10

POLARIZATION

10-1. INTRODRUCTION

The experiments on interference and diffraction have shown
that lightis a form of wnve motion. These effects do not tell yg
about the type of wave motion i.e., whether the light waves are
longitudinal or transvere, or whether the vibrations are linear,
circular or torsional. The phenomenon of polarization bas helped
to establish beyond doubt that light waves are transverse waves,

102, BOLARIZATION OF TRANSVERSE WAVES
" Leta rope AB be pussed through two paraliel slits S, and S,
The rope is attached to a fixed point at B [Fig. 10-1 (a)]. Hold the

Fig. 10-1

end 4 and move the rope up and down perpend!'cu]ax" to AB.l
wave emerges along CD and it is due to transverse vibrations p;lr&n -
to the slit §;. The slit S, allows the wave to pass through it whe

A
lel

i be
is parallel to S;. It is ohserved that the slit S, does not nllo'}i’“f&
wave to pass through it when itis at right angles to the s

[Fig. 10-1 (0)].
454
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A similar ph(_anomganon has been observed in light when it passes
through a tourmaline crystal.

| Let light fr{_)m a source S fall on a tourmaline crystal A4 which
is cut parallel to its axis (Fig. 10-2). The erystal /4 will act as the slit
S;. The light is slightly coloured due to the natural colour of the

crystal. On rotating the crystal 4, no remarkable chance is noticed.
Now place the crystal B parallel to 4.

(1) Rotate both the crystals together so that their axes aro
always parallel. No change is observed in the light cominy out of B

[Fig."10-2 (1)].

) £ VO
(2) Keep the crystal A fixed and rotate the ervsial B Th
ight i hamer and dinn
light tranamitted through B becomes (izmnm. n; e
a » | LLET | -l P

B is at right angles to 4, no light emerges ¢

intenaity of lizht comut:
' the two

If the crystal B is further rotated, _therp it pbea |
out of it gradually increases and is maximurm azess
erystals are parallel. ;

y P iight 18 noft

. 1
This experiment shows conclusively lt I;f;l‘.es If we con-
EiUpNERtea as longitudinal % lc Om}f);reg?:lzrlmwave m;Jtion then no
. - : ongitudin: "
sider the propagation o § oo Een t%e crystal B is rotatsd.

extinction of light should occur e light
ugh the crystal 4, 13 '

1 : nt of
It is clear that after PRcvlCE g Therefore light coming 8%

' irecti uired the
pooen wbeate o gon (t))ne dll‘le::;fz)l;-d becauseé jt has ACGUIre
the crystal 4 is said to be PO

. N 9.‘,. r1\'|
rope , direction ! fu .
property of one-sidedness with regard to the di
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Thi  experiment proves that light waves are transvel'ﬂe :

waves otherwise lizht soming out of B bbuld-rever e extin Shed .
by min Py rotating the Ff}'f'”‘l B. e

JU3 PLANE OF POLARIZATION

When ordinarey 1 1 10 naansd ihrnug_rh a tonrmsline cryata], the
GPt e ar e w wccam us confined  to only one  directioy

Pl AnE OF VIBRATION

{

i 1) |
\PLANE OF

et JPOLARIZATION
D‘-Fs\‘ *-E £

Fig. 103 N

perpendicular to the direction of propagation of light. This is plane
polarized light and hag acquired the property of cue-sidedness. The
plane of polarization is that plane im whick no vibratous
occur. The piane ABCD in Fig. 10-3 is the plane of polarizasion.
The vibrations occur at right angles to the plane of polarization aud
the plane in which vibrations occur is known as plane of vibravicn.
The plane EFGH in Fig. 10-3 is the plane of vibration.

Ordinary light from a source has very large number of wave-
lengths.  Moreover, the vibrations may be linear, sircular or ellipti-
epl. From our idea of wave motion circular o eilyptical vibrations
‘ornsist of two linear vibrations at right angles to each other and

beving & phase difference of — .

o

Therefore any vibration can be resolved into two component

vibrations at right angles to eact: other., As light waves are trans-

v viérse  waves the wvibrations can be

& = resolved into two plenes zz’ and yy’ at

right angles to each other and also per-

pendicular to the direction of propags-
tion of light (Fig, 10-4).

\
\s/ In Fig. 10-5(i), the vibrations o

the particles are represented parallel
(rrrow heads) and perpendicular to the

o plano of the paper (dots). In Fig. (10-9)
; e (s¢) the vibrations are shown only parnlk”
Y to the plane of the paper. In Fig. 108

Fig. 10-4 (#32) the vibrations are re amly

-
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462 A Text Booléaaf Opticy ' |

of incidence and oan be axamined by a similar pile of plates Which
works ae an analyeer,

Note (1) If light ia I’”lnrizml porpendicumzl' ‘.bO the p]&ne of
nevdenes 1t meana vibrations are in the plane of incidence.

(v If light in polarized in the pla.nolof' incidence, it Meang
vhrat one are perpendienlar to the plane of incidence.

109 MALUS LAW

When a beam of light, polarized by reflection at one plane
#urfaee ie allowed to fall on the second plane surface at the polarizip
nhple the intensity of the twice reflected beam varies with the angle
between the planes of the two surfaces. In the Biot’s polariscope it
was found that the intensity of the twice reflected beam is maximym
when the two planes are parallel and zero when the two planes are
st night angles to each other. The same is also true for the twige
tranemitted beam from the polarizer and analyser. The law of
Malus states that the intensity of the polarized light trans.
mitted through the analyser varies as the square of the
cosine of the angle hetween the plane of transmission of the
analyser and the plane of the polarizer. In the case of the
Biot’s polariscope this angle is between the two reflecting planes,

. The proof of the law is based on the fact that any polarized
vibration may be resolved into two rectangular components : (1)
parallel to the plane of transmission of the analyser (i¢7) at right

angles to it.

P
i N Let OP = e be the amplitude
g ~ 3 H .
p % of the vibrations transmitted or
25 \ reflected by the polarizer and € is
& o the angle between the planes of the
e A - polarizer and the analyser (Fig.
10-12).
9 Resolve OP into two compo-
nents,
0 (%) acos ¢ along OA and
Kig. 10-12, (¢t) asin § along OB.

Only the @ cos ¢ component is transmitted through the
analyser.
Intensity of the transmitted light through the analyser
B, = (a cos 6)2 = a? cos? g,
But E = a |
where X is the intensity of incident polarized light
3 E, = E cos® ¢, and E, < cos? ¥
When 0 = 0 i.e., the two planes are parallel
K, = E, because cos 0 = 1

When g = TT;_ the two planes are at right angle 1o ead
| nthar
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By < g (0053)2 0
Example 10-1, If the L
, [ Pe plane of por . .
maker an angle of 30° n. f’l)lbr 5 )
jlr - 1':',-‘:»{ m«jj]r ~d touth f/fe Oplic a:zi.gatwn of the eident poga,
extraordinary and ordinary Jipp, » COMpare the intensitiog of
0
Intensity of the nxtmor(linary roy (Punjab 1964)
[F_ ~—] A2 0082 0 . V
Intenrity of the ordinary ray
Iy = A2 8in2 §
I[: A2
B __ cog2 § cos? §
I, ~ Famg = o
Here 0 — 30°
E - '_[f = g
1y

1010, “DOUBLE REFRACTION

Erasmus Bartholinus discovered, in 1669 :
. . ’ . t
light is refracted by a crystal of caleite hat when a ray of

: it gives two refracted rays.
This phenomenpn is c&l}ed double refraction. Calcite or icelafld
spar 18 crystallised caleium carbonate (CaC0y) and was found in largs

quantities in Iceland as very large transparent crystals. Due to
this reason calcite is also known as Iceland spar. It crystallises in
many forms and can be reduced by cleavage or breakage into a
rhombohedron, bounded by six parallelograms with angles equal to
102° and 78° (more accurate'y 101° 65’ and 78° 5').

Optic A=is. At two opposite
corners A and H, of the rhombohedron
all the angles of the faces are obtuse
[Fig. 10-13 («)]. These corners A and
H are known as the blunt corners of .
the crystal. A line drawn through 4 K

G

i

making equal angles with each of the
three gdg%s gives the direction of the
optic axis. In fact any lme_pa-ral!sl to
this line is alsc an optic axis. There-
fore optic axis is not a line but it 18 3
direction. Moreover, it is not degngla
by joining the two blunt corners. dn Z
in a gpecial case, when the three ¢ gi ;
of the erystal are equal, the line jo1
ing the two blunt corners A 8D : s
coincides with the crystallographic o
of the crystal end i, ives th?bdlrﬁ’l% ”
of the optic axis [Fig. 1013 { E sl
ray of light is incident alomgi !ti eto e
8Xig or in a direction para:i® Sk
Optic axis, then it will not brﬁ;an B
two rays. Thus, the ph D when
dowuble refraction is abses
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nter the crystal along thg optic axig,
of double rofraction can be ‘~§hown With al

4.5 1

light is allowed to e

.r b ;l*.h“ vinmenon

help of the following experiment :
| i lace & calcite :
Mark an ink dot on n piece of paper. P oryd

Iark an ink do p Two images will be ObBBI'Ved_ %g::

ver thie ot on the I)FI]N"I.

() (i)
Fig. 10-14
rotate the crystal slowly as shown in Fig. 10-14 (z). Place your eye
vertically above the erystal. It is found that one image remaiyg
etationary and the second image rotates with the rotation of the
cryetal. The stationary image is known as the ordinary image
while the second one is known as the extraordinary image,

When a ray of light 4B is incidept on the calcite crystal mak.
ing an angle of incidence = 1, it is refracted along two paths inside
the erystal, (i) along BC making an angle of refraction = r, and (1)
along BD making avn angle of refraction = 7,. These two rays
emerge out along DO and CE which are parsllel [Fig. 10-14 (¢0)].

o o e
e . in ¢
The ordinary ray has a refractive index Mg == > n and the
sin r,
extraordinary ray hes a.refractive index g, - P It s found
' Bin ry

that the ordinary ray obeys the laws of refraction and its refractive
index is constant. In the cose of the extraordinary ray, its refrao-
tive index varies with the angle of incidence and it is not fixed.

In the casge of caleite o > p, b .
y r o i, Bocause 7, 18 less than r, [Iig.

. '0'1;4} (1))~ Therefore the velocity of Hght ; - the ordina:y[my
;fnﬁlt}le t‘h""-‘?’ ysial will be less compared to the velocity of light
f = te * m,t'mordma'ry ray. In ealeite, tho oxtraordinary ray travels
id OF 5 CoMpUFed. b0 the ordinary ray. Moreover, the vslocity of
‘ p extraordinary ray is different in difforent direotions because it8
relractive index varies with the angle of incidence

Vihm'tﬁzzf:? Gollze‘zﬁ found‘ that both the rays are plane-polarized. The
section of the or Gt t;rdlqary ray are perpendicular to the princips!
S 1 Bl yata, Whll'e the vibrations of the extraordinary sy
two rays u? tm;a O tlis principal section of the crystal. Thus, the

WO rayd bIo plane polarised, their vibrations bei t right angles
to each olher, Ing av ng b
light _51115(;’1511 l('iase". (1) It should be remembered that & sy
ight is not split up into ordinary ang extraordinary compones®
when it is incident on calcite parallel to its optic axis i [n this o
the iorc.im&ry and the extraordinary rays h."I:l along the same diree
tion with the samo velecity, 3
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"'l s}
axis oy T:V}I nlal ray of light iq incid : 465
ot e caloite y . ‘acident, :
whinary and eryatal, Perpendicuylg 5
ord, mr.'.' L'llj‘.-““r'l ’rlmkry hf} h i 1 rtot.he Optxe
but wit) 9 oxtraocdi,
L wt) : ar
\ dlfﬁ'rrnt VCIOCitie;;V

P'ﬂ 11
PRINGIPAT
¥ F ] SI':C'IV
\ plane whie 'ON OF THE cRygTAy

AAREILE th - i
1 f,]l‘ﬁ; )f' ki Optlc &
& Drreas o ( the 2 X18 and ;
AL As a oryggal (}:]ry stal ‘is called the Prgirgendmular- to
re three Principal R;f‘ A8 B1x faces, therefore, f, 1pal section
face of a calgite g, sf;l}onq A principal Bect,iox?r tievery point
' el Parallelogram with aa:gﬁ;s 1041)153
8

a
he =ur
7l

10
012, PRINCIPAL PEANE
A plane n th
I 13 ~ R cr St ]'r
nary ray is rjpﬁne(liaath}rawn through the optic axis and the

In gener

‘ o r,;g e al}, the two planes do not coincide. In g

f}?'*r M prtnn s e pra,n; of incidence is principal section

the ordinape P2l section of the crystal and the principal planes of
14 LA extraordinary rays coincide, T PR e

10.173 T I3
). | %) ) 7‘;,‘1%’:{_“@;4 PRK:SHK

It is A1 Qp!ajmi device

‘ ! PLicat cevice used for Tuei i
st Joes ; ; producing and analysin ‘
A% cxpert AT cutiing and polishing gems and ’
. [‘r‘:'v’[; Ve h:r.'w discussed that when a beam
4 }_.,? 20 1= travsmitbed through a calgite crystal,
e breaxs up anto two rays: (1) the ordinary
ray which has 1ts vibrations perpendicular to
the principal section of the crystal and (2) the
extraordinary ray which has its vibrations

paraliel te the principal section.

The micol prism is made in such a way
that it eliminates one of the two rays by total
internal reflection. It is generally found that
the ordinary ray is eiiminated and only the
extraordinary ray is transmitted through the

prism. W

A calcite crystal whose length is three
times its breadth is taken. Let A’BCDEFG'H
represent such a crystal having 4" and @& as its
blunt corners and A’CG'E is one of the prinei-

pal sections with /£ A'C@ = 70°.
The faces 4’BCD and EFG H are ground-
ed in such a way that the angle ACG becomes

— 68° instead of 71°. The crystal is_then cat

' the plane AKXGL as shown in Fig. 10-15. -
'i‘ll(:: %woectl:t surfaces are grounded and polished optically flat and
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whose refractive index

then cemented together by Canada balsam
. = » / dinary and the extra.

lisa betwean the refractive indices for the or
ardinary rava for ealeite,

Refractive index for the ordinary
po = 1-658
Refractive index for Canada balsam pp = 1:55

Rafractive index for the extraordinary pg = 1-486

I

EXTRA~
ORDINARY

s G
ORDINARY
Fig. 10-16 |

In Fig. 10-16, the section ACGE of the crystal is shown. The
diagonal AC represents the Canada balsam layer in the plane ALGK
of Fig. 10-15. '

It is clear that Canada balsam scts as a rarer medium for an
ordinary ray and it acts as & denser medium for the extraordinary
ray. Therefore, when the ordinary ray passes from a portion of the
orystal into the layer of Canade balsam it passes from a denser to a
rarer msdium. When the angle of incidence is greater than the
critical angle, the ray is totally internally reflected and is not trans-
mitted. The extraordinary ray is not affected and is therefore trans-
mitted through the prism. The working of the prism is olear from
the following cases - '

(1) Rafraativ'e'index for ordinary ray with respect to Canada
halsam "l :

_ o Less
— 1-660
* " gin f == —1- ——-———-1.550
s ¢ I, p — 1:658
. 6 = 69°

If the angle of incidence for the ordinary ray is more than the
critical -angle, it is tetally internally reflected and only the extra-
ordinary ray passes th}'qugh the mnicol - pr.ism. Therefore, u ray of
unpolarized light on passing through the nicol prism in this position
becomes p]ane.pola.rlzed.

2) If the angle Oft inciiiﬁncg is ldess.than the critical angle for
dinary ray, it 18 not re ected and is transmitted through the
ﬂrl?slf In this position both the ordinary and the oxtrsordizmr; Tare

are transmitted through the prism.,
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NAry ray
AXIR, If the exXtraor
tive index ja the

: da balgam surface. The re.
Ordinary ray

ripl when the extraordi-

L s r:lgylzr ang]les lto the direction of the optic
N % av . e

BAMe ay thag of ¢ I8 along the optic axig

b = its refrac-
i - , © ordinary ry, and it is equal to
1658, 1 herefore dop(‘n(]mg u . y 1ay q

: ’ ~ pon the directio i
oxX1 T."\-\FIhHHT‘_\' I‘R‘V e ]lGB be‘bWeen 1.486 n of Propag&tlon of thﬁ
particular case It

i 1 and 1-658, ‘Therefore for g
will be more they Y 2® more thap .55 and.the angle of incidence
will be more { a1 the critiea) angle. Then the extraordinary ray will
alto be mmlly mterpally reflected a4, the Canadg balsam layer. The
stdes of the nico) PTI8Sm  are coateq with black Paint to absorb the
twr“:mnr}i rays that gre reflecteqd towards the gjideg by the Canada
balsam lavyer,

No14.

‘ ANALYSER {
Nicol prism can be used for the Production and detection of
plane-polarizer light, - \

When two nigo]

Prisms P, and P, are
other as shown in Fig. 10-17(z)
the other ae

two paraliel
the prisms,

placed adjacent to each
one of them acts as g polarizer and
i85 a3 an analyser. Fig. 10-17 (t) shows the position of

nicols and only the extra,ordinary.ra,_y Passes through both

If the second prism P, ig gradually rotated, ¢
the extraordinary ray decreases in accordance with

he Intensity of = B
when the two prisms are crossed

Malus Law and e

i

[¢.e., when they are at right angles - )

to each other, Fig. 10-16 (#%)] then no light comes out of the second
POLARIZER PI | ANALYSER P
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larizer and the analyge

ENS EXPLANATION OF DOUBLE REE'RAC.

- ¥It(])‘r~(':n-: UNIAXIAL CRYSTALS fraction w:
s axnlnined the phenomenon of doubig l‘gilx'laéc_;on Wwith

Huyger ".‘T. inle of secondary wavelets. P ource of

3-}"’ ity ”11 '- [ ’1" lfr‘umi,iﬂg medium i8 the. PEE N -Ofltvothwavefmnﬁs'
IT.I'.L\:'T 111: :rr(lllin'n': v ray, for which the yeloclt% Oftﬁég ei;gaorili;:me in
all directions the wavefront i8 gpherlcﬂ-l- ok 1y Ia

_ ¢ y . X, d the wavefront is an ellip.
the velocity varies with the direction anof e ordinafy and tlr:e

soid of revolution. The velocities . .
extraordinary rays are the same along the optic axis.

Consider a point source of light S ina ]:alcltiq crystal [Fig,
10-1%. (a)]. The sphere is the wave surface for the d‘?r nary ray and
the ellipsoid is the wave surface for the extraorcinary ray. fThe
ordinary wave surface lies within the extraordinary wave surface,
Such orystals are known as megative crystals. For crystals like
quartz, which are known as positive crystals, the extraordinary wave
surface lies within the crdinary wave surface [Fig. 10-18 (5)].

468

Henoe P, and Pi
respeotively. The combina

CRYSTAL ! LRlrar )
(QUARTZ) |

(caLCITE)!
. . = ...r-.—,

10
' oPTIC !
OPTIC | ;
AXIS AXIS”L
[(4))] (b)

- Fig. 10-18
~_/ . (1) For the negative uniaxial crystals :
) .the extrgordmary ray varies as the radius ’v:cot,>o:’" Ic:)f ;11;2" ' lv.;::l:gzltiy
It ;{3 least %n(:_ _t:;q}ml to the velocity of the ordinary ray along the
optic axis but it is m - j
oi)tic axis, ax1mum at right angles to the “direction of the

{( () Tor the positive uniaxial erystals uz >,
:_extr_a.or(::[l;n_ary ray is least, ip a direction at l?i.ght angles to the
e ) S vUu AT i equial to the velocity of the ordinary

ray along the optic axis. Hence. f
‘ fronts 6r surfaces in uniaxia) cry'st;?:n a,eH"ggens theory, the ware

and there are two points where th Phere and an ellipsosd
| T s - h .eEB twO W . :
! other. The direction of the line joining these avefronts touch eaeh

he ellipsoid X LWo point hete e
apuere .ndi_; © ellipsold touch each Other) 18 the OPI:ic 1.: l:' - ‘

The velocity of
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