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Prefatory note 

In the month of February 1941, the author visited Baroda and delivered a course 
of two lectures on 'Light as Wave-motion' and 'Light as Corpuscles' respectively. 
It was the desire of the Foundation which invited the author to Baroda that the 
subject matter of these lectures should be developed and written out in the form of 
a series of six lectures for publication. It was planned that the lectures would deal 
with the following topics: (I) Interference of Light, (11) Diffraction of Light, (111) 
Coronae, Haloes and Glories, (IV) Optics of Heterogeneous Media,* (V) Light in 
Ultrasonic Fields* and (VI) Molecular Scattering of Light.* These topics had 
been the field of investigation by the author and his collaborators for many years 
and it was intended that the principal results of those investigations should find a 
place in the published lectures. 

The preoccupations of the author slowed down the writing up of the volume for 
publication and finally brought it to a stop in the year 1943 after 160 pages had 
been printed off. Much labour and thought had been devoted to the work and it is 
believed that it contains material of enduring value and interest. Accordingly, it 
appeared desirable to release the part already printed as part I of the lectures and 
thus make it available for perusal by those interested in optical theory and 
experiment. 

*Not published. 



Lecture I 

Interference of light 

G H T  is a phenomenon which we 
perceive and which plays a funda- 
mental role in human life and 
activity. Constant experience makes us 
familiar with various aspects of the 
behaviour of light. These may broadly 
be classified under three headings. 
The first group of experiences 
relates to the geometric aspects 
of the propagation of light. 
Under this heading come the recti- 
linear path pursued by light from 
the source to the observer in free 
space, the casting of shadows by 

obstacles and the geometric laws of reflection and refraction at the boundary 
between different substances. The second group of experiences relates to the 
character of the sensations produced by light, which are three-fold, namely, the 
brightness of light, the colour and the degree of its saturation. The third group of 
experiences connects light with the properties of material bodies, namely their 
capacity to emit, absorb, reflect, refract and scatter light, thereby making 
themselves visible. The study of the phenomena of light under these headings 
respectively constitute the three great divisions of optical science, namely, 
geometrical, physiological and physical optics. 

The three categories of optical experience defined above can be brought into 
intimate relationship with each other only through an understanding of the 
ultimate nature of the emanation which we perceive as light. Experimental 
studies enable us to distinguish between those phenomena which are of a 
subjective or physiological nature and the properties of light that have a definite 
physical basis. The spectroscope, for example, enables us to separate out the rays 
of light of different colour and warns us that light which is perceived as yellow 
visually is not necessarily the sane  as the light which appears as yellow after 
spectral analysis. The spectroscope, in fact, enables us to make the first real step in 
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understanding the physical nature of light. It indicates that there are different 
kinds oflight which are physically different, yet analogous to each other, and that 
if optics is to be an exact scien'ce, we must consider the behaviour and properties 
of light which is truly monochromatic, in other words appears as a sharp single 
linein the spectrum. Fortunately, various sources of light are available in which 
the luminous centres are gaseous atoms, the radiations from which on 
examination through a spectroscope appear as discrete lines of sufficient intensity 
to be practically useful. Amongst these, the mercury vapour lamp is by far the 
most generally useful; it is indeed a veritable Alladin's lamp for the student of 
optics. Other sources of light are occasionally needed for special purposes. 
Amongst these may be mentioned specially the zinc amalgam lamp, which gives 
three lines in the blue region of the spectrum which are highly monochromatic, 
two of them being fairly intense. The lines of the mercury arc appear sharp and 
single when examined through an ordinary prismatic spectroscope. But 
examined through a high resolving-power instrument such as a Fabry-Perot 
etalon, a Lummer-Gehrcke plate or a reflection echelon grating, the mercury 
lines exhibit numerous components or satellites, while the lines due to the zinc 
atoms appear as truly single or monochromatic. In figure l(a) is illustrated the 
spectrum of the zinc amalgam lamp as recorded by an ordinary spectroscope. 
Figure l(b), l(c) and l(d) record respectively the same spectrum as further 
analysed by a Fabry-Perot etalon, a Lummer-Gehrcke plate and a reflection 
echelon grating. Each of the lines is marked with its approximate wavelength in 
Angstrom units (A = lo-' centimetre), the symbols Hg and Zn denoting that the 
radiations are due to the mercury and zinc atoms respectively. 

The interference of light: The geometric theory of light rays forms the basis of 
applied optics and is extensively and successfully employed in the computation 
and design of the lens systems used in optical instruments of various kinds. The 
practical use made of these instruments in the field and in the laboratory also 
assumes the validity of the laws of geometr~cal optics, including especially the 
rectilinear propagation of light in uniform media. The wave-theory starts with a 
different view of the nature of light, namely that it is wave-motion propagated 
through space and that monochromatic light has associated with it a definite 
frequency of oscillation and a definite wavelength, the product of the two being 
equal to the wave-velocity in the medium. In certain simple cases, namely in the 
cases of plane and spherical waves in an isotropic medium, the relation between 
the ray and wave concepts of light is readily stated; the direction of the geometric 
rays in these cases is identical with the direction of movement of the wave-fronts. 
The essentially new possibility which the wave-concept involves is that of 
interference, viz., that when two beams of light originally derived from the same 
light source are superposed on each other, the light intensity at any point in the 
field may be either greater or less than the arithmetic sum of the intensities due to 
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Figure 1. Spectrum of zinc amalgam lamp. (a) Prism spectrograph. (b) Fabry-Perot etalon. 
(c) Lummer-Gehrcke plate. (d) Reflection echelon grating. 

either separately. That such an effect is actually observed forms the strongest 
support for the wave-theory of light. 

We may illustrate the principle of interference by considering the case of two 
beams of light which are divided from the same original beam by suitable optical 
arrangements and which traverse together a limited region of space before again 
separating. It will be assumed that the light beams consist of polarised light of 
wavelength 1 and that the directions of their travel lie in the plane of the paper 
and cross each other at an angle 2Y (figure 2). The amplitudes and directions of 
the light vector in the two wave-trains may be assumed to be identical and to be 
normal to the plane of the paper. The thin oblique lines in the figure represent the 
wave-fronts in which the light vector at a particular epoch is a maximum 
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Figure 2. Interference of plane wave-trains. 

upwards, while the broken lines represent the intermediate planes at which it is a 
maximum downwards. The thick lines which have been drawn bisecting the 
obtuse angles between the wave-fronts represent planes in which the light-vectors 
are in opposite phases and the resultant intensity is, therefore, zero. At the 
intermediate planes, the intensity would be a maximum. The thick lines bisecting 
the acute angles between the wave-fronts are the planes along which the resultant 
light vector at the given epoch is a maximum upwards. The spacings of these two 
sets of planes are given by the relations 2 = 2D sin Y and 3, = 2dcos Y respec- 
tively. When Y is zero, D is infinite and d is A/2, while when Y = 4 2 ,  D is 112, and d 
is infinite. It is evident that the amplitude of the resultant disturbance oscillates as 
we pass along the horizontal lines in the figure, whik its phase is reversed 
whenever we cross any of the vertical lines of zero intensity. Hence, the horizontal 
lines cannot be considered as representing true wave-fronts and they do not 
therefore possess any significance from the standpoint of geometrical optics. This 
will be further evident when we recollect that when the two wave-trains separate, 
they pursue their courses independently along their original directions of 
propagation. The alteration of the energy distribution jn the field indicated by the 
principle of interference is thus not in any way a contradiction of the basic ideas of 
geometrical optics. 

It is evident from figure 2 that the effect of interference between the two sets of 
plane waves is to produce a stratification.of intensity in the medium, the spacing 
of which is very wide when the inclination between the wave-fronts is small and 
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diminishes as the inclination increases, reaching the limiting value 212 when the 
waves travel in opposite directions. When the stratifications of intensity are 
widely separated, they are readily seen as interference bands in the field. The 
observation becomes less easy and needs special technique when the spacing of 
the stratifications narrows down and approaches the limiting value of half the 
wavelength of light. The optical conditions represented in the figure can be 
experimentally realised in a variety of ways. The simplest method is to obtain one 
of the two beams by reflection at the surface of a mirror at the desired angle of 
incidence, while the other beam is furnished by the incident light itself. It is readily 
seen from the figures that the character of the resultant disturbance would, in 
general, be very different when the incident light is polarised with the vibrations 
respectively parallel and perpendicular to the plane of incidence of the light on the 
mirror. In the latter case, which is the one discussed above, the light vectors in the 
interfering wave-trains would be parallel to each other and would differ only in 
phase, and the alternations in intensity resulting from interference would 
therefore be most noticeable. On the other hand, when the light vectors lie in the 
plane of incidence, they would be parallel to the wave-fronts and would therefore 
be inclined to each other in the two wave-trains. The resulting disturbance would 
therefore, in general, be elliptically polarised. It is evident that except in the cases 
of nearly normal or nearly grazing incidence of the light on the mirror, the 
interferences in this case would result in less conspicuous variations of intensity 
than when the light vectors are perpendicular to the plane of incidence. 

Interferences of parallel plates: As remarked above, the spacing of the stratific- 
ations of light intensity in an interference field depends on the angle at which the 
wave-fronts cross; the larger the angle, the less easily noticeable would they be. 
The optical conditions for observing the results of interference would obviously 
thus be most favourable when the superposed beams of light are completely 
coincident in direction, as the intensity of illumination over the entire field would 
then be enhanced or diminished, and it would be possible also to use an extended 
source of light. Such a situation arises when a pencil of light is reflected by or 
transmitted through a plate of transparent material bounded by plane parallel 
surfaces. In the light reflected by such aplate, a series of successive reflections at 
its surfaces appear superposed, the first external and internal reflections being the 
two strongest and nearly equal in intensity. Similarly, the light beam transmitted 
by the plate has superposed on it the light beams which have suffered an even 
number of internal reflections within the plate, these being much weaker. It is 
readily shown that the optical difference of path between the successive 
superposed beams in either case is 2pt sin 8 where p is the refractive index and t 
the thickness of the plate, and 8 is the glancing angle of internal reflection. The 
reversal of phase which occurs at an external reflection has also to be taken into 
account. Accordingly, in the light reflected by the plate, we have the minimum 
intensity if 2pt sin 8 = ni. where n is an integer and i. the wavelength of the light in 
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vacuum. The same condition gives the maximum intensity for the transmitted 
light. 

The considerations stated above indicate that the intensities of the light reflected 
and transmitted by a plate should exhibit fluctuations ifeither the thickness of the 
plate or the angle at which it is viewed be varied. Interferences of this kind are very 
readily observed and were indeed historically the first to be noticed and explained 
on the principles of the wave-theory. If the plate be sufficiently thin, white light 
may be used for the observations, the alternations of intensity then manifesting 
themselves as variations in the colour of the reflected or transmitted light. The 
colours of soap films, for instance, arise in this way. If a flat soap-film be set 
vertically, the horizontal bands of colour which develop on its surface are the 
result of the thickness of the film increasing as we go downwards. Colour bands 
on a soap-film may, however, also arise from a variation of the angle at which its 
surface is viewed by the eye. This effect is well shown by a spherical soap bubble; if 
the bubble is blown of a uniform thickness, the colour bands on its surface are due 
solely to the varying obliquity of observation and appear as concentric circles 
around the line of sight, irrespective of the direction from which the sphere is 
viewed. On the other hand, if a bubble be of non-uniform thickness, the 
distribution of colour depends on the direction from which the bubble is viewed. 
The colour bands are horizontal circles when the bubble is viewed from above or 
below. But when the bubble is viewed horizontally, the circles appear deformed or 
displaced downwards, as the result of the effects of varying thickness and of 
varying obliquity of observation appearing in combination. A spherical bubble at 
rest tends to drain downwards. This may however be counteracted and the 
bubble maintained in a state of uniform thickness by gentle currents of air 
impinging on its surface.* 

The phenomena referred to above are illustrated in figure 3, the two upper 
pictures being respectively those of a uniform and non-uniform bubble viewed 
horizontally by transmitted light, while the two lower pictures represent similar 
bubbles by reflected light. The figures also illustrate other features of interest. It 
will be noticed that the interferences as seen in transmission and by reflection are 
complementary in appearance. This is to be expected, as the energy that 
disappears in reflection appears as transmitted light, and vice versa. The dark and 
bright rings in the transmitted light, therefore, correspond respectively to the 
bright and dark rings seen by reflection. The contrast between the dark and bright 
rings by transmitted light is evidently much less than in reflection. This is also to 
be expected, as the interfering beams are not ofcomparable intensity in the former 
case, whereas they are ofpractically equal intensity in the latter. It will be noticed, 
also, that the contrast between the dark and bright rings by transmitted light 
rapidly increases towards the margin of the bubble. This is due to the increased 

*C V Raman and V S Rajagopalan, Proc. Indian Acaci. Sci., 1939, AIO, 3 17. 
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Figure 3. Soap bubbles in monochromatic light. 

reflecting power at oblique incidences which makes the intensity of the interfering 
beams much more nearly equal. Very near the margin of the sphere, the dark rings 
as seen by reflected light are much sharper than the bright rings, while by 
transmitted light we have the opposite effect. This is due to the influence of 
multiple reflections within the film which tend to sharpen the interference bands, 
a principle which is utilised in the Fabry-Perot etalon and the Lummer-Gehrcke 
plate. 

Haidinger's rings: The interference colours exhibited by parallel plates in white 
light naturally cease to be visible when the plate is not very thin. The interferences 
may, however, be observed with thick plates if we use monochromatic light. The 
case in which the plate is of uniform thickness is of particular interest, as the 
fluctuations of intensity would then be solely due to variations of the angle of 
incidence at which the plate is viewed. If an extended source of monochromatic 
light is seen by reflection at the surfaces of such a plate, the eye being adjusted for 
distant vision, a set of dark circles would be seen at infinity in the directions 
corresponding to the values of 8 for which the formula 2,ut sin 8 = nll is satisfied, 
while bright circles would be seen in intermediate directions. It is evident from the 
formula that the rings would be centred around the direction of the normal to the 
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plate. As also shown by the formula, they would appear widely separated in the 
vicinity of the normal, would crowd up in more oblique directions, and open out 
again in directions nearly parallel to the surface of the plate which correspond to 
nearly critical incidence of the light within the plate. 

The theory of these rings was implicit in the explanation of the colours of thin 
plates given by Thomas Young in 1809. They were, however, first observed by 
Haidinger in 1849. It is obvious that to enable them to be seen perfectly in all 
circumstances, the thickness of the plate should be rigorously constant. In the 
earliest observation of the rings by Haidinger, this condition was realised by the 
use of a natural cleavage sheet of mica, the yellow flame of a lamp with salted wick 
being viewed by reflection at its faces.* The Haidinger rings are of great interest in 
optics, as they are utilised for the spectroscopic examination of light in the Fabry- 
Perot etalon and the Lummer-Gehrcke plate, and also furnish the theoretical 
background for the interferences observed in other instruments, e.g., the 
Michelson and the Jamin interferometers. In these applications, it is necessary 
that the plates used should be thick and uniform, and their preparation, 
therefore, requires a high degree of technical skill. So much emphasis is usually 
laid on this point that the impression naturally prevails that optically worked 
plane-parallel plates of glass are essential for the observation of the rings. This 
impression is, however, not justified. Actually, the rings can be seen in any 
ordinary plate of glass and it is not necessary that it should be uniform or even 
plane.+ The possibility of observing the rings under these conditions depends 
upon limiting the area of the plate used to such extent as may be necessary. This 
may be accomplished using a diffusing screen of smooth board, white in front and 
blackened behind, with a small circular aperture at its centre. The screen is held 
very close to and behind the plate of glass with which the rings are to be observed, 
the white side facing the plate and illuminated by the light of a mercury lamp. The 
rings are then seen against a dark background by the observer's eye placed behind 
the aperture in the screen (figure 4). If the plate is both thick and non-uniform, the 
circular aperture in the screen may be replaced by a fine slit which can be turned 
round and set parallel to the contour lines of uniform thickness of the plate. A 
section of the ring-system is then seen in perfect definition along the length of the 
slit. Figure 5 shows such a system of interferences photographed with a plate of 
glass 3.5 millimetres thick and so non-uniform that distant objects exhibited by 
reflection in it two distinct images of varying separation. 

If with the arrangements described above, the plate is moved away from the 
viewing screen, the rings gradually transform to the interferences of the 
Newtonian type due to the varying thickness of the glass plate. These are located 
at or near the surface of the plate, while the Haidinger pattern for a flat plate is 
located at infinity. It is also possible to observe the Haidinger's rings in a curved 

*See also T K Chinmayanandam, Proc. R. Soc. London, 1918, A95, 176. 
'C V Raman and V S Rajagopalan, Philos. Mag., 1940, 29, 508. 
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Figure 4. Haidinger's rings in a glass plate. 

.. - 
Figure 5. Haidinger's ringsin a non-uniform plate. 

Figure 6. Haidinger's rings in a cylindrical plate. 
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plate of mica* with the viewing arrangement described above. The configuration 
of the rings then depends on the distance of the eye from the plate. If the plate be 
uniform in thickness, the pattern seen is determined solely by the variation of the 
obliquity with which the surface of the plate is viewed by the observer, and it is 
readily verified that it is equivalent to the normal Haidinger system modified in 
the same way as the image of a set of concentric circles would be, if seen by 
reflection at the curved surface of the plate (see figure 6). 

The Fabry-Perot etalon: The Haidinger rings in a plate half-silvered on both 
sides and seen by transmitted light form the essential principle of the Fabry- 
Perot etalon which, as already mentioned, is a most useful and powerful 
appliance for the analysis of light. A very great improvement in the appearance of 
the fringes seen in transmission is effected by the half-silvering which makes the 
intensities of the interfering beams much more comparable, and as the result of 
multiple reflections, also largely increases their number. In practice, it is found 
more convenient to use a plate of air enclosed between two optically worked 
plane surfaces of glass; these surfaces are half-silvered and kept strictly parallel at 
a suitable distance apart by a separating ring of invar metal. The Fabry-Perot 
rings, as they are called, are observed when an extended source of monochroma- 
tic light is viewed in transmission through the'plate. If the light used be highly 
monochromatic, they are seen as sharp bright circles on a dark background. As 
the result of the silvering and of the multiple reflections resulting therefrom, the 
transmitted light is much enfeebled and its intensity is negligible except in the 
precise directions for which all the emerging beams differ in path by the same 
integral number of wavelengths and can, therefore, totally reinforce each other. 
For a thick plate, these directions vary very rapidly with the wavelength, and the 
rings corresponding to closely spaced spectral components in the radiation are, 
therefore, clearly separated. 

It is naturally desirable to use etalon plates of .a fairly large area, as more 
illumination is thereby secured, which is a matter of great importance when 
working with very faint sources of light. The utility of the etalon is greatly 
enhanced when the separation of the plates can be varied to suit the problem 
under investigation. This is conveniently effected by having a selection ,of metal 
rings of different thicknesses, the aggregate of which, together with the plates 
themselves, makes up the total space within which the etalon is mounted. An 
invar ring of the thickness desired is placed between the plates, while other metal 
rings fill the gap outside. The etalon plates are adjusted to perfect parallelism by a 
delicate mechanism which exerts the minimum pressure necessary to tilt and hold 
them in position. It is convenient to place the etalon between the source of light 
and the slit of the ~pect~ograph. An image of the interference pattern is focussed 

*C V Raman and V S Rajagopalan, 3. Opt. Soc. Am., 1939,29,413. 
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carefully on the slit, and the adjustment of the etalon is made by trial rill the best 
definition of the rings is obtained. The slit of the spectrograph is kept wide open so 
that a section of the ring pattern is recorded on the photographic plate, the 
different spectral lines, however, being separated by the dispersion of the 
spectrograph. Different etalon separations may be used to check the order of 
interference corresponding to any particular ring seen in the pattern. The 
absolute wavelength of the radiations can also be determined exactly from the 
positions of the rings, if the etalon separations are known. 

The Jamin interferometer: This very useful instrument which has been extens- 
ively employed in refractometry is an application of the phenomenon known as 
Brewster's bands. Sir David Brewster observed coloured interference bands 
crossing the image of a source of white light seen by reflection successively at the 
surface of two plates of glass of equal thickness. The width of the fringes decreases 
with increasing inclination of the plates to each other. 

The course of the interfering beams in the Jamin instrument is shown in 
figure 7. Part of the light incident on the first plate is reflected at its front surface, 
and then at the rear surface of the second plate; another part is reflected at the rear 
surface of the first plate and then at the front surface of the second. The paths of 
these two beams are equal, irrespective of the angle of incidence, provided the 
plates are of the same thickness and parallel to each other. If, however, the plates 
are inclined to each other, the paths are equal only when the incident beams make 
equal angles with the two plates; for other directions, the path difference would 
progressively increase. The appearance of fringes with an achromatic centre, and 
with a width diminishing with increasing inclination of the plates is, therefore, 
readily understood. 

Figure 7. Principle of Brewster's bands. 
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Brewster's bands can, of course, be seen also with monochromatic light, and 
indeed the observations can be pushed much further with it. Ketteler, Lummer 
and others have studied the form of the interference figures over a wide range of 
incidences and of inclinations of the two plates relative to each other and also for 
plates of unequal thickness. The figures observed fall into two classes. These 
correspond to the cases in which the interference occurs under a path difference 
equal to the sum and the difference respectively of 2pltl sin O1 and 2p,t, sin O,, 
these quantities being the relative retardation of the light beams reflected at the 
front and rear surfaces of each ofthe plates separately. It will be noticed that these 
quantities determine the Haidinger patterns of the two plates, and this suggests 
an alternative and very instructive way of regarding the theory of Brewster's 
bands. 

It is evident from the diagram (figure 7) that the pattern seen by the eye placed 
at E and viewing an extended source at S is really the Haidinger system of 
reflected rings formed by the first plate and then again by the second, in other 
words, a multiplication of the intensities of the two systems.* The angular 
position of the dark rings in the two systems are given by the usual expressions 

2p,t1sin01=n11 and 2p,t2sin02=n,l. 

The effect of the multiplications of intensities is to give a series of superposition 
figures: which may be classified as differentials and summationals of the hrst, 
second and higher orders, and the form of which may be derived graphically or 
analytically. As the Haidinger rings are widely separated at normal incidence, 
and after first closing up, open out again at more oblique incidence, the complete 
first order differential pattern consists of two sets of closed curves, the 
configurations of which relative to the Haidinger's rings are indicated in figure 8 
for a particular inclination of two plates of equal thickness. It will be noticed that 
in the centre of the field, which corresponds to the symmetric direction, the fringes 
are straight. These are the Brewster bands observed in white light. 

Optical study of percussion figures: We shall now consider as an example of 
interferences of the Newtonian type, a case arising in the study of the permanent 
deformation of plane surfaces by .impact or static pressure. Hertz's well known 
theory of impact was found to be a correct description of the facts in the case of 
spheres impinging on each other, only if their surfaces are smoothf and highly 
polished and the velocity of impact is sufficiently small. Accordingly, for an 
experimental test of this theory as extended to the impact of spheres upon flat 
plates: it was decided to study the collision of polished hard steel balls on smooth 

*A Schuster, Philos. Mag., 1924, 48, 609. 
'C  V Raman and S K Datta, Trans. Opt. Soc., 1925, 27, 52 and 1927, 28, 214. 
% V Raman, Phys. Rev., 1918, 12,442. 
%bid., 1920, 15, 277. 










































































