
Thus the angle of incidence at the second surface i 18 1, =22.43° -20° =2.43°. The output

angle & is glven by n, sin 2.43" = stl = 6, = 3.610 .

Optic axis along the z-direction

We next consider the incidence of a y - polarized beam as shown in Fig. (b). The beam
" [ ; J . g
will propagate as an e-ray in the first prism and as an o -ray in the second prism. The

angle of refraction is now given by

. . . : 0
n,sin20=n, sinr, = r; 17.85

e
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Thus the angle of incidence at the second interface is

i, =20"-17.85"=2.15"

The output angle &, is given by
n,sin2.15" =sin 6, = 6, =3.57°
Thus, if an unpolarized beam is incident on the Wollaston prism, the angular separation

between the two orthogonally polarized beams is@=0+6,=7.18". '

-

4.7 Rochon Prism
We next consider the Rochon prism which consists of two similar prisms. ¢ of (say) calcite;

the optic axis of the first prism is normal to the face ‘of the prism while the opnc axis of

the second prism is parallel to the: edge as shown m ﬁgure Now, in the ﬁrst prism both
—-‘-beamsmll.mho-sa;ne-meﬂactwe-mdo& a5 - thisifollowssfiommthesfacisthaiethee0Tdin ARy ———mm——

and extraordinary waves travel w;i_t,h the same velocity (i) along the optic axis of the
it n

0 "

crystal. When the beam enters the second crystal thc ordmary ray (whose D is normal to

the optic axis) w1ll see the same refraotlve mdex ‘and go

undev1ated as shown in figure. On -the other hand, the 25°

extraordinary ray (whose D. is along the OptIC axis) will see

—

the refracuve mdex n, and w111 bend away from the normal.

;-,

We assume’ the angle of the prlsm to be25°. The angle of

refraction will be determmed from

MiMSWIH s B T

Thus sinr=.—°sin25° 1222 x0.423 0472 =>r=28.2°

nC
Therefore the angle of incidence at the second sur‘face will be28.2° —25°=3.2°. The

emerging angle will be given by sin 6 = n,sin (3.2°) = 0=~48
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