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1. INTRODUCTION

ECENTLY the writer had occasion to

generalise the Raman-Nath theory for
the case of optical diffraction in poly-
crystalline media. In seeking experimental
confirmation for the theory he had to read
the remarkable papers of Prof. Raman
and his collaborators on polycrystailine
minerals and gems. It was quite fascinat-
ing to find how by just allowing a pencil
of light and by studying both the trans-
mitted (or reflected) beam and the asso-
ciated halo he was able to obtain a
plethora of information about the nature
of the polycrystalline media. It was also
quite interesting to find that in each
case the information derived irom
elementary optical observations had been

confirmed by more complicated X-ray
and other studies.

Prof. Raman’s studies in this field are
spread over four decades (1920-1960) and
these may be classified into the following
four categories :

(i) Isotropic crystallites in isotropic
media (Christiansen’s experiment).

(i1) Anisotropic erystallites in isotropic
media (Christiansen’s experiments,
Opals, ete.).

(iii) Anisotropic crystallites in aniso-
tropic media (Moonstones, Labra-
dorites, etc.).

(iv) Anisotropic crystallites in aggrega-
tion, with no cementing media
(Fibres, Agate, Alabaster, etc.).
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Unfortunately space does not permit a
detailed discussion of all these types.
As an illustration one example from each
group has been briefly presented below.

2. PROF. RAMAN’S INVESTIGATIONS

Moonstones

(a)

Moonstones are gems belonging to the
class of feldspars with potash, calcium
and soda feldspars as their main con-
stituents. For all external appearances
they look like single crystals. For
instance the Ceylon moonstone which
exhibits the famous Schiller effect appears
to be a single crystal of monoclinic sym-
metry. In reality it has been shown fo
consist of triclinic soda feldspar segregat-
ing in monoclinic matrix of potash
feldspar, The “Schiller effect” which
endows the moonstone with its beauly
may be described as follows. When white
light falls normally on the (bc) plane of
the Ceylon moonstone, it gets reflected
as a bluish elliptic halo. The major axis
of the ellipse is normal to the c-axis.
The phenomenon is the same at any other
angle of incidence, excepting that the
halo appears at approximately the angle
of reflection. The intensity and the size
of the halo decrease very much when
the ecrystal is tilted about the b-axis,
while no great change is observed for a
tilt about the c-axis. The elliptic halo
is strongly polarized with its electric
vector parallel to the b-axis. These
beautiful features are also observed In
other moonstones like the Korean moon-
stones, South Indian moonstones, etc:
The Korean moonstones give two or four
haloes instead of one, which make them
all the more beautiful.

From scatfering experiments Raman
and Jayaraman (1950, 1953) were able
to derive the following information. The

particle size of the segregating soda
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feldspar must necessarily be small com-
pared with the wavelength, as Rayleigh
scattering dominates giving a beautiful
blue hue to the halo. The ellipticity of
the halo indicates that soda feldspar
segregates are like fibrils with the fibrils
extending along the c-axis. This is con-
firmed by the lattice matching between
the two feldspars (Ac=0-02A while

Aag=031A and Ab =004 A). Further
since the light with electric wvector
parallel to b-axis is scattered most

strongly, difference in refractive indices
between the two feldspars must be largest
along the b-axis ; which is confirmed by
the experimental observations that show
An, = 0-010 while An. = 0-015 and
An,= 0:010. The double and quadruple
haloes in Korean moonstones arise due to
twinning and double twinning.

(b) Fibres

Raman and Bhat (1954) have made
a detailed study of the optics of fibres,
both natural and synthetic. A narrow
pencil of sunlight was {focussed on to
a screen (or a photographic plate) and
the fibre was kept in the pencil of incident
light so that a short length of it 1s com-
pletely bathed by the beam. A polarizer
was placed in front of the fibre to
polarize the incident light, while an
analyser was kept behind the fibre
to analyse the scattered light. The
experimental results obtained by them
are given briefly below :

(i) For all fibres studied (glass wool,
silk, rayon, asbestos, cotton and
wool) the centre of the pattern
consists of a circular disc with
streaks of light running in all direc-
tions, when observations are made
with unpolarized light. Between
crossed polaroids, the central disc
vanishes for any setting of the

fibre with respect to the vibration
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directions of the polaroids. From
this one concludes that the centre
of the diffraction pattern is in
the same state of polarization as
the incident light.

Glass fibres give a diffraction
pattern with streaks of light
running transversely to the fibre
being strictly confined to a plane
normal to the fibre. DBetween
crossed  polaroids the whole
pattern vanishes for any setting
of the fibre. From this we con-
clude that the fibre consists of
perfectly aligned glass cylinders.
The whole diffraction pattern has
the same state of polarization as
the incident light.

Silk, rayon and asbestos give an
exactly similar diffraction pattern
excepting for their polarization
characteristics. Only when the
fibre is parallel to the vibration
directions of the polarizer or the
analyser does the diffraction pat-
tern vanish. At an azimuth of 45°
a maximum intensity is found.
These fibres therefore consist of
perfectly aligned anisotropic
crystallites. It is also found out
that the streaks of light have dif-
ferent colours and brightness for
unpolarized light and between
crossed polaroids.

Cotton and wool, on the other
hand, give a diffraction pattern
with light streaks not only in a
plane transverse to the fibre but
also about it. It is impossible to
extinguish the pattern between
crossed polaroids for any setting
of the fibre, though it shows a
minimum of intensity when the
fibre is parallel to the vibration
directions of the analyser or the
polarizer, It is therefore to be
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concluded that these fibres consist
of anisotropic crystallites imper-
fectly aligned along the fibre axis.
It is also found that with the
incident beam polarized at 45° to
the polarizer or the analyser
vibration directions, the diffrac-
tion pattern changes its colour
when the analyser is turned from
parallel to crossed setting; the
colours being complementary.

Prof. Raman felt (Ramaseshan,
private communication) that with a
coherent source of light like the laser
considerable amount of information about
crystallite disposition and orientation
may be obtained by a study of diffraction
patterns of fibres.

(c) Christiansen’s Phenomenon

This beautiful optical phenomenon may
be described as follows. An optically iso-
tropic (or anisotropic) solid is powdered
and put into a flat sided cell which 1s
then filled with a liquid whose refractive
index may be altered either by varying
the composition or by altering the tem-
perature. Beautiful chromatic effects are
observed in the transmitted beam when
white light is incident on the cell. The
cell becomes transparent for a restricted
region of the spectrum at which the
refractive indices of the solid and the
liquid are nearly equal. The rest of the
spectrum from the incident light is dif-
fused out in wvarious directions and
appears as a halo surrounding the central
direct beam.

Sethi (1920) and Raman and Bhat
(1953, 1955) carried out detailed experi-
mental investigations on this Christiansen’s
phenomenon with isotropic and aniso-
tropic crystallites. [The special case of
spherical particles was studied by
Ramachandran (1943) and Raman and
Ramaseshan (1949).] As said earlier the
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emergent light consists of a direct trans-
mitted beam and an associated diffusion
halo. From their detailed studies Prof.
Raman and his collaborators have
come to the following conclusions about
the direct as well as the diffused light.
Direct Light

(1) Intensity distribution in the spec-
trum has a Gausslan form. It
exhibits a peak maximum of
intensity in the spectral region
where there is a good degree of
agreement between the refractive
Indices of the crystallites and the
liquid. This region of peak
intensity can be shifted by wvary-
Ing the refractive index. The peak
sharpness increases with decrease
in the wavelength of region of
optical matching.

(1) Intensity {falls as particle size
increases. If the crystailites are
anisotropic intensity diminution
also depends- on the crystallite
birefringence.

(i21) In all the anisotropic crystallites
studied the polarization state is
the same as that of the incident
beam, a result true also for
i1sotroplc crystallites.

Diffracted Light

(1) Diffusion halo has a colour com-
plementary to that of the direct
beam, in unpolarized light.

(i1) Angular spread is least for colours
in the vicinity of the direct beam
wavelength, while it iIncreases
progressively as the wavelength
is altered on either side, more so
towards the shorter wavelengths.

Thus the colour of the halo
depends on the direction of
observation (In unpolarized
light).

With anisotropic crystallites the
halo shows a marked degree of

(i11)
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polarization when the crystallites
are fine. With isotropic particles
the halo has the same polarization
state as the incident light, thus
getting  extinguished  between
crossed polaroids.

In the case of magnesium fluoride
the halo disappears between
crossed polaroids. For barium
suiphate extinction is less com-
plete. In the case of calcium
sulphate (gypsum) and «-quartz
it is impossible to extinguish the
halo between crossed polaroids.
For weakly bireiringent crystal-
lites the brightness as well as the
colour of the halo are different
for the parallel and the perpendi-
cular settings of the analyser,
the colours being complementary.
When the polaroids are parallel
the halo has a colour complemen-
tary to that of the direct beam.
When the polaroids are crossed
the halo has the same colour as

(iv)

(v)

that of the direct beam (which
itself is absent here).
(vi) Barium sulphate and lithium

carbonate exhibit a dark cross
between the vibration directions
of the polaroids which are cros-
sed.

3. THEORFTICAL ANALYSIS

Raman (1949) and Raman and Viswa-
nathan (1955) have given a theoretical
treatment of the nature of the direct
beam ; using a simple model of crystallite
orientation. They found the intensity
diminution in the direct beam to be
directly dependent on the crystallite size,
to vary inversely as the square of the
wavelength and to be also dependent on
crysta] birefringence. Recently a general
treatment of the problem has been worked
out (see Ramaseshan’s article) wherein
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we find apart from what Raman and
Viswanathan got from their simple model,
one more interesting fact, namely that
the intensity diminution depends also on
the polarization state of the incident
beam.

Raman and Nath (1935) were the first
to indicate a method of tackling problems
of diffraction In an optically hetero-
geneous medium. An incident plane wave-
front emerges f{rom the medium as a
corrugated wavefront with phase ran-
domly varying over it. Raman and Nath
successfully used this procedure for
ultrasonic diffraction of light in liquids.
Mueller (1938) extended this theory to
ultrasonic diffraction of light in crystals.
A completely plane polarized wavefront
that is incident on the crystal through
which an ultrasonic wave is travelling,
emerges out as two wavefronts periodi-
cally corrugated to different extents and
polarized in two orthogonal linear states.
Diffraction patterns due to these two
wavefronts are afterwards added in phase.

For optical diffraction in polyerystals
we can employ the same procedure
[Ranganath and Ramaseshan (1972)].
When a completely polarized plane wave-
front falls on a polycrystal of 1sotropic
particles, the emergent wavefront Is
randomly corrugated with the amplitude
and state of polarization remaining the
same over the whole wavefront. How-
ever when the crystallites are birefringent
the wavefront is not only corrugated
randomly, but has also different state of
polarization at different points. This
wavefront can be split into two wave-
fronts, one in the same state of polariza-
tion as the incident light and the other
in the orthogonal state. Though in
reality the amplitude varies randomly
over the two wavefronts we can replace
them by an average amplitude. Let

(E°) and (E°,) be the average ampli-
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tudes on the two wavefronts. Then
the amplitudes due to the two wave-
fronts at a diffraction angle # are given by

R.(E}" R tan® 4|
E, = 0. cos § P % 80 2 (1)
and
_ R,(E," ~ R,%tan? )
B = srcos § 7P % 80,2} (2)

where R and o are the correlation dis-
stance and the standard deviation on the
wavefront. Hence j§ the azimuth of the
net wave (obtained by adding E  and
E, in phase) with respect to that of the
incident wave is given by

tan g = (tan 8,) Z"’;ET
tan? a7 R,? Rs®
X exp{—-%- [";:2 - {;.LE]% (3)

Bo 1s close to the azimuth of the incident
beam (3, = 7/2) and to a good approxi-
mation it can be equated to the azimuth
of the incident beam.

Two iInteresting cases arise from (3).
When ¢, > o, ; § will change from a value
in the meighbourhood of §, to its ortho-
gonal state as 0 chages from 0 to =n/2.
When o < o, ; $ will remain at the same
azimuth as the incident light when we
go to any angle of diffraction. In either
case at ¢ = 0 diffracted light is in the
same state of polarization as the incident
light, a result amply supported by experi-
ments. It can be shown by a careful
analysis that 3 = 0 for the region of the
spectrum where there is optical match-
ing, while 8= n/2 in the rest of the spec-
trum. This accounts for the change in
colour as the analyser is turned from
crossed to parallel setting. As the colour
that is most fre€ly transmitted is present
to a very small extent in the halo, even
the brightness changes as the setting of
the analyser is changed. In the crossed
setting the halo should have the same
colour as that of the direct light, while
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in the paraliel setting both the halo and
the direct beam appear but the two are
of complementary colours.

The rate at which the azimuth changes
depends upon

_ (RS E«f)w R?
b = 2,2 0,8 - ﬁﬁ“ T (4)
where (dn)2 and 3 are the average

crystallite birefringence and crystallite
size. When 7 is small y will be large
making the polarization effects con-
spicuous, a fact supported by experiments.

Values of (én)? for magnesium fluoride,
barium sulphate, calcium sulphate and
a-quartz are respectively 0:02, 0-009,
0-0005, 0-0006. Hence v is a minimum for
magnesium fluoride while it is a maxi-
mum for calcium sulphate and a-quartz.
Thus there is hardly any change in
polarization in the case of magnesium
fluoride which therefore gives a halo
that can be extinguished between crossed
polaroids. On the other hand, the change
in polarization is large for a-quartz or
calcium sulphate rendering it impossible
to extinguish the halo between crossed
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polaroids. These are the very cxperi-

mental observations of Raman and Bhat
(1953).

In the case of oriented polycrystals like
fibres of wool and cotton, we find maxi-
mum effects of birefringence (which itself
is very small) for an incident light wave
polarized at 45° to the fibre axis. Thus
we expect polarization and chromatic
effects to be conspicuous for this state
of polarization. This has also been
observed by Raman and Bhat (1954).
Thus most of the observed facts can be
explained by the theory presented here.
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