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Polarization Of Light Waves
And Double Refraction

11.1. NATURE OF LIGHT WAVES

The experiments illustrating interference and diffraction of light studied
in previous chapters have shown beyond doubt that light like sound
is some form of wave motion. These experiments do not reveal whether
the light waves are longitudinal or transverse because phenomenon of
interference and diffraction can occur with both longltudmal and
transverse waves. We shall, therefore, investigate the nature of- light
waves and to begin with, we shall describe an important feature which
distinguishes the two types. From the study of seund e know that
sound travels in the form of longitudinal waves‘and properties of such
a wave motion are the same with respect to"any, plane through its line
of propagation while a transverse waye, behaves differently in different
planes. The statement can be 1llustrated by a simple mechanical analogy
given below. - .

Take a stretched. rubber cord CD threading through two narrow
slits §| and S, cut in, _ca;_rgl board pieces and placed parallel to each
other in the vé.rtica'l"f[p-l-a'ﬁcs as shown in Fig. 11.1 (a). End D of the
cord is fixed. Now"set up a longitudinal wave in CD by moving the
end C' fa_m)'afd and backward along the cord. Rotate any of the slits
about @D as axis. It will be found that this rotation does not affect
the passage of the wave, i.e., the wave passes through the first and
second slits without being affected at all in whatever position the slits
may be arranged. Thus, a longitudinal wavemotion has the same
properties with respect to all planes througout its line of advance.

On the other hand, if we set up a transverse wave in the cord by
moving the end C up and down in the vertical plane, it will be found
that the wave passes through the slits undisturbed as shown in Fig.
11.1 (a) and reach the point D with undisturbed amplitude. If however,
the slit S, is rotated to become perpendicular to slit S|, it will be

found that the wave passes through slit S| undisturbed as before but
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POLARIZATION OF LIGHT WAVES AND DOUBLE REFRACTION 429

is not able to pass through slit S, so that beyond S, the cord remains

practically undisturbed as shown in Fig. 11.1 (¢). In the intermediate
positions of the slit Sy, the vibrations will be partly transmitted and

partly stopped, i.e., they will reach the point D with diminished
amplitude, Fig. 11.1 (b). Thus, we conclude that the transverse waves
can pass through the slits only when they are parallel to each other
and lie in the same plane in which the wave lies.

Now, continuously change the direction of vibrations of the end
C at random always keeping the vibrations perpendicular to the cord.
A number of transverse waves will be produced which will travel
along the string in rapid succession and the vibration in each wave,
though perpendicular to the length of the string will be in a different
direction. In the portion CS;, Fig. 11.2(a) it will appear asif the string

Waves of
decreased
amplitude

(c) Slits perpendicular
Fig. 11.1.
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11.2. PLANE POLARIZED LIGHT

In case of light emerging out from crystal P, the vibrations are confined
to only one direction in a plane perpendicular to the direction of
propagation. Such light which has acquired the property of one sided-
ness is called linearly polarized. Since the vibrations constituting the
beam of light are confined to only one plane containing the direction
of propagation of the wave, the light is generally said to be plane
polarized.

The properties of plane polarised beam differ w.r.t. two planes,
one containing the vibrations and the other at right angles to it. The
plane EFGH (Fig. 11.4) containing the crystallographic axis in which

E H Plane of

/‘.\ polarisation

Fig. ll 4. Vlbrauﬁﬁ and?g\f‘krﬁatlon planes.

vibrations are occurrmg is caffﬁd, ﬁlane of vibrations and the plane
ABCD (Fig. 11.4) perpc_f 1cylar to plane of vibrations of light wave

is called plane q{ pofﬂﬂ}ai‘wn
11.3. on&mAn’v ‘OR NATURAL LIGHT IS UNPOLARIZED

The trangvgfw character of light waves was known in early years of
the ninetéenth century, however, the nature of the displacement
associated with a light wave was known only after Maxwell had put
forward his famous electromagnetic theory, according to which the
light waves are electromagnetic. An elecromagnetic wave consists of
a vibrating electric and a vibrating magnetic field, each field being
perpendicular 1o the other and both being perpendicular to the direction
of propagation of the waves as shown in Fig. 11.5. The clcum vector

E represents the electric field and the magnetic vector B the magnetic
field. Now, according to all available theoretical and experimental

—>
evidence, it is the electric vector £ of light wave which produces all
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434 WAVES AND OPTICS

the observed effects of light, i.e., optical effects of light waves are
due to the electric field vibrations only. So whenever we talk of
vibrutiois in a light wave, we mean the vibrations of the celectric

vector E.

%

X

— —

B Direction
of

propagation

Fig. 11.5. Electromagnetic wave.

Light is emitted by excited atoms and molecules .Any actua!
source of light contains millions and millions of exmtﬁ: 'la'roms oriented

at random. Each excited atom emits light fOi 10 ’3 ec and the emitted
wave is linearly polarized. So in a ray of T_ght'mllllons of waves
follow each other in rapid success;_"':j he waves being linearly
polarized in all possible direction$, pérpendicular to the ray. So in
general an ordinary light bcam (Tikc ‘the one coming from a sodium
lamp or from sun) is unpol"'”:fzg.ﬂi i.e., the electric vector (in a plane
perpendicular to the di"'emlon of propagation) keeps on changing its
direction in a, random manner Fig. 11.6 (a). When such a beam is

my

A
4

wy

Y

Z© > X /\
\ )

(a) (b)
Illustration an unpolarized wave Hustration a lincarly polarised
propagating in +Z-dircction, the wave vector E or B which
electric vector E (lying in x-y oscilates in a particular direction.

plane) keeps on changing its
direction randomly.
Fig. 11.6.
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incident on a polaroid (tourmaline crystal) the emcrgcm lighy arly
pnlansed wnth lts electric vector ()sulldung in a ‘direction

b ve(.tor of the

seen in article (11.5.1) that the
dnemon getb absorbed by the p thc component perpen-
(diret tiOn of the electric vector of the
emergent wave is generally kno vn as pass axis of the polaroid.
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Brewster’s Law
In 1811, Sir Brewster by his researches showed that the tangent
of the angle of polarization i, is numerically equal to the refractive
index W of refractive medium, i.e.,
W =tan i, seel L1:1)
This relation is called Brewster’s Law and the polarising angle
I, 1s also known as Brewster’s angle. As the refractive index of the

medium depends on the wavelength of incident light, so the polarising
angle varies with the wavelength of light. So the polarization can only
be completed for one particular wavelength at a time. Hence, complete
polarization is possible with monochromatic light and not with white
light.

Relation between i, and angle of reflection ‘% I':"\'i"I'i' denser
medlum. A direct consequence of Brewster law is. that When light is
incident at the polarising angle, the reﬂecred gnd r@fracred rays are
mutually perpendicular to each other. AN\

As shown in Fig. 11.10, xy is the pTane surface separating glass

and air /O is the incident ray | N

of unpolarized light 1nc1dent;_:_-‘at_j_____ ‘ I S

the polarising angle i, OR ls Pléifis

the refracted ray, r bemg ithe Ordinary . polarised

corresponding angle ‘of refrac- light . light

tion; OS is's thc reflécted ray. Alf

The lcﬁat’:tcd sray is  only X i P Y

partially polarlzed and the

reflected ray is completely Unpolarised

polarized. light
From Snell’s Law, 5

NP
Fig. 11.10. Polarization by reflection.
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sin r
and from Brewster's Law,
. sin i
T W= tan i, =——F .(11.3)
i cos i,
Comparing eqns. (11.2) and (11.3),
sin r=cos i,
=cos (90 - i)
r=90- iP
or r+ip=90° ..(11.4)
that is, at polarizing incidence, the refracted and reflected rays are
mutually perpendicular to each other. Yo

Explanation. The production of polarized light by reflectionfrom
glass or any other transparent medium can be explained ag’ OHQWS :
When ray of light is incident on a transparen ethum the
displacements are in all directions perpendicu;lag,.ﬁg_:thp-'-*rﬁcident ray.

These vibrations can be divided into two sets/Zroups.

Fig. 1111,

(i) One perpendicular to the plane of incidence ABC. Fig. 11.11(«)
and

(ii) The other in the plane of incidence Fig. 11.11(b).

The displacements which are perpendicular to plane of incidence

(L to the plane of paper) would always remain parallel to the reflecting
surface whatever the angle of incidence may be. These conditions of
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reflection are, therefore, not affected by any change in the angle of
incidence. Thus, a glass plate will reflect a ray of light with vibration
to the plane of incidence whatever be the angle of incidence. For 4
particular angle of incidence (polarising angle) it may refuse to reflect
a ray in which vibrations are parallel to the plane of incidence.

The ray reflected from glass at polarising angle is plane polarig
or to have acquired one sidedness as its ﬂmumns are umﬂncd{_”é
plane perpendicular to the incident planu The ray is said to h{ﬁpﬁamcd
in the plane of incidence. "‘ﬁ

The ray in which the vibrations are pamllﬂ‘“i&y?thc plane of
incidence and which have beeﬁm’éfﬁ-"'_ iy (when angle of

1nuden<.e IS 57 5° in case of gl: Llass) IS re _,z‘;gteff_

(j [fdﬂ%ﬂ']l[l&d through

of incidence is equal to po]anzing angle.

The transmitted ray is, however, only partially polarised since
some rays have vibrations perpendicular to the plane of incidence are
also transmitted.

The___\_l_eﬂeued hght can be detegted or analybed by a tourmaline
crystal, or by ‘another glass' surfide as 'explained below



IL.

Example 1. A ray of light strikes a glass plate at an angle of
incidence 60°. If the reflected and refracted rays are perpendicular to
each other, find the refractive index of glass. (K.U. 1994 A)

Solution. When the reflected and the refracted rays are at rt.
angle to each other, the angle of incidence is equal to the polarizing

angle =i,.

So, U = tan i, = tan 60°
or fo=1.732

Example 2. A ray of light is incident on the surface of a glass
plate of refractive index 1.5 at the polari ng angle What is the angle
of refraction? \ " (K.U. 1993 S)

Solution. Let i, be the polarlsmg angle of incidence and r the

corresponding angle of refractlon
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From Brewster's Law, (\((\

W=tani,

1
=tan_ (p.)—-t T 56.3°

i
P
Since ip + r=90° @»

’, s 90"?5&@ 0° — 56.3° = 33.7°.
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11.6. LAW OF MALUS

When a beam of light, polarized by reflection at one plane surface 1s
allowed to fall on the second plane surface at the polarizing angle,
the intensity of the twice reflected beam varies with the angle between
the planes of the two surfaces. It has been found that when these two
planes are parallel, the intensity of twice reflected beam is maximum,
and when these two planes are perpendicular to each other, the intensity
of the twice reflected beam is zero. The same is true for twieg,
transmitted beam from the polarizer and analyser. It was e\perlmenm’ll\
shown by Etiennie Louis Malus in 1809, that when «a cogzglemg iplane
polarized light beam is incident on an cmalyse: the zm;:nsm of the
polarized light transmitted rhrough the analyser variey us the square

-J-_!il B

of the cosine of the angle between the plangs of wansmission of the
analyser and the pb?m: er. This is called ""'--'-;-aw of Malus and holds
good for a combination of the reflecting. planes Nicol prisms, polaroids
but not for the pile of plates (beuause in’ this case the light emerging
from the polarizer is not Lompletely p]ane polarized). It can be proved

as follows :
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POLARIZATION OF LIGHT WAVES AND DOUBLE REFRACTION 447

Let OP="a" be the amplitude of the vibrations transmitted or
reflected by the polarizer (i.e. plane polarized light) and 0 be the angle
between the plane of transmission of the analyser and that of polarizer
as shown in Fig. 11.18. This light is
:ncndf:nl on the analyser. Its Plane of
amplitude can be resolved into two " polariser
rectangular components :

(1) @ cos O is parallel to the plane
of transmission of the analyser.

(i) asin© is perpendicular 1o
the plane of transmission of the
analyser, i.e., along OAand OB
respectively as shown in Fig. 11.18. 5
Only acos© component is trans- Jh
r.nilled through the analyser. The_re— Fig. 11.18.
fore, the intensity of light emerging
from the analyser is given by

Plane of
analyser

Io=k (a cos 0)2 =R (12_ cos2 0 L\

=1 cos® 0 +(11.9)

where lo—kaz‘is the intensity of t
and & is a constant of proporl.g;a’h’gl"i"jha ‘3'15 is, of course, one half of

the intensity of unpolarized Ilgtjl ;Ml\mg the polarizer, provided we
ignore the losses of Iu__h"ﬁﬂfi)? absblptlon in passing through it.

Thus, from t;,qn ”(ﬁ}ﬁ‘? we have

[ o< cos” @

It is vﬁlue:'to the fact that vibrations are randomly distributed in
all directions perpendicular to the direction of propagation and therefore
for determining the intensity of transmitted light, the average value of

cos” @ (which is equal to ,l)—) is to be taken in eqn. (11.5).

Special cases
(i) If the polarizer and the analyser are parallel,
ie. 0 =0 or 180° then
lo=1o (. cosB=1)
Thus. when polarizer and analyser are parallel to each other, the
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intensity of light transmitted by analyser is equal to that of incident
on i1t

(if) If the polarizer and the analyser are perpendicular to eachy
other,
ie.. 0 =90°, then

Iy =0.

Thus, when palarizer and analyser are perpendicular to each other,

the intensity of light transmitted by analyser it zero.

Example 3. Unpolarized light is incident on two plarising sheets
placed one on top of the other. What must be the angle between the,
characteristic directions of the sheets if the intensity of the transmitted
light (i) one-third the maximum intensity of the transmitted beam, (ii)
one-third the intensity of the t'ncidenr beam? Assume that the sheet is
:deal i.e.. it reduces the intensity of upolarized light by exactly 50%.

" Solution. (i) Suppose Iy be the intensity of unpolar;s&d hght
Then the intensity of the (polarized) ray transmitted by ihe\_;f" rst sheet
would be

(i)

ﬁIHTl.SImltted by the second

Thus, [ is the "maximum intenﬁ__s_.‘i;
sheet which will be the case wheny e sheets are parallel.

If © be the angle betwean Ll characteristic directions of two
sheets, then by Malus Law, the' intensity transmitted by the second
sheet is given by

lg=Icos’® -~ ...(ii)

"

Now a;,celdmg to question /g = % I, we have

% I=1cos*0
or l=<:0521£:‘! or cosE):+L
3 V3
_ N
or D= b4 [——|=%55°
cos [@J 5
From eqns. (i) and (if), we have
Ig= 5 !0 cos’ 6
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POLARIZATION OF LIGHT WAVES AND DOUBLE REFRACTION 449

Now. according to second part of the question

we have

| _ 2
or cos 0=+ \lfzg or 9=cos][i\/}|=i35°

11.7. DOUBLE REFRACTION

In the study of refraction we have been considering isotropic medium
which has similar properties in all directions. When light is incident
on such a medium, refraction takes pl.,u,e obeying Snell’s Law and

refraction takes place in one direction. However, Erasmus, a Damsh
suenllst discovered in 1669 that a mystal of calcite (Ice landysfan

A A ray ¢ of an ordinary unpnlanzed h;:ht wheml
or quartz uystdl splits up into two refracted my{ﬁ
one as in glass. The crystals having this propexty

[

ufmcrmg and the phenomenon 15 e

e

acrystal of calcite, two images will
Shown in Fig. 11.19.

A
B
Fig. 11.19.
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450 WAVES AND OPTICS

The phenomenon of double refraction can also be illustrated in

a simple manner by putting a black dot on a sheet of paper and viewing
it through a calcite crystal. Two images of the dot are seen (Fig. 11.20),
.On‘romtmg the‘ c:ylstai about (SIEEREIAO 4 E
incident ray as axis, one of
" the two images remains sta- . $
tionary and is known as or-
dinary image. The second
“i‘npmgc rotates round the first
and is called extra-ordinary
image. The refracted rays
which produce the ordinary
image are called ordinary
rays because they obey the
ordmary laws of 1efract|0n Blackdot
while the refracted rays Fig. 11.20

which produce _extra-ordi- a %

nary image are called extra-ordinary rays as they dn nqt. obey the
ordinary laws of retrdulon Smce the two oppeslte fac::s of a calcite

crystal are always paral]cl so that the two refragted rays, ordinary and
extra-ordinary, emerge parallel to thes incideht beam but relatively
displaced by a distance proportional 10¢ fl‘hcknebb of the crystal. For
normal incidence the ordinary ray. wﬂkpass stralght through the crystal
without deviation whereas thé€ extra-ordinary ray will be refracted at
some angle and will, seme ‘@ut parallel to and displaced from the
incident ray. As sta{ed abﬂve if we rotate the crystal about the incident
beam as axis,’ ‘the Btray rotates about the fixed O-ray, the line joining
Oand E'i 1mages ‘alvays lies along a line parallel to the shorter diagonal

of the, emergcnt crystal face.

Polarization of Rays. Both the ordinary and extra-ordinary rays
obtained by double refraction are plane polarized in perpendicular
planes, the vibrations of ordinary ray being normal to the plane of
paper while those of the extra-ordinary _t_gke place in the plane of
baper. e

This can be verified by viewing O and E images through a
tourmaline plate. As the tourmaline plate is rotated the intensities of
both the images undergo a change. If the intensity of the O image
increases. then that of extra-ordinary image decreases and vice versa.
So to say that if in one position of tourmaline, the O-image has

Calcite
crystal

I ——— R S
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maximum intensity while the E-image disappears, and on rotating the
tourmaline plate through 90°, from this position, the intensity of
E-image becomes maximum while the O-image disappears. Hence the
ravs by which the O and E images are seen must be polarized.

Ordinary and extra-ordinary refractive indices. The refractive
index for ordinary light is known asﬁordmary refractive index as

denoted by Ug and is constant. Its value for a calcite crystal for sodium
light is 1.658. o

The refractive index for the extra-ordinary ray is known as the
extra-ordinary refractive index and is denoted by p,. Its value is not
constant but varies with the direction of the incident ray. For calcite
its value varies between 1.486 and 1.658 for sodium light. Since
¢ _ Velocity of light in vacuum

(ll .6)

v Velocity of light in medium
so it is clear that velocity of ordinary light in a crystal is samﬂ m Jall

directions but the velocity of extra-ordinary ray 1s is dlffertnt '!'n‘-dlfferent
directions. 24

11.8. CALCITE CRYSTAL-OPTIC AXIS--PHINCIPAL
SECTIONS AND PRINCIPAL PLANE
(i.e., Geometry of calcite: cryst:ai)

A calcite crystal, also known{ as Ice-Tand s spar (CaCOs) is a colourless

crystal transparent to visible as Well as to ultraviolet light. It occurs
in nature in different, mrms# all of which readlly break up into simple
rhombohedrons %as shDWn in Fig.

11.21. Each of the, six faces of the Optic axis
crystal' i, J'z‘p‘ﬁtrall'elogram whose 102°

angles are “78° and 102° nearly. At i

the two diametrically opposite 102° 102° s

corners such as A and B as shown
in Fig. 11.21. the three angles of
the faces meeting there are obtuse.
These corners are called ,_,_’?_’_{{'_'_f

corners. At each of the remaining 78°
six corners one of the angles is
obtuse whereas the other two are 020 -~ ~_ /
acute. =
A line passing through any
one of the blunt corners (A or B) Fig. 11.21. Calcite crystal.
Preadpsted il fues versien ef "Watenmbbe Full casglun dessn'’ pub e teik,
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and equally inclined to the three edges meeting there. represents th,
direction of the optic axis (Fig. 11.21) and any other line parallel 1@
it 1s an identically equivalent axis in all respects. -

If the rhombohedron is so cut that all its edges are equal. ther
the line joining A and B, the opposite blunt corners or any line paralled
to it gives the direction of optic axis. It may be clearly noted that

(i) Optic axis is @ direction and not a particular line.

(if) No separation of a ray into O and E occurs, if the ray passes
along this axis, i.e.. velocity_of ordinary and the extra-ordinary raysy
along this axis is the same.@o. optic axsis_is a direction through then
crystal along whicl is no double refraction.

(i1f) Crystal 1s symmetrical about this axis.

Principal plane or Principal section. A plane containing the
optic axis and perpendicular to a pair of opposite faces of the crystal

is called principal section of the crystal for that pair of faceS. In the
above Fig. 11.21. Aa Bb is the principal plane for the.side £aCes of

the crystal. Thus, there are three principal sections=pa g through
any point inside the crystal, one corresponding o of opposite
faces. A principal section always cuts the sutfae$,of the calcite crystal
in a parallelogram having angles 71° '\" as shown in Fig.
11.22(a). An end view of principal | ' erpendicular to a pair of
opposite faces of the crystal cutsythese faces in a line parallel to the
shorter diagonal of these .1.22(b) represents a face of the
crystal, in which the dotted{lipe A represents the end view of the
principal section sho Fig.

_ . 11.22 (a). Other parallel lines represent
the end views of fheyc
11.22(a).

f fheyorHer principal sections parallel to that in Fig.
<109°

b
71° A
7N 1097 ‘
B a

a —
', Optic axis
(a) (b)
Fig. 11.22.

It is found that the ordinany ray is polarized in the principal plane
and hence its displacements (shown by dots) are perpendicular to the
principal plane. The extra-ordinary ray is polarized perpendicular to
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the principal plane with its vibrations (shown by arrows) in the principal
plane. Thus, plane polarized light can be obtained by double refraction.

11.9. TYPES OF CRYSTALS
From the standpoint of physical optics, crystals are classified as either

uniaxial or bigxial.

In uniaxial crystals such as calcite, quartz, tourmaline and nitrate
of soda, there is a single direction known as optic_axis in which all
waves are transmitted with one uniform velocity while in any other
direction, there are two velocities of transmission. Thus there is no
separation of rays when light travels along this direction.

In biaxial-crystals such as borax, mica, topaz, aragonite. and -
selenite, there are two such directions for one particular velocity,

e —

i.c., these crystals have two optic_axes.
T

We shall confine ourselves to the former class of crystalsr'ﬁfhich
is a special case of the latter class. It may be noted thaf=in" \optical
instruments mainly calcite and quartz are used whxch ara uni-axial

. R e ——
uystals Y. & A "4

11.10. POLARIZATION BY DOUBLE. REFRACTION

When a ray of unpolarized light is passed thr‘ough a double refracting
crystal like calcite it splits into @ and Elays As said above, both these
beams are plane polarized hdwng ‘vibrations perpendicular to each
other. Thus, polarizatiop=,of Wight by double refraction can be
demonstrated by sendmg a_beam of light normally through a pair of
calcite crystals and rdtating the second crystal about incident ray as
axis. The fallawmg phenomenon is observed :

(1) When the principal planes of the two crystals are parallel to
each other two images E| and O are seen [Fig. 11.23(a)]. The O-ray
from the first crystal passes undeviated through the second crystal and
emerges as Oj-ray. E-ray from the first passes through the second
crystal along a pat_______*_ﬁ_ﬂf:nwtm:lmwallel to that m_S_}_glf_}he first and emerges
out as E,-ray. Hence, two resultant beams or images O, and E, are
separated by a distance equal to the sum of the displacements produced
by each crystal, when used scparately

e e

(ii) When the second crystal is rotated about the incident ray as
axis, each of the two rays O and E from first crystal is split into two
parts, giving rise 1o four images. Thus, besides O, and E|, two new

__-—l—uu—-_ﬂ,_..A—
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E C 4y
: ‘—’j E'

g £ 44404y
3—._._6_.__._.
D
(a)
A
6 = 90°
(c)
- C
A $ 444444
IR
-o—o—a—e-8-0—&
@)
B D . | 47 4

.

images O, and E,, appear JAs the rotation of second crystal is continued,
O) and O, remain” statlonaly while E| and E, rotate around O, and
o)) 1espect1vely afid the intensity of O and E| goes on decreasing
whilef that -Of 0, and E; increasing. When the principal section of the
second c1ystal makes an angle of 45° with that of the first, the four
images of equal intensity are seen. [Fig. 11.23(b)] |

(iff) At 90° rotation, we again have two images. The original
images O| and E| vanish and new images O, and E, acquires more
intensity. [Fig. 11.23(¢)]

(iv) On further rotation, original images O and E| reappear and
start gaining intensity while O, and E, start fading. At 135°, the four
images are once again equally intense. [Fig. 11.23 (d)]

(v) At 180° rotation, the principal planes of the two crystals are
once again parallel to each other, but having optic axis oriented in
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opposite directions. The images O, and E, vanish while Opand E,
_‘_-‘__________.--—- .
come together into one single image in the centre provided the crystals
are of equal thickness.

e ——

Explanation. Suppose AB and CD represent the principal sections
of the first and second crystals

respectively, inclined at an angle a c
0 with each other as shown in Fig. E‘;:/ K
1124 !’ ‘-"‘.h tt

Ordinary light on entering the
first crystal is broken into two plane
polarized beams, one O-ray vibrat-
ing perpendicular to the principal
section AB and the other E-ray
vibrating in the principal section
AB. Let ‘a’ be amplitude of each
ray, represented by MO and ME.
The O-ray on entering the second
crystal is further split up into an
ordinary ray of amplitude a cos 6 4
pf:lpendlcular to the principal sectlon CD )=Qr

sin@ _Jin the prmupal bet.[mn

et

O-ray and E-ray on entering the second crystal
is because of‘\the Tact that the s second crystal like the first transmits

light ,.a.- in its prlnupal section along one path and that v ibrating
at right

CD. The sp of (

angles along the other path. Now, the intensity of O; and
E, is a® cos” O while that of O, and E; is a’ sin’ 0.

At =0 and 0 =180°,

We have
cos>0 =1 and sin® 0 =

2 % . i - | .
Hence, O, and E| have a maximum intensity of a~, while O» and

i

E5 disappear.
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At 0 =45° or 0 = 135°, we have

2 1 ) |
cos“ 0= and sin“0 =
2 2
Hence, 0; and E, as well as Q, and E; have the same insensity

a*2
At 0 =90° we have
cos20=0andsin” 0= 1.
Hence, O, and E| disappear while O;and E; have maximum
intensity equal to a’.

Thus. all the above observations are theoretically explained. In

shon at  all positions the sum of the two components
5 ——

@’ sin® 0 +a

beam. |
Thus, plane polarized light may be gainfully obtamcdbl"dgub]e

refraction.

11.11. NICOL PRISM

. It is an optical device made from calcite erfsta,_ \and is used in many
optical intruments for producing and analysing plane polarized light.
It derives its name from its mvcttmr Wlllmm Nicol who first designed
it in 1828. -

It is based upon the tact that ordmaly and extra-ordinary rays in
calcite possess yne_qua]‘ wﬁactive index. It gives an intense beam of
plane polarized, llght 'Mhlch cannot be obtained by refraction through
tourmaling Qr by reﬂeLtlon methods.

cos” 0 is just equal to a’ , the intensity of the incident

———

Ctmstrut:tlon A Nicol prism is made by taking a rhombohedron
of Lalute ‘Whose length is three times its thickness with the optic axis
in plane’ ABCD [Fig. 11.25(a)). Therefore ABCD represents a principal
section of the crystal.

The end faces BA and CD of this crystal are ground away until
they make an angle of 68° instead of 71° with the longitudinal edges.
so that these two faces change into BA” and CD’ as shown in Fig
[11.25(b)]). The resulting crystal is then cut apart into two pieces, along
a blane A’D’ [Fig. 11.25 (b)], passing through the blunt corners and
perpendicular to both the principal plane and the end faces so that
A’D’ makes an angle of 90° with ends A’B and CD’. The two cut
surfaces are ground and polished optically flat. They are then cemented
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together with canada balsam which is a clear transparent substance
having refractive index midway between the refractive indices of the
0 and E-rays. For example, sodium yellow light

X
¢ Optic axis
-\ C
LJ |
P
F
P D
(a) Calcite rhomb, ABCD is a principal section of calcite.

X

've— Optic axis
ALA c

102°

End view of nicol showing direction of
displacement in emergent transmitted light

Fig. 11.25.
po=1.658, 1, = 1.486 and pcp=1.55.

The two end faces of the prism are kept open while its sides are
coated with lamp black and kept covered by a brass tube.

Action. If a ray SM of unpolarized light is incident nearly parallel
to BD' in the plane of paper on the face A’B, it suffers double refraction
and gives rise to E-ray MEand O-ray MN. Both the rays are plane
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polarized. The O-ray has vibrations perpendicular to the principal
section of the crystal while the E-ray has vibrations in the principal
section, i.e., in the plane of paper. The ordinary ray is travelling from
a denser medium (calcite) to an optically rarer medium (canada balsam)

and will suffer total internal reflection provided the angle of incidence:

at the canada balsam layer is greater than the critical angle for the

- N .55 ) 5
two media, calcite and balsam, i.e., greater than sin = 1658 =69°.

This totally reflected ray is then absorbed by the blackened side of
the crystal. the extra-ordinary ray under the same conditions would
be transmitted. The angle of incidence on canada balsam layer depends
on the angle which the edge BA” makes with the blunt edge BD and
the ratio of the breadth to the length of the crystal. It is for this reason
that the natural angle 71° was reduced to 68° and that a crystal of
length about three times its breadth was taken. This enables the ordinary
ray to be incident on balsam layer at an angle greater than f{,h@’mtmal
angle and suffers total internal reflection. Thus, we are @?b’le o"Bbtain
a beam of plane polauzed light with vibrations m 1;?@ | plane, the

to the shorter diagonal AC of the end face of_khﬁa @{ystzil [Fig. 11.25(c)].

% when the incident beam
If the incident ray makes
an angle much smaller than éﬁ_ﬂtﬁs\.{w“h the face A’B, the ordinary
ray will strike the balsam layg‘r ab an angle less than the critical angle
69° and hence will be’ tnsﬁﬁsmltfed Therefore, the light emerging from
the nicol will not b€ plané

If the mc:&ent&ra'y”makes an angle greater than £ BMS the E-ray
will bcgorﬁc'more and more parallel to the optic axis XX’ so that its
1ehactﬁy *”mﬁex will increase and will become nearly equal to that of

calcite for O-ray*. Then the E-ray will also suffer total internal
reflection at the calcite balsam surface and no light will emerge out
of the Nicol prism. Thus a Nicol prism, therefore, cannot be used for
highly convergent or divergent beams. With the dimensions chosen.

e T W s s ST

the angle between the extreme rays of the incoming beam is limited

Limitation. The Nicol prism work

*It is because for E-ray that the refractive index of calcite is different in
different directions of the crystal. Its value is minimum = 1.486 when the ray
is travelling normal to optic axis and along optic axis it increases to 1.658
same as for O-ray. For intermediate angles, its values lies between the two
limits 1.486 and 1.658.

Profecied with Te versen ef "Watewnsekbe Full vassion degen'] pui §ie raek,



POLARIZATION OF LIGHT WAVES AND DOUBLE REFRACTION 459

to about 28°, i.e., the semi-vertical angle of the cone of incident light
SgMSo should not exceed 14°.

Uses. The nicol prism can be used both as polarizer and as an .
analyser.

When an unpolarised ray of light is incident on Nicol prism P
[Fig. 11.26(@)], the ray emerging from P is plane polarized with
vibrations in the principal section of P. If this ray is made to fall on
second Nicol prism A, whose principal section is parallel to that of
P. its vibrations will be in the principal section of A. Hence the ray
will behave as E-ray in the prism A and will be completely transmitted
and the intensity of the emergent light will be maximum.

—

Ordinary P A
light /\ /

R 4

916 '/WI i— 3/3 BRI S AR T ATN Y &N

S I &

0 Parallel nicols

| @ 0\1. Parallel rjicI:oIsl. |
@
- Fig, 11.26.

If one of the nicols is rotated, the intensity of the transmitted
beam becomes less and | finally no light is transmitted. This will happen
when the principal plane of Nicol A becomes perpendicular to that of
P [Fig. 11.26(b)], the vibrations in the plane polarized ray incident on
A will be normal to the principal section of A. It will thus have no

component in the principal section of A. So the ray will behave as
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Hence, no light will emerge from A. In this postion, the two nicols
are said to be_crossed.

If nicol A is further rotated, to have its principal section again
parallel to that of P [Fig. 11.26 (¢)], the intensity of emergent light
will again be maximum.

In positions (a) and (c), the two nicols where the angle between
the principal sections of the two prisms are 0° and 180° respectively,
are referred as ‘parallel nicols’. '

—
and the second nicol A analyses the polarized light and m“(’.‘z‘llled
analyser.
————" s

The above facts can be used for analysing the plane polarized
light. If the given light on examining through the rotating nicol shows

variation of intensity with minimum intensity zero, the given Ilght is
plane polarized. & Con
| The intensity of the beam emerging from the nu,ol Al obeys Cosine

square law, i.e., o< cos” © where 0 is the angle of. lOtamon of A from
the position of maximum intensity. N \

It is important to note here that a smnlar prism prepared
from quartz would not serve a similar | purpose although it is doubly
lehamecausc the velocity of 0 ray in it is greater than that of
E-ray. Since canada balsamds rarer'than quartz for both, O and E-rays,
both the rays may suffer total ‘internal reflection or both may be
transmitted accordmg t the angle of incidence on balsam.

The usefulness, o____t_'_..mcol prism, however, is limited by the small
size of the‘beamit.can transmit. Secondly, nicol prism cannot be used
in thepultraviolet region because canada balsam absorbs ultraviolet
light. LN

Example 4. If the refractive index for the ordinary ray for calcite
and canada balsam are 1.6584 and 1.5500 respectively, find the
maximum allowable angle of incidence with the axis of symmetry of
" the nicol so that ordinary ray is still quenched.

Solution. The critical angle for the two media, calcite and balsam

115500\ .,
—5H [1.6584)“69

If the angle of incidence on the balsam surface is > 69°, the
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O-ray will be quenched. Hence, the maximum allowable angle of
incidence with the symmetry axis of the nicol is
=90° - 69° =21°.
Example 5. Two nicols are crossed to each other. Now one of
them is rotated through 60°. What percentage of incident unpolarized
light will pass through the system?

Solution. Initially the nicols are at 90°. When one is rotated
through 60°, the angle between their principal sections becomes 30°.

Let Iy be the intensity of the incident beam. The incident beam
breaks up into an E-ray and an O-ray by the first nicol. The O-ray is
quenched by reflection, while the E-ray is transmitted. Thus, the
transmission of a nicol for incident unpolarized light is 50% (neglecting
absorption losses), i.e., the intensity of the transmitted E-ray is [p/2.

The plane polarized E-ray on entering the second nicel ﬁggm

Iy

8, the angle between

Iy ¢ .
O’-component with intensity —2-sin28 where G

inlySthe E’-component is
ighttransmitted by the second

the principal plane of the two nicols. |
aff

transmitted. Thus, the intensity /o of th

nicol is
(by Malus Law)

Here 6 = 30%,

Vil cos?30" _ (V3/2)?
I 2 2

.
8

o

Percentage of transmission =7 100
0

=%>< 1.00=37.5%

11.12. NEGATIVE AND POSITIVE CRYSTALS

Uniaxial crystals are of two types : negative and positive.

Negative crystals : Calcite and tourmaline are the examples of
this type of crystals. The important properties of such crystals are:
(i) The velocity of ordinary ray is constant in all directions.
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(ii) The velocity of extra-ordinary ray varies with the direction.
It is minimum and equal to the velocity of the ordinary ray along the
optic axis. It is maximum in a direction perpendicular to the optic
axis. [

(iii) The refractive index for E-ray is less than that for O-ray
(i.e.. g < Ug) in all directions except along optic axis where Uz = .

Positive crystals : Quartz and ice are the examples of such
crystals. The important properties of these crystals are :

(i) The velocity of ordinary ray is constant in all directions.

(ii) The velocity of extra-ordinary ray varies with the direction.
It is maximum and is equal to velocity of ordinary light along optic
axis. It is minimum in a direction perpendicular to the optic axis.

el

s s S

(iif) The refractive index for the E-ray is more than the refractive
index of the ordinary ray, i.e., (Lg > Hg) in all directons excepLalong

optic axis where (g = Ho.

Example 6. Plane polarized light is incident nortt % on a plate
of doubly refracting uniaxial crystal with facesﬁrfrii‘_ parallel to the
optic axis. Calculate the ratio of intensities, Qf and O-rays if the
light is incident with vibrations making qm angle'of 30° with the face
of the crystal. Given A =5993 4, ]J.ﬁ,_{?j 5532 and pg=1.5442.

Solution. As He > Ko, SO7 fhe Py 1;1" crystal is positive. Now, let
" be the amplitude of mcmfem wave and O the angle which the

mc:ldent vibrations mak‘ "W:th the optic axis. On entering the crystal
the light splits up m’tq‘i}we components an extra-ordinary component
« cos 6 having Vlbl&HOHS parallel to the optic axis and an ordinary
componen ) m_ne Tlavmg, vibrations perpendicular to the optic axis.
Hence, the atio of intensities of the extra- -ordinary and ordinary rays

IS

It acos®® 3 cos” 0

_ IIO_a sinZ @ _sinze
Here 6 = 30° |
lg ;icos®30° _ (V3/2)? 3/4 3

lo cos?30° (1}2 1/4 1

2
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11.15. ELLIPTICALLY AND CIRCULARLY POLARIZED
LIGHTS

In article 11.13, from Figs. 11.29 (b) and 11.30 (b), we found that
when unpolarized light was incident normally on a thin plate of a
uniaxial crystal cut with faces parallel to the optic axis, both ordinary
and extra-ordinary rays travel along the same path but with different
velocities.* Similarly when a beam of plane polarized light (with

vibrations making an angle with optic axis) is made to fall normally “=

on such a crystal cut parallel to the optic axis, it liﬁs-%i-l-mg Ofdlﬂﬂf)’""
and extra-ordinary components, which travel throug the crystdl\inrthe

same direction but with different velocities in accm’dance with
Huygen’s construction of double refraction (Fig. 11. 3_3)

If a plane polarized and monochromatic dight-ef wavelength A
and amplitude A be incident normally on a uniaxial double refracting
crystal of calcite with face cut paralle] tosfhe-Optic axis and the plane
Polarized incident ray be such that the lin€ar vibrations in it be along

*In case of negative crystal like calc:lte the value of v, (veloc:lty of E-ray)
was greater than as compared to the value v, (velocity of ordinary ray). In
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PQ making an angle O with the optic axis, then on gntering the crystal,

«> Plane
|, Polarised
i light
I N [
A N /] X
\ L c /
) oy {
( . )
) - (
C )
_ /
' 0O
E
Fig. 11.33.

Optic
"axis

the incident light_will be split
into tw_(_)_ﬂ@l)gncm% ordinary
and extra-ordinary. The ordinary
component will have vibrations
along PO. and cxtra -ordinary
along PE. the amplltudes of
vibration of EandO com-
ponents are A cos O and Asin6
respectively along the optic axis
of the crystal and perpendicular
to it (Fig. 11.34). According to
Huygen’s construction of double
refraction, both the components
travel in the same direction that
is perpendicular to the piane of
paper (Fig. 11.33); but-with
different speeds dependmg on
the nature ofthe ctystal. In cal-
cite E-ray. travels faster than O-
ray, Henee; it should be clearly

born in mind that it is because of unequal _velocities_of the two
components that although on entering the crystal they have the same

A i

phase, yet on emergence their. phases are_ dlffcrent as the two rays

will have a path difference
depcndmg on the th thlckness of
the crystals*. Th¢ cmergent
light will, therefore consist of
two 51mpl_e har meofiic vibrations
in twg mutually perpendicular
planes| having same period %
but dlfferent _amplitudes and
phases. They can  be
compounded into a single
motion linear, circular or
elliptical depending on the
phase difference and magnitude
of angle 6.

T ee——

e g— ST A AR

AY
Sow O’ ... » Q
/
7
0 |
B E |Fasim X
E T Optic axis
E_
Fig. 11.34.

*Since v, 2 ,, for calcite, so length of path traversed in crystal by E-component
is greater than that of O-component. Thus the ordinary wave falls behind the

extra-ordinary.
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Theory

If the phase difference introduced between the two components
after travelling a certain thickness of the crystal be 0, then by a
convenient choice of the origin of time, their displacements can be
written as

E-ray x=A cos 6 sin (o + )
O-ray y=A sin0 sin ¢
where ® is the angular frequency of vibration of either pamcles
Putting A cos 0 =a,Asin0 = b, we have
x =asin (0f + d) ..(11.7)
= b sin (1) ..(11.8)
To obtain the path of 1 reEElian_E Ylbratlon we eliminate ¢ between

the above two equations.
From eqn. (11.7), we have .

= sin (07 + &) = sin f cos & + cos Wt sin § o XM

and from eqn. (11.8), we have

y ;
= =sIn 0t
b

a W oos0= {1 =25 sind

).2 2
or —5+XE(c0325+sin25)-Mcosﬁ—sinzcﬁ:ﬂ
a- b ab
S D '
a2+52 s cos8=sin®8 __—~  ..(11.10)
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which is-the general equation of an ellipse whose major and minor
axes are inclined at certain angle, depending on their relative phases.
Hence, the light emerging from the crystal plate, in general, is ellip-
tically polanzed

e = e

Special cases. (i) If the thickness of the crystal plate is such that
0=0 or 2nm or path diffrence is A or nA, where n is an integer then
the equation of resultant vibraiion is

2y 2y,
2 bz ab
x_y\_
or :t[a bJ 0

or y=+ {!’-J X
a

which is the equation of a straight line passing through the, worigin and
having a slope = b/a and which is the same as that of ipeident-plane
polarized ray. This means that the emergent light frem, the ‘crystal is
plane polarized in the same plane as the incident J_Jlane pé]arlzed beam.
The crystal in such cases has thickness such, that itiintroduces a phase
difference 0 or 2nm between O- and E—cemponent and so the crystal

plate is then whole or full wave plate, J
(if) If the thickness of rhe crystal plate is such that =7 or

A A
(2n+ 1) T or the path dlfferencc is — or (2n+ l) — , then the eqn.

2
(11.10) of resultdm motmn reduces to
N\~ LY, 2,
‘ a* b2 ab
X ol
or a.+ b 0

__(8),
or y s |

which again represents a straight line passing through the origin but
with a slop =(-b/a). In this case the emergent beam will again be
plane polarized, with the vibration direction making an angle

2 tan”! (b/a) = 20 with that of incident light. The plate is then a half

wave plate. .
h—-..-u-'
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(iii) If the thickness of the plate is such that 6=m/2 or
n
(2n+l)5 or path difference is A/4 or (2n+l)% and a#b

(i.e., © # 45°) then the equation of resultant motion reduces to

2 2
x— L y_z =1
a’ b
which is the equation of an ellipse with its axes along x and y-directions.
Hence, the ¢ emergent Tight is elliptically polarized, the axes of the
ellipse being along and perpendicular to the optic axis. The plate s

then a quarter wave plate.

If in this case, 0= 45"., i.e., incident vibrations make an angle of
45° with optic axis, then'a = b, i.e., the amplitudes of the ordinary and
extra-ordinary components are equal then eqn. (11.10) reduces to

X+ y = a? s Ca

which is the equation of a circle with radius a. Hence m 1h15 case
emergent beam is circularly polarized. o

" Thus, we see that the plan polarized and cxrcuI&rly Polanzed lights
are the special cases of elllptlcally polarlzed llght

e e R e ST

(iv) If the thickness of the plate 8, sach that § =m/4, we get

_2. abT_E

which represents an, elhpse w1th major axis inclined in the positive
direction of x—ams o,

Thus; llght i$\sdid to be elliptically polarized when the vibrations
of the efher partlcles are elliptical having a constant period and takes
place inja plane perpendicular to the direction of propagation. In this
case the ‘amplitude of the v1brat10ns changs in magmtude as well as
1mectlon

And light is said to be circularly polarized when the vibrations
of the ether particles are circular having a constant period and take
place in a plane perpendicular to the direction of propagation. In this
case the amplitude of vibrations remains constant but the direction
changes only. R

Fig. 11.35 shows the shape of resultant transmited vibrations for
different values of the phase difference between two rectangular
components : (a) when the angle between the original plane of vibration
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and optic axis is /4 and (b) when this angle is less than m/4. If the
angle is more than 45°, the effect will be to increase the vertical axis
instead of diminishing it.

=i NS Og Y
< OO NSOE

Phase §=0 T 3n s 51 3n 7n 2n
difference * 4 4 4 2 4

Fig. 11.35. s Ca

(i) For 0 <8 < m, the elliptical vibration is described€Ounter-clock-
wise w.r.t. an observer towards whom the light uavélg, an
is said to be right-handed elliptically polartzed-’"" \

(ii) For m<d<2m, the ellipse is des.cnbed in the clockwise
direction and the light is said to be left har&ded elllptlcdlly polarlzed

(iii) For 8=~ and 37 " I;he elhpse will change into circle if

a=bor0=45". The llghf 1n that case is said to be circularly polarized.

Distinction between reﬂiptlcally and circularly polarized light
elliptically pelanzeﬂ light

When! the Vibrations of the ether particles are elliptical having a
constant pcnod and take place in a plane perpendicular to the direction
of propagation (transverse plane) light is said to be elliptically
polarized. In this case the amplitude of the vibrations changes in
magnitude as well as in direction.

Circularly polarized light

When the vibrations of the ether particles are circular having a
constant period and take place in the transverse plane, light is said to
be circularly polarized. In this case the amplitude of vibration remains
constant but the direction changes.
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Example 7. Cualculate the thickness of a quarter-wave plate for
light of wavelength 6000 A, the refractive indices for ordinary and

extra-ordinary rays being 1.544 and 1.553 respectively.
(K.U. 1989 A, 95 A, 2003 A; M.D.U. 7& A)

Solution. Let ¢ be the required thickness of the plate. @(\

Here, po = 1.544, p, = 1.553 and A = 6000 x 10‘3\.@(\
Since W, > g, the crystal is positive dnd@e{wned thickness

is given by D
N\
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A 6000 x 1078
4(u,—pg)  (1.553— 1.544) x 4
6x107

— Tl _“‘4
4% 0.009 16.6 10 " cm

Example 8. Calculate the thickness of double refracting crystal
to introduce a path difference of M2 between O and E-rays when

A =5893 A, no = 1.5442 and p, = 1.5533. (K.U. 1996 A)

Solution. Let ¢ be the required thickness of the plate. Here
to = 1.5442, p, = 1.5553, A = 5893 x 10™° cm. Since i, > o, the crystal
is positive and the required thickness is given by

A 5893x10°°

T2 (M —Mo)  2(1.5533-1.5442)

_ 58931070 18 107 em X %
T 2x.0091 ' ’

Example 9. Plane polarized light is incident o i rrv plate
cut parallel to the optic axis. Find the least thickiTes: 3.._* 1e plate for
which the ordinary and extra-ordinary ra

1e to form plane
polarized light on emergence. s

(ug = 1.5442, b, = 1.5533,
Solution. In this case t ua tz %late must act as a half-wave

(A/2) plate. Thus, if 7 4 Ié'ﬁffred thlckness then
A 5893 x 1078

2 (P —4g) 2 (1.5533-1.5442)
amp 0 Calculare the thickness of a half-wave plate for

light ofv‘leng.'h 5893 A. (Give pg=1.658 and p,=1.486)
(K.U. 1992 A)

—

=0.0032 cm.

Solution. The required thickness is given by
Y
2 (Ko — K)
5893 x 1075
T 2(1.658 — 1.486)

_ 5893 x 108
2%0.172

=

~1.713x 104 em
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