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Asmall selection of papers by Professor C. V. Raman follows this introduction. Some
have been selected for their immediate as well as lasting mpact, others for their
prescience. They illustrate his characteristically direct and incisive approach, lus mterert
in natural phenomena, his concern for basic questions and implications, and his eye (and
ear) for beauty.

Raman's writine style is direct, clear and has acharacteristic literary flavour. Fttr t^
reasons annotating his papers is often an nndesirable intrusion However, inany of them
are very brief, and were written in acertain intellectual raiheu for aparo^ar auienre.
Several papers hint at areas of physics which have seen gtowth much later. In tas
introduction, I try therefore to expand on the matter condensed mafew hnes, to set out
the background, or to point out how the work foreshadows present concerns mphysics.

The very first paper [PI] is an extremely brief and incomplete summary-of one of
Raman's two major contributions to musical acoustics, namely his work on the
Mrdangam (and the Tabla) These Indian drums are true musical mstruments, the
musical quality being due to the harmonic overtones and tiieir relative intensiti«, as weU
as to the clarity duration and volume of sound. Now ma simple circular drum the
overtones are not integral multiples of a fundamental or lowest frequency mode of
vibration. It is therefor! not musical. Raman guessed tiiat the Indian dmm is desired
(with its nonuniform black centre and an auxiliary circular leader stnp) to produ^
harmonic overtones, to damp out high-frequency harmomcs Md to produce cle^ long-
lasting notes. He showed this by exciting various harmomcs, and determined their
vibration patterns by noting the places where sand, spread on tiie drum, collects. (It
collects at places which do not vibrate, called nodes; Aeir number and shape are
diagnostic of the frequency and nature of the mode of vibration). This note <loesMt
detail or even describe these results. They were written up much later, in 1934 [The
Indian musical drums, Proc. Indian Acad. ScL, 1934, 1, 179^188], tiiough aU tiie major
results had been obtained before 1921. Thereason for tiiis delay was Raman's increasing
preoccupation with light and its scattering, the beginnings ofwhich can be seen in the
next paper Anyone interested in the area of musical acoustics should read his 1934
paper. It describes Raman's discoveries in detail, witii pictures of the drum in various
'pure' modes of vibration.
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The second paper, on The colour of the sea" [P2| is a Raman classic. Agreat scientist.
Lord Rayleigh (whom Raman particularly admired) said, perhaps without thinking much
about it, that the blue of the sea is just the reflected blue of the sky. Raman, on his first
voyage abroad, dispo.sed of this suggestion quickly with a few deckside observations
using a Nicol prism analyzer. The idea is the following: the light retlected from water is
partially polarized, the polarization being nearly complete for a certain angle of
incidence. The Nicol prism, iforiented in a particular direction, will completely block out
polarized light. By this simple arrangement, reflected light can be eliminated. Raman
found, under these conditions, that the blue of the sky instead of disappearing was
'wonderfully improved'! His beliefthat the blue of the ocean had the same physical cause
as the blue of the sky (explained by Lord Rayleigh!) was reinforced by two observations.
The first is that when the reflected light is cut out. the colour of the sea depends on the
angle between the incident sunlight and the sea-scattered light reaching theeye. Further,
the track of sunlight in water could be seen under certain conditions out to considerable
depth. Now. Lord Rayleigh had argued that the blue of the sky is due to scattering of
sunlight in the following way. Purely statistically, at a given instant some regions of air
are denser, some others rarer. Since the refractive index of air depends on density, these
spontaneous density fluctuations mean that the refractive index fluctuates randomly.
This scatters sunlight; the extent or intensity of scattering depends on angle as well ason
light wavelength, increasing inversely as the fourth power of the latter. Thus the blue
part ofsunlight is scattered much more than the longer wavelength parts. There is every
reason to expect that similar fluctuations in density should occur in water as well and so
the same scattering process should be operative. Raman pursued this idea vigorously,
and produced a fairly detailed analysis of the colour of the sea rather soon (Proc. R.
Soc., 1922, AlOl, 64—80, and a monograph entitled 'Molecular diffraction of light'
published by the Calcutta University in 1922). The point is that this scattering is due not
to extraneous causes such asdust or other substances, but is due to density fluctuations.

Raman's sustained efforts at observing this Rayleigh scattering in dust-free fluids in
the laboratory originate with this experience. These bore fruit in several spectacular
ways. Some of these are subjects of the next few reprints.

Raman was probably the first person to appreciate the implications of light scattering
from glassy or amorphous solids, and viscous liquids. Glasses are generally made by
rapidly cooling melts or liquids, the cooling rate being large enough to prevent
crystallization orformation ofthe crystal. Ifthe arrangement ofatoms in the glass is just
thesame asin the melt, but isfrozen-in, then light would be scattered from the frozen-in
density fluctuations appropriate to that for the melt i.e. the liquid. Another possibility is
that atoms in aglass are positionally well ordered, almost as in the corresponding crystal,
but that the constituent anisotropic molecules are not orientationally ordered, i.e. there
are considerable orientational fluctuations (frozen-in again). A third possibility is that
especially in chemically complex glasses (e.g. optical or window glass) there are sizeable
compositional fluctuations. In general, things tend to separate out at low temperatures
(entropy is less at lower temperatures!) so that these compositional fluctuations tend to
mcrease on cooling. In a particular glass, all these effects could be present to different
degrees at different length (and time) scales.
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In the very first brief paper on the subject [P3] Raman argued, from the rather larj^e
Rayleigh-like scattering of light in glasses, that there are sizeable frozen-in density
fluctuations in them, comparable to those in liquids. Thus a quasiciystalline model for
the glassy state, with sizeable crystallites, is ruled out. To confirm for himself the hypo
thesis that the scattering of light from glasses is due to intrinsic fluctuations and iu)t acci
dental inclusions' and inhomogeneities. Raman took adozen optical glasses with graded
refractive indices and studied the intensity and the depolarization of light scattered from
these [Pll], He found that the former increases and the latter decreases as the refractive
index increases. This systematic dependence suggests that the scattering process a wor
is intrinsic, related to their 'optical density' and is not extrinsic. These comnbutions
mark the beginning of a powerful way of probing aclass of systems and phenomena not
fully understood yet.

Glasses are strange systems which have fallen out of thermal equilibrium in regard to
some degrees of freedom (or configurations) and are mequilibrium far as ^
degrees of freedom (e.g. local atomic vibrations) are concerned. That is, the ^
of energy in some arrangements of atoms or molecules cannot
temperature, while for some other arrangements it can be. e ynami .^ ^

how it occurs, is an area of great current interest. Light-scattermg techniques are
much more sophisticated now and time-dependent processes are routinely studied
Fascinating very slow relaxation processes have been uncovered. However, one sti 1does
not have a deep understanding of these phenomena which are common to all glasses.

Another contribution in the same general area is light scattering from viscous liquids
[P91. Raman was fascinated by the following idea, due pnmanly Brillouin^ The
thermal (temperature-induced) agitation of atoms in aliquid (more clearly masohd) ran
be thought of a sum (or superposition) of sound waves of different wavelengths
amplitudes and directions of propagation. Scattering of light from one such wave will
lead to a light wave with aslightly different (shifted) direction of propagation and nfe^ly
the same frequency just as happens when light is incident on adiffraction gratmg. This
Brillouin line was looked for by Raman and coworkers. Now if the sound wave damps
out quickly such adistinct line won't be seen. The damping is due to viscous fnction ma
liquid and will thus decrease as temperature increases (and fluid viscosity decreases).
Thus on increasing the temperature of a.liquid, the Bnllomn hne should appear; this
was exactly what Raman and Raghavendra Rao found. This also is an active current area
of research; one would like to probe and understand the way the Bnllomn line
disappears as one approaches the glass transition marked by a catastrophic viscosity
increase.

The paper on optical behaviour of protein solutions [P5] is again well ahead of its time.
Whereas large protein molecules in solution were thought of as particles Of dust leading
to haze or light scattering, Raman considered them to be a gas of particles with a
temperature compressibility, etc. It turns out that this gas or fluid changes its nature
(e.g from gas to liquid) as its density, or the medium in which the molecules are
suspended, changes. At such a transition point, fluctuations in density are very
prominent, and we expect the same excess scattering of light as occurs for example at the
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liquefaction point ofcarbon dioxide. The study of phase changes in polymers, colloids
and gels has emerged as a major field and light scattering is an important tool for
monitoring molecular movements, arrangements and cooperative changes. This was
probably the first paper in which one such object (protein solution) was thought of as a
thermodynamic system.

Raman s interest in understanding the arrangement ofmolecules in dense systems such
as liquids led to the pioneering use of X-ray scattering (diffraction) for probing their
structure. Raman and Ramanathan had realized in 1923 that since X-rays have
wavelengths of molecular dimensions, small-angle scattering is related to the statistical
density fluctuations described earlier but large-angle scattering is a direct probe of local
molecular arrangement. This large-angle scattering shows up as haloes [P4]. Raman and
Sogani compared the haloes for two organic compounds, hexane and cyclohexane, and
argued that the differences are due to specific diffei'ences in molecular shape. This is the
first work on X-ray diffraction as a structural tool in liquids. The work would have been
complete if the authors had realized that the Fourier transform g{r) of the observed
intensity S(q) (as a function ofwavevector change q) gives the two-particle correlation
function or the probability of finding two molecules a distance r apart, a quantity of
direct physical appeal. This was done by Zernicke and Prins in 1927.

The papers P6, P7 and P12 describe the most celebrated contribution of Raman to
science, namely the Raman Effect. Raman, his students, and coworkers had been investi
gating the scattering of light from liquids since 1921 or so. Most observations, some of
which have been described above, could be explained by assuming light to be aclassical
wave scattered by spontaneous fluctuations in the medium. However one persistent
p enomenon did not fit into this pattern; it was dubbed 'weak fluorescence' to begin
with. Clues about its nature and evidence for its general occurrence, were obtained over
the years. One such is the following. By using apair of complementary filters, /.e., filters
such that one filter blocks the colours that the other transmits, Raman and Krishnan
found the following: When both the filters are placed in the path of the beam incident on
the pure fluid no scattered light is seen. However, if one filter is placed in the path of the
incident beam and the other in the path of the scatjered beam, some weak fluorescence
could be seen. This clearly means that the colour (or wavelength) of the light transmitted
by the first filter changes on scattering by the fluid so that it is no longer exactly comple
mentary to the other filter and is therefore not fully blocked by it. Raman was reinforced
in this belief by the then recently discovered Compton Effect in which the wavelength of
X-rays hitting a 'free' electron is changed. He reasoned that there could be an optical
analogue of the Compton Effect, namely that a light wave changes its wavelength (or
frequency orenergy) on being scattered by an atom ormolecule. To check this", asource
emitting light of a single colour or wavelength is needed. An intense mercury vapour
lamp-with proper filters is such a monochromatic source. When the scattered light was
viewed by aspectroscope (in which light of different wavelengths shows up as differently
paced lines) Raman found, in addition to the line corresponding to the original wave-
eneth, another line with a shifted (increased) wavelength. In some substances, more
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than one line was seen; there were also lines with reduced wavelength. The spectra were
recorded, and the papers reprinted here show some of them.

Why is this new radiation' important? With his uniquely well-prepared mind, Raman
understood it all. Firstly, it is striking evidence fo.r the quantum nature of light. Ali^t
quantum hits a molecule, and excites one of its internal modes. The remammg
electromagnetic energy comes out as a light quantum or photon of reduced ener^ or
increased wavelength. If the light quantum absorbs a quantum o mterna moe^ar
excitation, the outcoming photon has higher energy or shorter wavelength. Thus
Einstein's ideas (put forward to explain the photoelectnc effect) that light energy is
carried in quanta, and that this energy is equal to {hdK) where his aconstant called
Planck's constant, c the velocity of light and Athe wavelength, are strongly supporte . t
a more detailed level, Raman realized that the polarizability of the molecule was
involved in the mechanism. (This is the same property which causes the refractive index
of the liquid to differ from unity and to depend on light wavelength). Indeed, he realized
that a detailed theory of molecular and atomic polarizability, due to Kramers and
Heisenberg, suggested the possibility of such an effect.

The other major implication, clear to Raman, was that here was a tool of great
convenience, precision and power for studying internal excitations of molecules, e.g.
their vibration! rotations, and electronic-excited states. Instead of studying the former
by direct absorption in the infrared and far-infrared, one could conveniently mvestigate
them in the optical region, as energy differences. Now molecular sructure and binding
are the backb^e of chemistry, so he foresaw that this new branch of spectroscopy would
be important for chemistry. With the advent of lasers (monochromahc light sources of
great intensity and coherence) Raman spectroscopy became astandard physico-chemical
technique.

The availability of lasers has brought about an explosive increase mthe mimter of
light-scattering experiments, as several articles in this volume descnbe. In his Nobel
lecture Raman said: "The universality of the phenomenon, the eonvemence of the
experimental technique and the simplicity of the spectra obtamed enable the epct to be
used as an experimental aid to the solution of awide range of problems in physics and
chemistrv \ndeed it may be said that it is this fact which constitutes the principal
significance of the'effect. The frequency differences from the spectr^he width Md
character of the lines appearing in them, and the intensity and state otpol^zation of the
scattered radiations enable us to obtain an insight into the ultimate structure of the
scattering substance. As experimental research has shown, these features mthe spectra
are very definitely influenced by physical conditions, such as temperature and state of
aggregation, by physico-chemical conditions, such as mixture, solution, molecular
association and polymerization, and most essentially by chemical constitution. Itfollows
that the new field of spectroscopy has practically unrestricted scope in the study of
problems relating to the structure of matter. We may also hope that itwill lead us to a
fuller understanding of the nature of light, and of the interactions between matter and
light". The prophecy has been fulfilled, I think even beyond the dreams of its visionary
discoverer.
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The paper in this collection on anomalous diamagnctism (PHJ is an example of
the quickness and richness of Raman's scientific imagination. Diamagnctism is due to
electrons circulating in dosed (atomic) orbits. Ehrenfest had suggested that the large
diamagnetism of bismuth implied that in crystalline Bi electron orbits are specially large.
Raman argues in this paper that many facts e.g. large change of electrical resistance in
magnetic field, anomalous Hall Effect, large change of size in a magnetic field, change
ofthese properties with temperature, are all connected with this. Now with hindsight (as
well as the idea ofholes and an extremely detailed knowledge of electronic states in Bi) it
appears that many of the suggestions are not correct, but let us just look at the quick
reach!

The paper with Nagendra Nath [PI3] is one ofa series offive, in which a phenomenon
first observed by several others, was analyzed in a characteristically direct fashion. A
high-frequency sound wave propagates in a liquid, and on being reflected by a plane
boundary wall, forms stationary waves, or fixed sinusoidal patterns oflower and higher
liquid density (and hence refractive index). Now suppose a plane light beam is incident
on this. It will bediffracted. The pattern of intensity of diffracted light isobserved to be
very complex, with a large number ofmaxima and minima, and considerable wandering
oftheir relative intensities as the angle oflight incidence orsound wavelength are varied.
Raman and Nath assumed to begin with that the periodic change in refractive index
affects only the phase ofthe plane wavefront sinusoidally. Thus the outcoming wavefront
is no longer planar, but corrugated. They calculated diffracted beam intensities, and
showed that the complex observations are explained simply. In further work, the
assumption that only the phase changes (valid if the light wavelength is much shorter
than the sound wavelength) was given up, and amplitude modulation also considered.
This whole work is remarkable for its perfection (a well-defined, interesting and rich
phenomenon was completely explained theoretically), for its prototypical nature, and
because it is aprimarily theoretical contribution from agreat experimenter. (Contrary to
popular belief Raman not only had asure and creative grasp of theoretical concepts and
principles, he was also conversant with theoretical methods, and of course in detail with
the great masters e.g. Rayleigh, Helmholtz, as well as with the theoretical papers of rele
vance to his interests).

The latest paper reprinted here [PIO] reports a discovery: the soft mode. Many
crystalline solids change their structure as afunction of temperature, pressure, orboth. If
the change or transition is continuous, one can imagine a particular distortion or
movement ofatoms leading tothe new structure. Now ina crystalline, harmonic solid, all
arrangements of atoms can be described in terms of normal modes of atomic oscillations
about a mean position. Thus as the point of transition is approached, that mode of
oscillation which corresponds to the displacements leading to the new structure becomes
soft, i.e. easily excited or of low frequency. This was exactly what Raman and Nedungadi
observed in quartz. The particular lattice-vibration mode corresponding to the symmetry
^ange quartz) was seen to become softer and softer as the transition temperature
Tis approached. In the 1960s Cochran as well as Anderson showed that the square of the
soft mode frequency is proportional to (T- T,). The subject ofstructural transitions and
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soft modes saw considerable activity in the two decades 1960^1979; the pioneering work
of Raman and Nedungadi was noted to be the beginning of it all.

I am thankful to Professors P. S. Narayan^, S. Ramaseshan, and C. N. R. Rao for
help and advice about the selection of papers, and to Professor Ramaseshan for a
conversation regarding Raman's contributions as well as style.
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January 15, 1920

NO. 2620, VOL. 104] 500

Musical Orums with Harmonic Overtones.
It is well known that percussion instrumenis as a

class give inharmonic overtones, and are thus musically
defpctive. We find on investigation that a special
type of musical drum which has long been known and
«ised in India forms a verv remarkable exception to
the foregoing rule, as it gives harmonic overtones
having the same relation of pitch to the fundamental
one as in stringed instruments. Five such harmonics
indusive of the fundamental tone) can be elicited
from the drumhead in this type of instrument, the
first, second, and third harmonics bemg speaallv
wdl sustained in intensity and giving a fine musiMl

!«ffecL The special method of constru^ction of the
^mhead which secures this result will be understo<^
from the accompartying illustration (Fig. i). It will

capa _
and (2) that a second membrane in the form of a
fing- is superimposed on the circular membrane round

margin.
The character of the vibrations of this heterogeneous

membrane which give rise to its remarkable acoustic

properties have been investiguted by us. It is found,
as might have been expectcd, that the fundamental
pitch and the octave are derived respectively fropi the
modes of vibration of the imembrane without any
nodal lines and with one nodal diameter.. The thiro
harmonic, we find, owes its origin to the fact that the
ne.xt two higher modes of vibration of the'Urumhead
(those with two nodal diameters and with one nodal
circle respectively) have identical pitch, this being a
twelfth above the fundamental. There is reason to
believe that the fourth and fifth harmonics similarly
arise from some of the numerous more complex modes
of vibration of the drumhead becoming unified In
pitch in consequence of the distributed load at the
centre and round the periphery of the membrane. The
central load also improves the musical effect bv in
creasing the energy of vibration, and thus prolonging
the duration of the tones. C. V. Raman.

SivAKAU Kumar.
210 Bowbaz.iar Street, Calcutta, India,

DecemL'er lo.

[P21

NoVEMBEI^ 17, 192t]

NO. 2716, VOL. 108j 367

The Colour of the Sea.
The view has been expressed that "the much,

admired dark blue of the' deep sea has nothing to
do with the colour of water, but is simply the blue of
the sky seen by reflection " (Rayleigh's Scientific
Papers," vol. 5, p. 540, and Nature, vol. 83, p. 48,
1910). Whether this is really true is shown to beauestionable by asimple mode of observation used by
le present writer, in which surface-reflection is

eliminated, and the other factors remain the same. The
mediod is to view the surface of the water through a
Nicol's prism, which may for convenience be mounted
at one end of a^ tube so that it can be turned about
its axis and pointed in any direction. Observing a
tolerably smooth patch of water with this held in
front of the eye at approxmiately the polarising angle
with the surface of the sea, the reflection of the slw
may be quenched by a suitable orientation of the
Nicol. Then again, the sky-light on a clear day in
certain directions is itself strongly polarised, and an

hic. I.—Drumhead giving harmonic overtones. obscrvcr Standing With his back to the sun when it

feffu'̂ SS'̂ ad^d^^aling^^^^^ sSl!"Lo^be t^ak^nefthe centre outwards (this appear! as a dark circle in enable it to be weakened or nearly suppressed by
^ middle of the membrane, the load consisting of a mnrl*. in ihu • .u j
firmly adherent but flexible composition, in which the u deeper waters
principal constituent is finely divided metallic iron); Mediterranean nnd Red Seas shbwed that thecolour, so far from being im|x>verished bv suppres-

sipn of sky-reflection, was wonderfullv' improved
thereby. A similar effect was noticed, though some
what less conspicuously, in the Arabian Sea. It was
abundantly clear from the observations that the blue

Printed by permission from Nature, Copyright ©, Macmillan Magazines Limited.
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colour of the deep sea is a distinct phenoiiicnon in
itself, and not merely an effect due to reflected sky
light. When the surface-reflections are suppressed
the hue of the water is of such fullness and satura
tion thnj the bluest sky in comparison with it seems
a dull yrcv.

By putting a slit at one end of the tube and a
grating over the Nicol in front of the eve, the sp>ec-
trum of the light from the water c.m be examined.
It was found to exhibit a concentration of energy in
the region of shorter wave-lengths far more marked
than with the bluest sky-li^ht.

Even when, the sky was completely overcast the
blue of the water could be observed with the aid of
a Nicol. It was then a deeper and fuller blue than
ever, but of greatly enfeebled intensity. The altered
appearance of the sea under a leaden sky must thus
be attributed to the fact that the clouds screen the xrn r
water from the sun's rays rather than to the inci- * VOL. IO9J 130^^39
dental circumstance that they obscure the blue light of
the sky. Molecular Structure of Amorphous Solids.

Perhaps the most interesting effect observed was a ..f f 1 .. 1 ^ ^
that the colour of the water (as seen with the Nicol of the solid mt * / ipoi tance in the theorj
held at the polarising angle to the surface of the of the u L"\ arrangement
water and quenching the surface-reflection) varied bodies of whiM in amorphous or vitreous
with the azimuth of observation relatively to the plane 1° ^io ^ . .t, " .
of incidence of the sun's ravs on the water. When LetheV supposed that the molecules are pocked
the plane of observation and the plane of incidence n stnis °'?t«pces apart, as
were the same, and the observer had his back to the of Grounl of ' f . ° molewles or
sun and looked down into the water, the colour was Or on ?hf> ntil .being, however, arbitrary,
a brilliant, but comparatively lighter, blue. As the culU itself irr^^i rj of the mole-
plane of observation is swung round the colour or solid exhibiting in a more
becomes a deeper and darker blue, and at the same similir tn .1, u fluctuations of density
time decreases in intensity, until finally when the plane to iransitorxly in liquids owing

It Useful to remember that the reflecting power
of water nt normal incidence is quite small My
2 jxr cent.), and becomes large only for very oblique
reflection. It i^ only when the water is quite smooth
and IS viewed in a direction nearly parallel to the
surface that the reflected sky-light overpowers the
li^^ht emer^iinj:^ from within the water. In other
cases tho latter has a chance of asserting itself.

Q , C. V. Raman.
:\arkntjda, Bombav Harbour,

^^eptember 26.

IP3]

FIlBRUARY 2, 1922

altitude of the sun. lusion would tend to support the latter view, but the
j j - . possibility of a closer approximation to the crystallineme dependence of the colour on the azimuth of state should not entirely be ruled out, especially i"

observation cannot be explained on a simple absorp- view of the very interesting recent work of
t\on theory, and must evidently be regarded as a Rayleigh on the feeble double refraction exhibited
diffraction effect ansmg from the passage of the light by fused silica (Proc. Roy. Soc., 1020 p. 284). A
through^ the water. Looking down in^o the water good deal might be expected to depend on the nature

- heat

id re-
_ , . . iiiv^ictuica, such

to a point at a considerable depth as silicon dioxide, might stand on a different footing
question is: What is it that diflTracts from a material such as ordinary glass built Up bv

the Jight and makes its passage visible? An interest- chemical action and formation of complex silicates,
ing possibility that should be considered in this con- If the arrangement of molecules in a vitreous body

se/" to,.a depth of loo metres, and that the being comparable with that occurring in the liquid
f It® light was about one-sixth of that of state at the toniperature of fusion of the material (?«

^ If we assume note by the present writer in Nature of November »4
SoablL nVc '.ts molecular stmcture, is last, p. 402). On the other hand, if the arrangement
duKl. «• light eight times as strongly as of the molecules approximated to the crvstalline state
the maL atmospheric pressure, it is clear that he scattering of light would be merely that due to
thU P observed effect may arise in the thermal movomcnts of the molecules and would

' •' much smaller. As a matter of fact, glasses exhibit
Pnnted by permission from Nature, Copyright ©, Macmillan Magazines Limited.
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a very strong* scattering of light, some 300 to 500
times as strong as in dust-free air, the Tyndall cone
being of a beautiful sky-blue colour and nearly,^ but
not quite, completely polarised when viewed in a
transverse direction. (Some glasses exhibit a green,
yellow, or pink fluorescence when a beatn of sunlight
is focussed within them, and cannot be used for the
present purpose; the fluorescence, even when very
feeble, can be detected bv the difference in colour of
the two images of the Tyndall cone seen through a
double-image prism.) Rayleigh, who observed the
light-scattering in glass, attributed it to inclusions,
some of which he assumed must be comparable in size
with the wave-length (Proc. Rov. Soc., iqiq, p. 47^^-
The closest scrutinv through the microscope under
powerful dark-ground illumination fails, however, to
Indicate the presence of any such^ inclusions, and it
seems more reasonable to assume, in view of the fore
going remarks, that the scattering is really molecular.
Its magnitude is of the order that might be expected
on ,the basis of a non-uniform distribution of the
molecules.

Further observations with specially prepared glasses
and with fused silica would be of* great interest to
Investigate the influence of the chemical constitution
and heat treatment on the molecular texture of the
solid. C. V. Raman'.

2TO Bowbazaar Street, Calcutta, December 29.

[P41

April. 23, 1927]

No. 2999, Vol. 119] 601

X-ray DifTractlon in Liquids.
In order to find experimental support for the theory

ofX-ray tliffraction in liquids put forward some three
years ago by C. V: Raman and K. R. Ramanathan
[Proc, Indian As/iociation for the Cultivation of Science^
vol. 8, p. 1023), extensive studies have been
undertaken ii, tin; nutliors' hiboratory of the pheno
mena observed when a pencil of monochromatic
X-rays passes throuph a layer of fluid, ^particularly
with the view of detorinining how the effects are influ
enced by the physical condition and the chemical
nature of the substance under investigation. The
photographs here reproduced (Fig. 1, a and 6) were
obtained in the course of work on this lino by one of
us (C. M. Sogani) and represent the X-ray liquid-
haloes of hexane and cyclo-hexane respectively. The
fluids were contained in cells with very thin walls of
mica, and the /v-railiation of copper from a Shearer
X-ray tube was used.

The differences between the two patterns are
sufficiently striking ; cyclo-hexane shows a bright and
sharply defined halo with a verj- clear dark space
within, while hexane, on the other hand, shows a less
intense and ivlntivoly diffuse halo, the inner margin

Fio. 1.—X-ray diffraction haloes of liquids.
a, Hexane; 6. cyclo-hexane.

of which is not sharply tenninated but extends almost
up to the direction of the incident rays. These
differences indicate very clearly the effect of the
geometrical form of the molecules on the X-ray
scattering by a li(|uid. From an X-ray point of view,
cyclo-hexane consisting of ring-formed—though arbi
trarily orientated—molecules has a nearly homo
geneous structure, while on the other hand the
elongated shape and varying orientations of the mole
cules in hexane cause it to be much less homogeneous
in X-ray scattering. This explanation is supported
bythe observation that the diffraction halo of benzene
resembles ver^' closely that of cyclo-hexane.

It is very interesting to contrast these facts with
the optical behaviour of the three liguids with regard
to the scattering of ordinary light. Optically, hexane
and cyclo-hexane are far more nearly similar to each
other, and differ strikingly froni benzene, the de-
polarisation of the scattered light being small for
hexane and c3'clo-hoxane and relatively large for
l^zene. Here, evident ly, the geometrical form of the
molecule is of nuich less importance than its chemical
character.

Further studies; of the liquid-haloes for varioi^
organic substances of the aromatic and aliphatic
series, and specially with the long-chain compounds,
are in progress. C. V. Raman.

C. M. Sogani.
210 Bowbazar Street,

Calcutta, India, Feb. 10.
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[July 30, 1927

No. 3013. Vol. 1201 158

Optical Behaviour of Protein Solutions•

A VKRV roniarkuhle increase in light-scattering
>ower is exhibited by gelatine solutions when

nydrogen-ion concentration approaches the vftiuo
(about 7>H - 5) con-csponding to the iso-electric
This effect, wliich appears to liave been known lo

Printed by permission from Nature. Copyright ©, Macmillan Magazines Limited.
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some tiiMo, litus bfeii recently 8tu(Jio<l in detail by
Kraemer and In's co-workers, wlio give interesting;
curves showing the niiinner in wliich the Tyndall effect
varies with pH and tenipcraturo ('* Colloid Sym
posium Monografih,** vol. 4, and Journal of Physical
Chemistry, May 1927).

Tlie phenomena are scarcely intelligible on the view
commonly adopted that the Tyndall effect in a
colloidal solution is simply proportional to the number
of scattering particles of tho same kind present in it.
Their explanation becomes clearer if wo apply to
colloidal solutions tho general thermodynamic tlieory
of light scattering, in which tho Tyndall effect is
regarded as due to local fluctuations of optical density
in the medium. According to the latter tlieory, the
scattering power of a colloidal solution would be con
nected with the osmotic pressure P of the particles,
by tho relation

ir^RT kireli kyplm
2N\^ hPldk (1)

where k is tho concentration of the dispersed material,
f is tho optical dielectric constant of tho solution and
p/m is practically unity for a dilute solution. It is
well known from the work of Jacques Loeb that the
osmotic pressure of a gelatine solution alters in a
notable manner with pH, becoming very small at tho
iso-electric point. Equation (1) then enables us to
see at once why the T3mdall effect becomes very largo
under the same conditions.

A detailed discussion of colloidal optics on the basis
of the thermodynamic theory of light scattering will
be published in the Indian Journal of Physics,

C. V. Raman.

pentane, it was strongly j^olarisod, while in others,^
for oxamj)lo naplithaleno, it was only feebly so, tn©
behaviour being parallel to that observed in the liqvMd
8tat<3. Lif|ui<l carbon dioxide in a steel observation
vessel wa.s studied, and exhibited the modified scatty
infr to a notable ext<3nt. When a cloud was fonn©Q
w^ithin the vessel by expansion, the modified Bostter-
ing brightened up at the same time as the
or classical scattering. The conclusion is thus reachea
that the radiations of altered wave-length
neighbouring molecules are coherent with each other.

A greater surprise was provided , by the
scopic observations. Using sunlight with a blue
as the illuminant, the modified scattered radiation
was readily detect^ bytheappearance inthespectn^
of the scattered light of radiations absent from
incident light. With a suitably chosen filter in tne
incident light, the classical ejid modified scattering
appeared as separate regions in the spectrumseparated
by a dark region. This encouraged us to use s
mercury arc as the source of light, all radiatioM oi
longer wave-length than 4358 A. being cut out by a
filter. The scattered radiations when examined. wi
a spectroscope showed some sba^ bright lines
tional to those present in the incident light, their
wave-length being longer than 4358 A.; at least wo
sucli lines were prominent and appeared to be accom
panied by some fainter lines, and in ®
tinuous spectrum. The relation of frequenciw
the new lines and those present in the incident I*?"
is being investigated by photographing and
the spectra. The preliminary visual obsen^tio^
appear to indicate that the position of the
modified lines is the same for all substances, thoug
their intensity and that of the continuous spectrum

[P6]

April 21, 1928]

No. 3051, Vol. 121] 619

A Change of Wave-length in Light Scattering.
Further observations by Mr. Krishnan and myself

on the new kind of light-scattering discovered by us
have been made and have led to some very surprising
and interesting results.

In order to convince ourselves that the secondary
radiation observed by us was a true scattering and
not a fluorescence, we proceeded to examine the effect
in greater detail. The principal difficulty in observing
the effect with g€ises and vaj>ours was its excessive
feebleness. In the case of substances of sufficient
light-scattering power, this difficulty was overcome
by using an enclosed bulb and heating it up so as to
secure an adequate density of vapour. Using a blue-
violet filter in the track of the incident light, and a
complenientary green-yellow filter in front of the
observer's eye, the modified scattered radiation was
observed with a number of organic vapours, and it
was even possible to determine its stat« of polarisa
tion. It was found that in certain oases, for example.

does vary with their chemical nature.
C. V. RamaK.

210 Bowbazar Street,
Calcutta, Mar. 8.

fp?]

May 5, 1928]
No. 3053, Vol. 121] 711

The Optical Analogue of the Gompton
The presence in the light scattered by

wave-lengths different from those present m wo
incident light, is jahown very blearly bv the
panying photographs (Fig. 1). In the illustration {)
represents the spectrum ol the hgnt Irom s quarw
mercury vapour lamp, from which all wave-lwig^^
greater than that of the indigo line have been filterea
out. Thisline (4358A.) ismarked Din the speotrog^*
and C is the group of lines 4047, 4078, and
Spectrogram (2) shows the spectrum of the soatterw
light, the fluid used being toluene in this case*
be seen that besides the lines present in the indd^
spectrum, there are several other lines present in tto

Printed by permission from Nature, Copyright (g), Macmillan Magazines Limited.



NATURE
523

B

••'lo. 1.—(1) Spcctrum of incident light; (2) spectrum of 8catt«ted light.

>«Jattered speotruin. These are marked a, b, c in the
figure, and in addition there is seen visuaUy another
group of lines which is of stiU ^eater wave-le^h

lies in a region outside that j^hotograph^.
When a suitable filter was put m the incident light
to cut off the 4358 line, this latter group also
ftppearod, showing that it deny^ its on^ the
4358 lin« in the incident radiataon. Suml^y, the
J^Toiip marked c in spectrogram (2)
the S-oup of lines 4078 and 4109 was mtered
Out from the incident radiation by qumme s^ution.
whUe the group due to 4358 A. contmU^ to ^ seen,
thus the analogy with the Compton effwt
Clear, except thit we are
len^h far larger than those met with m the X-ray

tentative explanation of the new spectral linesa tentative explanation of the new ,
thus produced by light-scattenng, ^
that an incident quantum of ^
icattered bv the molecules of a fluid either as a
Whole or in {jart. in the former casegiving the ongmal
Wave-length, and in the latter case an mcrea^
Wave-length. This explanation is suppor^ by the
tact that the diminution in frequency is of the same
Order of magnitude as the frequency of the molec^M
iivfra-red absorption line. Further, it «
the shift of wave-length is not
aifferent molecules, and tlus supports the explanation

measurements of
ade should settle this pomt de^tely at en early'liade

I 'late-

210 Bowbazar Street,
Calcutta, Mar. 22.-

tP8]

[September 14, 1929

JTo. 3124. Vol. 124] 412

C. V. Raman.
K. S. Kmshnan/

existence of closed electron orbits of larger than
atomic dimensions in association with the crystal
lattice.

It may be x>ointed out that the existence of such
orbits appears to furnish a very natural explanation
of a v€uriety of phenomena which up to now have
been obscure. In the first pl€k5e,.the extremdy pro
nounced diamagnetic anisotropy characteristic of
bismuth (and alro of graplute) b^mes immediately
intelligibleas a consequence of the sp^ific orientation
of the assumed electronic circulations within the
crystal lattice. Further, the large Hall effects and
changes of electrical resist^ce exhibit^ by bismuth
and graphite when placed in a magnetic field become
comprehensible, since the electronic circulations would
be modified by the field, and result in corresponding
modifications of the flow of electricity through the
substcmce under a simultcuieously impressed dectro-
motive force. There would be every reason to expect,
as is indeed the case, that the magnitudes of the Hall
effect and the change of resistance would de^^end on
the orientation of the crystal in the magnetic field
and the direction of flow of electricity through it.

Then agcun, with rise of temperature and consequent
thermal derangements of the lattice, the postulated
electronic circulations would tend to disappear and

place to chaotic electronic movements. The
§1

ve

its normal value for a non-crystalline condition of the
substance, and corresponding changes would occur in
the coefficients of the Hall effect and magnetic varia
tion of electrical resistance. That liquid metals do
not, so far as I am aware, exhibit a me€wurable Hall
effect is significant in this connexion.

In close analogy with the influence of tempera
ture, and presumably to be explained on very similar
lines, is the remarkable fcu^t that the anomalous
diamagnetism of bismuth and of graphite tends to
diminish or disapprar when the substances are reduced
to a colloidal condition.

Fincdly, it may be remarked that the dimensions
of the crystal lattice cannot be uninfluenced by the
existence of such regulsu: electronic circulations within
it or by modifications produced in them by an extemjd
agency. That the magnetostriction of bismuth in
strong fields discovered by Dr. Kapitza (Nature,
July 13, p. 53) is connected with the anomalous
diamagnetism of the substance admits of little doubt.
The notable increase in magnetostriction at low
temperatures observed by him appears to fit in very
well with the Ehrenfest hypothesis.

0. V. Raman

Anomalous Diamagnetism,

Ik a letter in Natuke of June 22 (p. 945), reference
Was made fo the Ehrenfest hyr^thesis which ascribes
the lugb diamagnetic susceptibility of bismuth to the

[P91

Feb, 5, 1938

No. 3562. Vol. 141 242 243

Light Scattering and Fluid Viscosity
Accobdino to well-knowti hydiodynamioal thwry'.

plane waves of sound propagated thxou^ a visoous

Printed by permission from Nature, Copyright (g), Macmillan Magazines Limited.
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liquid suffer a diminution of ajnplitude in the ratio
1/0 in traversing a number of wave-lengths given by
the quantity where C is the velocity of
sound, X is the wave-length of sound and v is the
kinematic viscosity. Taking X = 4358 A., this
number for various common iiquids which are fairly
mobile at room temperature ranges from about 3 in
the case of butyl alcohol to about 30 in the case of
carbon disulphide. For phwol at 25° C., the number
is lees than 1, 6uid for glycerine* it is a small fraction
of unity. A consideration of these numbers shows
that the theories due to Einstein* ajid L. Brillouin',
which regard the difiRision of light occurring in liquids
as due to the reflection of light by regiUar and
infinitely extended trains of sound-waves present in
them, can only possess pcuiiial validity for ordinary
liquids, and must brefiik down completely in the case
of very viscous ones. In an earlier note in Natubjb*,
we reported studies of the Fabry-Perot patterns of
scattered light with a series of liquids, which showed
clearly that the Doppler-shifted components in the
spectrum of scattered light fell off in intensity rela
tively to the imdisplaced components, with increasing
viscosity of the liquid.

We have now to report some further results which
illustrate in a striking way the part played by fluid
viscosity in the diffusion of light by liquids. As
mentioned in our previous note, the light scattered
by liquid phenol at ordinary temperatures gives a
Fabry-Perot pattern which is scarcely distinguishable
from that of the incident light. When, however, the
temperature of the liquid is raised, the viscosity falls
off rapidly, and the number 3CX/87r*v assumes a

Incident

Scattered
25®C.

45''C.

70®C.

Fig. 1.

Influence of temperature on
THE SCATTERINO BY PHENOL.

Fig. 2. ,

State of polarization ; above,
TOLUENE ; BELOW, PHENOL.

value which Ls many times greater than at room
temperature. Simultaneously, as can be seen from
Fig. 1, the character of the Fabry-Perot pattern
alters, and the Dopplor-shifted components come
increasingly into evidence ; at 70° C. they are just
M prominent aa in ordinary inviscid liquids. The
influence of temperature revealed by these studies
for the case of the very viscous phenol is to be clearly
distinguished from the broadening of the Doppler
components with rise of temperature reported by us
in an earlier note* for the case of carbon tetra-
chloride.

The four patterns reproduced in Fig. 2 show the
remarkable difference in the state of polarization of
the Fabry-Perot patterns of transversely scattered
light for an inviscid liquid such as toluene and a
viscous one such as phenol at room temperat^* In
the former case, only a continuous radiation is to be
observed in the horizontal component; in other
words, both the displaced and the imdisplaced com
ponents in the pattern are sensibly oomplotely
polarized with the vibrations vertical. In the caro
of phenol, however, the undisplaced r6idiation is
evidently ])artially j)olarized, as il appears both in
the vertical antl the horizontal vibrations ; a partial
polarization of the continuous radiation is also
noticeable.

C. V. Raman.
B. V. Raohavendra Rao.

Department of Physics,
Indian Institute of Science,

Bangalore.
Doc. 29.
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'Lamb, "llyiirodynanilc:***, fifth edition, p. 013.
'EInsUiin. A.. Ann. Phys.. 88. 1275 (1910).
'Brilloiiin, J... Ann. 17, 88 (1022).
'Nature, 139. (April :i, 19:<7).
•Katurk. 135, Tlil (May 4, 10M.'̂ »).
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Ko. 3665, Vol. 145 147

The Transformation of Quartz
As is well known, the ordinary form of quartz

%'hich lias trigonal Rymmetry changes over reversibly
to another form wliich has hexagonal symmetry at a
temperature of 575® C. Thoxigh the trans
formation does not involve any rcwiical re
organization of the internal architecture* of
the crystal and takes place at a sharply de
fined temperature, it is nevertheless preceded
over a considerable range of temperature
(200°—575°) by a progressive change in the
physical properties of 'low' quartz which pre
pares the way for a further sudden change,
when the transition to 'high' quartz actually
takes place. The thermal expemsion co
efficients, for example, gradually increase over
this range of temperature, becoming prcic-
tically infinite at the transition point and
then suddenly dropping to small negative
Values*. Young's moduli in the same tem-
l^rature rajige fall to rather low values at
Jlie transition point and then rise sharply to
high figures*. The piezo-olectric activity also
^Uidergoes notable changes^**.

In the hope of obtaining an insight into
[^hese remeu-kable phenomena, a caref^ study
W been made of the spectrum of mono-

as the transition temperature is appro^hed. On the
other hand, the other intense lines having both larger
and smaller frequency shifts continue to easily
visible, though appreciably broadened and displaced.

The behaviour ofthe 220cm.-' line clearly indicates
that the binding forces which determine the fre
quency of the corresponding mode of vibration of
the crysUl lattices diminish rapidly with rising
temperature. It appears therefore i^onable to infer
that the increasing excitation of this particular mode
of vibration with rising temperature and the deforma-

chrornatic light scattered in a quartz crystal at
j^ series of temperatures ranging from that of
j| 'iquid air to nearly the transition point. Sig
nificant ĉhanges are observed which are illus
trated in the accompanying illustration, re-•
producirxg ^rt of the spectrum excited by the
>358 A. radiation of the mercury arc. A fully eaposed
^wtrum at room temperature indicates fourteen
^fferent normal modes of vibration of the crystal.
j\t uqmd air temperature, the three most intense
»nes corre8pK>nd to the frequency shifts 132, 220 and
"8 cm.-* and are* all about equally sharp. As the

^^stal is heated over the temperature range 200®-
|>30®, notable changes occur. The 220 cm.-* line

4jitiarked with an arrow in the reproduction) behaves
Jn an exceptional way, spreading out greatly towards

I 'no exciting line and becoming a weak disuse band

Printed by permission from Nature, Copyright ©, MacmiUan Magazines Limited.
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Light bcatticiuno in quartz.

tions of the atomic arrangement resulting therefrom*
are in a special measure rei^nBible for the remiurk-
able changes in the properties of the crystal already
mentioned, as well as for inducing the transformation
from the a to th^ p form.

C. V. Raman.
T. M. K. Nkdungadi,

Dex>artment of Physics,
Indian Institute of ^ience.

Bangalore.
Deo. 11.

»Bragg and Glbbs, Ptoc. Roy. Soc., A, IM, 405 (1025).
•Jay, Proc. Jtoy. 5ac.. A, Itt, 287 (1988).
• Perrler and Handrot, C.jR., 175, 622 (1922).
• Oftierberg and Ckx>lnon, J. Jhrank. Intt., 88P, 881 <1985).
• Pitt and Mcklnley,Canad. J. Rm,,A, 14, 58 (1988).
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THE SCATTERING OF LIGHT IN AMORPHOUS SOLIDS
By C. V. Raman

1. INTRODUCTION

Recent investigations have shown that when light traverses a dust-
free liquid, an observable fraction of the energy is laterally scattered
and that this effect is due to the local fluctuations of density and to the
random orientations of the molecules which cause the fluid to be
optically inhomogeneous.^ In the case of a mixture of liquids, we have
in addition a scattering due to the local fluctuations of composition
which cause corresponding local variations of refractive index. Since
the transverse scatterings due to density and composition fluctuations
are fully iK)larized, while that due to the random orientation of the
molecules is almost entirely unpolarized, the resultant scattering in
a fluid is usually only partially polarized. When the temperature of a
liquid is lowered, its compressibility usually diminishes and with it also
the local fluctuations of density. Thus we may expect that when the
liquid IS cooled to such an extent that it passes into the amorphous
solid condition, the density scattering would become very small. On
the other hand, in liquid mixtures, the local fluctuations of composition
usually tend to increase rather than to diminish with fall of tempera-
ture. Thus they should certainly tend to persist or even increase when
themixture congeals into an amorphous solid. The effect due to random
molecular orientations would certainly remain in the amorphous solid
condition. Thus, we may anticipate that an amorphous solid such as
glass consisting of a mixture of anisotropic molecules would exhibit
when light traverses it, a partially-polarized internal scattering or
opalescenceof anorder ofintensity notgreatly inferior to that ordinarily
observed in liquids or liquid mixtures.

' C. V. Raman, Molecular Dififraction of Light, Calcutta University Press, 1922.

185

Printed by permission from J. Opt. Soc. Am., 1927, 15, 185-189.
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An internal scattering of light in common glasses also in optical
glasses has actually been noticed.' Its nature has been a subject of
debate.' and owing to our insufficient knowledge of the a^ous
state, is not fully understood at present.
observations as are available, it is the opmion of the
effect observed in optical glasses is a true molecular ^c^termg ar^mg
from local fluctuations of composition and of molt^ar onenta ,
being thus of the same general nature as the opalescence observed
in binary Uquid mixtures such as phenol-water, carbon disulp^de-
methyl alcohol and so on. In support of this view, it is proi»sed in
this paper to give the results of the study of the Ught-scattenng ma
series of 14 different optical glasses manufactured by the h™
Schott in Jena.* If the light-scattering in glass were due to acadental
inclusions or incipient crystaUizations occurring within it as has been
suggested by some writers, we should expect the mtensity of he
scattered light to show large and arbitrary variations depending on the
circumstances of the particular melting from which the speamen was
taken On the other hand, if the phenomenon has a true molecular
origin' we should expect to find the intensity of scattering to be defi-
nitely'correlated with the refractivity and chemical constitution of the

Table 1. List of classes examin^.

Melting Type Composition

No. 1 18165 0.6781 Fluor crown

2

3

4927 U. V. 3199 U. V. crown

15189 0.144 Borosilicate cro^

4 16564 0.3832 Prism crown

5 15065 0.3453 Silicate crown

6 16740 0.3439 Telescopic flint
7 16397 0.7550 Baryta light flint

8

9

14657 0.211 Densest' Borosilicate crown

17538 0.340 Ordinary Light flint

10 18023 0.1266 Baryta light flint
11 11095 0.103 Ordinary flint

12 10259 0.748 Baryta flint

13 8988 0.102 Dense flint

14 16889 0.198 Densest flint

Refractive

index m i>«=l/ft>

1.4933 69.9

1.5035 64.4

1.5100 64

1.5163 64

1.M91 60.4

1.5286 51.6

1.5694 56

1.5726 57.5

1.5774 41.4

1.6042 43.8

1.6202 36.2

1.6235 39.1

1.6489 33.8

1.7782 26.5

Raman, "Molecular Dif
» Liora JKayicign, dw., - •

fraction of Light," p. 85.
• R. Cans. Ann. dcr Phsrs., 77,p. 317; 1925.
*The spedmens were piesnated by Messrs. Schott to Prof,

them at the writer's di^Mial for the work.

LP. N. Ghosh,whokindlyplaced
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2. THE SPECIMENS EXAMINED

Table 1 gives a list of the glasses examined and their description as
furnished by themanufacturers, arranged inorderof increasing refractive
index. The samples were furnished in the form of slabs 7 cmX7 cmX2
cm, with one pair of end-faces polished. For the purpose of the obser
vation of light-scattering, the slabs were immersed in a trough con
taining benzene and a beam of sunlight focused by a lens was admitted
through a side-face, the necessity of polishing the latter being thus
avoided. The track of the beam as seen through the end-faces was
perfectly uniform and appeared of a beautiful sky-blue color.

3. EXPERIMENTAL RESULTS

When the scattered light was viewed through a double-image prism
held so that the direction of vibrations in the two images seen were
respectively perpendicular and parallel to the direction of the beam
traversing the glass, it was seen that these were of very different
intensities, showing that the scattered light was strongly but not
completely polarized. The color of the stronger image was always a
sky-blue. The color of the fainter image in the ordinary flint glasses
was blue, but in the other specimens varied very considerably. The
total intensity of the scattered light in the glasses was determined by
comparison with that of the track in a bulb containing dust-free
benzene immersed in the same trough as the block of glass under
examination and traversed by the same beam of light. A rotating-
sector photometerwas used for the purpose. The ratio of the intensities
in the parallel and perpendicular components of vibration in the
laterally scattered light was also determined with the help of a double-
imageprism and nicol(Cornu's method) in the usual way. The measure
ments give us the ratio of the intensity of the faint image to the bright
image seen through the double image prism, and this expresses the
degree of depolarization of the scattered light.

The results of the work are gathered together in Table 2.

4. DISCUSSION OF RESULTS

From a scrutiny of the figures in Table 2, several interesting facts
emerge. In the first place, it will be seen that the crown glasses show
uniformly a smaller intensityof light-scattering than the other varieties
of glass. Both the ordinary flints and the baryta flints scatter light
strongly, the latter more so than ordinary flints of equal refractive
index. It will be seen also that considering each species of glass sepa-
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rately, there isa progressive increase of the intensity of light-scattering
with increasing refractive-index. The colors shown by the fainter
components.of the scattered light in the first four glasses in TaW© 2are
obviously due to a species of weak fluorescence, probably of the same
kind as has been met with in investigations on light-scattering in
liquids.® This fluorescence being unpolarized, the large values of the
depolarization found in the case of these glasses stands s^-explamed.
If the fluorescent light had been excluded by the introduction of

Table 2. Experimemloi rtmUs.

No. 1

2

3

4

5

6

7

8

9

10

11

12

13

14

GUss

Fluor crown

U. V. crown
Borosilicate crown

Prism crown

Silicate crown
Telescopic flint
Baryta light flint
Densest borosilicate

crown

Ordinary light flint
Baryta light flint
Ordinary flint
Baryta flint
Dense flint
Densest flint

Color of Intensity

Refrac bright Color of l>epol»ri- wlflktive
tive com laint Mtion to ben

index ponent component zene °>1

1.4933 Blue Yellow 0.180 0.18

1.5035 Pink 0.158 0.12

1.5100 « cc 0.29S 0.11

1.5163 « a 0.285 0.14

1.5191
a Blue 0.123 0.18

1.5286
a Purple 0.068 0.40

1.5694
u M 0.053 0.44

1.5726
a u 0.045 0.37

1.5774
tt Indigo-blue 0.067 0.30

1.6042
a Indigo 0.067 0.41

1.6202
a Blue 0.079 0.42

1.6235
0 Indigo-blue 0.085 0.57

1.6489
a Blue 0.062 0.52

1.7782
a u 0.065 0.63

suitable color-filters, the depolarization for these glasses would have
been much smaller. It is interesting to notice thatin glasses Nos. 6, 7,
and 8 we have a low value for the depolarization in spiteofthe obvious
presence of a weak fluorescence; this is obviously due to the greater
intensity of polarized scattering appearing in the last column of Table
2 of these glasses.

The several regularities to which attention has been drawn above,
particularly the fact that the intensity of scattering is very clearly a
function of the refractive-index and chemical composition of the glass,
render it extremely improbable that the effect can arise from accidental
inclusions or imperfections in the structure of the glasses. It is, in fact,
clear from the data that the effect arises from the ultimate molecular
structure of glass.

• K. S. Kiishnan, Phil. Mag., 50, p. 697; 192S.
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It would be veiy interesting to study the light-scattering in amor
phous solids having a relatively simple chemical constitution, e.g.,
transparent quartz-glass. Experiments on the scattering of light in
liquids which can first be rendered dust-free and then supercooled into
the amorphous solid state may also be expected to furnish important
information. Further work on these lines is in progress.

210 Bowbazar Street,
Calcutta, India,

May 11, 1927.
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A New Radiation^

BT

Prof. C. V. Baman, F.E.S.

(Plate XII).

1. Introduction.

I propose this evening to speak to you on anew kind of
radiation or light-emission from atoms and molecules. To
make the significance of the discovery clear, I propose to
place before you the history of the investigations made at
Calcutta which led up to it. Before doing so, however, a few
preliminary remarks regarding radiation from atoms and
molecules wiU not be out of place.

Various ways are known to the physicist by which atoms
or molecules may be caused to emit light, as for instance,
heating a substance or bombarding it with a stream of
electrons. The light thus emitted is usually characteristic of
the atoms or molecules and is referred toas frimary radiation.
It is also possible to induce radiation from atoms and mole
cules by illuminating them strohgly. Such light-e^asion is
referred to as secondary radiation. The familiar difNion of
light by rough surfaces may be cited as an example of
secondary radiation, but strictly speaking, it hardly deserves
the name, being an efEect occuring at the boundaries between
media of different refractive indices and not a trup volume-
effect in which all the atoms and molecules of the substance

* Inangoral Address delivered to the South Indian Soienoe Aaaociation on Friday,
the 16th Marohy 1928, at Bangalore*

Printed by permission from Indian J. Phys,, 1928, 2, 387-398.
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take part. The first case discovered of secondary radiation
really worthy of the name was the phenomenon of fluorescence
whose laws ^ere elucidated by the investigations of Sir
George Stokes. This is a familiar effect which is exhibited
in a very conspicous manner in the visible region of the
spectrum by various organic dye-stuffs. I have here abottle
of water in which an extremely small quantity of fluorescein
is dissolved. You notice that when placed in the beam of
light from the lantern, it shines with a vivid green light, and
that the colour of the emission is not altered, though its
brightness is changed, by placing filters of various colours
between the bottle and the lantern. A violet filter excites the
green fluorescence strongly, while a red filter has but little
effect. .

A^nother kind of secondary radiation whoso existence has
been experimentally recognized more recently is the scattering
of li^-ht by atoms and molecules. It is this scattering that
gives°us the light of the sky, the blue colour of the deep sea
and the delicate opalescence of large masses of clear ice.
I have here a large bottle of a very clear and transparent
liquid, toluene, which as you notice contains hardly any diwt-
particles, but the track of the beam from the lantern passing
through it is visible as a brilliant blue cone of light. This
internal opalescence continues to be visible even after the
most careful purification of the liquid by repeated distillation
in vacuo. A similar opalescence is shown, though much less
brightly by dust-free gases and vapours, and also by solids.
A large' clear block of ice shows ablue colour in the track of
the beam when sunlight passes through it. The blue opales
cence of blocks of clear optical glass is also readily demons
trable. The molecular scattering of light is thus a pheno
menon common to all states of matter.

During the past seven years, the scattering of light in
transparent media has been the subject of intensive experi
mental and theoretical investigation at Calcutta, and it is the
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researcnes made on this subject that have led to the discovery
which I shall lay before you this eveninj^. One important
outcome of our researches has been to show that while light-
scattering is in one sense a molecular phcmomenon, in another
sense it is a bulk-elfect having athermal origin'. It is the
thermal agitation of the molecules which causes them to be
distributed and orientated in space with incomplete regularity,
and it is the local fluctuations in the properties of the medium
thus arising which give rise to optical heterogeneity and
consequent diffusion of light. The subject of light-scattering
is thus a meeting ground for thermodynamics, molecular
physics and the wave-theory of radiation. That the combina
tion of theories in such diverse fields of physics gives us
predictions which have been experimentally verified, is one of
the triumphs of modern physics.

2. A New Phenomenon.

While the quantitatiTe investigations made atCalcutta
have in the main substantiated the thermodvnamic-wave-
optical theory of light-scattering, indications appeared even
mour earliest studies of a new phenomenon which refused to
fit ID with our pre-conceived notions. Thus, in some observa
tions made by me' with the assistance of Mr. Seshagiri Eao
in December, 1921, it was found that the depolarisation of the
light transversely scattered by distilled water measured with
a douhle-image prism and Nicol increased very markedly
when a violet filter was placed in the path of the incident
ight. More careful investigations made with dust-free

liquids* in 1922, confirmed this effect and showed it to exist
also in methyl and ethyl alcohols, and to a lesser degree in
ether. It was also noticed that the colours of the scattered
light from the different liquids studied did not match

' "Motocolar Di£EH«:tion of Light," CalcutU Dnirorsity P«8s, February, 1922.
C. V. Raman and K. S. Bao, Phil. Mag., Vol. 46, p. 633,1923.
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perfectly. An important advance was made when Dr.
ftamanathan' working at Calcutta in the summer of 1923,
investigated the phenomenon more closely and discovered
that it was not a true dependance of the depolarisation on the
wave-length of the scattering radiation but was due to the
presence in the scattered light of what he describBd as ** a
trace of fluorescence." This was shown by the fact that the
measured depolarisation depended on whether the blue filter
used was placed in the path of the incident beam or of the
scattered light, being smaller in the latter case. Accepting
the explanation of the effect as "weak fluorescence," it
naturally became important to discover whether it was due to
some impurity present in the substance. Dr. Ramanathan
tested this by careful chemical purification followed by
repeated slow* distillation of the liquid at the temperature of
melting ice. He found that the effect persisted undimi-
nished.

The investigation ofthis species of " weak fluorescence " has
ever since 1923 been on our programme of research at Calcutta.
Krishnan," who investigated 60 liquids for light-scattering inthe
spring and summer of 1924, made systematic studies of the
phenomenon, and found that it was shown markedly by water,
ether all the monohydric alcohols and a few other compounds.
He pointed out that the liquids which exhibit the effect have
certain family relationships amongst themselves, and that they
are also substances whose molecules are known to be polar.
The chemical importance of the subject led to Mr. S. Venka-
teswaran attempting to make a fuller study of it in the
summer of 1925, but without any special success. The re
search was discontinued at the time but was resumed by him
later in the current year (January^ 1928). The remarkable
observation was made that the visible radiation which is excited

I ^ Bamanathan, Proo. Ind. Assoc. Caltn. Soienoe, Vol. VIII, p. ITO, 1923.
• K. 8. Krishnan, Phil. Mag., Vol. L,p. 697,1926,
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in pure dry glycerine by ultra-violet radiation (sunlight filtered
through Corning glass G. 686) is strongly polarised.

The possibility of a similar effect in gases and vapours
was also borne in mind and repeatedly looked for by the
workers at Calcutta. The feebleness of the scattering in
gases and vapours, and the infructuousness of the earlier
efforts in this direction, however discouraged progress.

3. Its Universality.

Though the phenomenon was described in the paper of
Dr. Ramanathan and Mr. Krishnan as a " feeble fluorescence,"
the impression left on my mind at the time was that we had
here an entirely new type of secondary radiation distinct from
what is usually described as fluorescence. The publication of
the idea was however discouraged by the belief then enter
tained that only a few liquids exhibited the effect and by the
supposition that it was unpolarised in the same way as ordi
nary fluorescence in liquids. Indeed, a chemical critic might
even have asserted that the effect was in each case due to a
trace of dissolved fluorescent impurity present in the substance
which our efforts at purification had failed to remove. Early
this year, however, a powerful impetus to further research was
provided when I conceived the idea that the effect was some
kind of optical analogue to the type of X-ray scattering dis
covered by Prof. Compton, for which he recently received the
Nobel Prize in Physics. I immediately undertook an experi
mental re-examination of the subject in collaboration with
Mr. K.S. Krishnan and this has proved very fruitful in results.
The first step taken in the research was to find whether the
effect is shown by all liquids. The method of investigation
was to use a powerful beam of sunlight frofti a heliostat
concentrated by a 7" telescope objective combined with a
short focus lens. This was passed through a blue-violet filter
and then through the liquid under examination contained in
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an evacuated bulb and purified by repeated distillation in
vacuo. A second filter of green glass was used which was
complementary in colour to the blue-violet filter. If it were
placed in the track of the incident light, all illumination dis
appears, while, if it be placed between the bulb and the obser
ver's eye, the opalescent track within the liquid continued to
be visible, though less brightly. All the liquids examined
(and they were some 80 in number) showed the effect in a
striking manner. There was therefore no longer any doubt
that the phenomenon was universal in character; with the
bulb of toluene onthe lantern, you see that the effect isreadily
demonstrable. The cone of light vanishes when I place the
violet and green filters together, but it appears when I transfer
the latter to a place between my audience and the observation
bulb.

Now the test with the complementary filters is precisely
that ordinarily used for detecting fluorescence and indeed was
first suggested by Stokes in his investigations on the subject.
You may therefore rightly ask me the question how does this
phenomenon differ from fluorescence ? The answer to the
question is, firstly, that it is of an entirely different order of
intensity. A more satisfactory proof was however forth
coming when Mr. Krishnan and myself examined the polari
sation of this new type of radiation and found that it was
nearly as strong as that of the ordinary light scattering in
many cases, and is thus quite distinct from ordinary fluor
escence which is usually unpolarised.

This is shown for the case of toluene in Figs. 1 and 2
in Plate XII. Fig. 1 is a photograph of the scattering by
toluene of sunlight filtered through a blue-violet glass. It
was taken through a double-image prism of iceland spar with
an exposure of 3 seconds. Fig. 2 is a picture with an addi
tional complementary filter ofgreen glass interposed in front
of the camera lens. The exposure necessary is now increased
greatly by the insensitiveness of the plate to green light, and
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had to be as much as 25 minutes. It will be noticed that the
polarisation of the track as shown by the difference in bright
ness of the two polarised images is quite as prominent in Fig.
2 as in Fig. 1.

I may also mention that Mr. Krishnan and myself have
succeeded in detecting the new radiation and observing its
partial polarisation in a number of organic vapours and also in
the gases CO2 and NA The problem in these cases is one of
securing sufficient intensity of scattering for the effect to be
detectable through the complementary filter. This can be
secured by heating up the substance in a sealed bulb or by
using steel observation-vessels for containing the compressed
gases, so as to obtain sufficient density of the scattering mole-
cules. The question of the background against which the
track is observed is also of great importance.

The new type of secondary radiation is also observable in
crystals such as ice, and in amorphous solids. It is thus a
phenomenon whose universal nature has to be recognised.

4. Line-Spectmm of New Sadiation.

That the secondary radiation passes the complementary
filter and yet ,s strongly polarised to an e^ttent comparable
with the ordmary molecular scattering, is dear evidence that
we have ,n It an entirely hew type of secondary radiation
which IS distinct from either the ordinary scattering or the
usu^ type of fluorescence. Astriking and even startUng
confirmation of this view is furnished by an examination of
Its spectrum. Preliminary observations with sunlight filtered
through acombination which passes anarrow range of wave
lengths, showed the spectrum of the new radiation to consist
mamly of a narrow range of wave-lengths clearly separated
from the incident spectrum by a dark space. This encoura<^d
me to take up observations with a monochromatic source" of
Ught. Aquartz mercury lamp with a filter which completely

42
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cuts out all the visible lines of longer wave-length than the
indigo line 4,358. A. U. was found to be very effective. When
the light from such a lamp was passed through the bulb con
taining a dust-free liquid, and the spectrum of the scattered
light was observed through a direct-vision spectroscope, it was
found to exhibit two or more sharp bright lines in the blue and
green regions of the spectrum. These lines are not present in
the spectrum of the incident light or in the unfiltered light of
the mercury arc and are thus manufactured by the molecules
of the liquid.

Figs. 3 (1) and 3 (2), and Pigs. 4 (1) and 4 (2) show the
phenomenon. They are spectrograms taken with a small
Hilger quartz instrument of the scattering by liquid benzene.
Eit"? 3 was taken with the light from the quartz mercury arc
filtered through a blue glass which allows the wave-lengths
from about 3,500 A. U. to 4,400 A. U. to pass through. Fig. 3
(1) represents the incident-spectrum and Fig. 3 (2) the scatter^
ed spectrum, and the latter shows a number of sharp lines not
present in Fig. 3 (1). These are indicated in the figure. Figs.
4 (1) and (2) similarly represent the incident and scattered
spectra with benzene liquid, the filter used being a potassium
permanganate solution. Here again the new lines which
appear are indicated in the figure. Visual observations were
also made using a quinine sulphate solution together with the
blue glass as a filter and thus cutting off all the radiations
except 4,358 A.U. from the incident spectrum. Some of the
modified lines then disappear, leaving only those of longer
wave-length. It is thus clear that each line in the incident
spectrum gives rise to at least two lines in the scattered spec
trum, one in the original or unmodified position, and a second
in a shifted position of longer wave-length. There is thus a
striking analogy with the Compton effect in theX-ray region.

There has, as yet, not been sufficient time for photograph*
ing the spectra from a large number of liquids, or even fiE>r
measuring the photos>raph8 already obtained. Visual dbser"
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vations have however been made with a large number of
liquids There is an astonishing similarity between the
spectra obtained with dijfferent liquids. When only the 4,358
line was used, most liquids showed in the spectrum of the
scattered light, a bright line in the blue-green region of the
spectrum (about 5,000 A.U.), whose position was practically
the same for chemically similar liquids such as pentane,
hexane and octane for instance. There was, however, a recog
nizable difference in the position of the modified line when
other liquids such as benzene or water were used. When the
4,04)7 line of the mercury arc was let in by removing the
quinine sulphate solution, a second modified line in the blue
region of. the spectrum was seen with most liquids.

Photographs obtained so far with benzene and toluene
s'̂ SSCst that there may be several modified lines,and that each
modified line may be a doublet in some cases. In many
liquids, the scattered spectrum shows in addition to sharp lines
also an unmistakable continuous spectrum accompanying it.
Carbon disulphide behaves in an exceptional manner, showing
a diffuse band.

Observations already made fhow that the new lines in the
scattered spectrum are usually markedly polarised ; they also
S'lggest that a continuous spectrum, when present, is less
markedly polarised.

5. Nature of the New Radiation.

The discovery set out above naturally opens up an array
of problems for investigation. The most pressing question is,
how is the modified scattered radiation, as we may call it,
generated by the molecules of the liquid ? As a tentative
explanation, we may adopt the language of the quantum
theory, and say thatthe incident quantum of radiation isparti
ally absorbed by the molecule, and that the unabsorbed part is
scatteredo The suggestion does not eeem to be altogether
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absurd and indeed such a possibility is already contemplated
in the Kramers-Heisenberg theory of dispersion. If we
accept thd idea indicated above, then the difference between
the incident and scattered quanta would correspond to a
qxiantum of absorption by the molecule. The measurement
of the frequencies of the new spectral lines thus opens a new
pathway of research into molecular spectra, particularly those
in the infra-red region.

If a molecule can take up part of the incident quantum
of radiation and scatter the remaining part, then it might
also be capable of adding a quantum of its own characteristic
freauency to the incident radiation when scattering it. In
8U0h a case we should expect a modified line
frequency. Such a result appears to be shown in Tig. 3 (2)
of Plate XII, as a solitary line in the extreme left of the
photo-raph. This result, however, requires to be confirmed
by mo°re photographs aud with other liquids. So fat it wo^d
appear that a degradation of frequency is more probable than
an enhancement. It is too early to speculate at present on the
origin of the continuous radiation obserTed in some cases,
whether it is due to changes in the molecule itself, or whether
it arises from inelastic colUsions of tha second kind withm the
liauid resulting in partial transformation of the incident
„Lntam of radiation into translatory kinetic energy o( the

When further data are obtained, it should be
possible to express a definite opmion on th«, pomt. and also
on the role played by the solvent m the explanation of
ordinary fluorescence.

6. Relation to Thermodynamies.

As explained in the introduction, the ordinary scattering
of Hght can be regarded equally well as a molecular eflfect,
and as a bulk effect arising from the thermodynamic fluctua
tions of the whole medium. The question arises whether the
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new type of secondary radiation isexclusively a molecular effect
or not, and whether it ia related in any way to thermodynamics.
The question is obviously one to be answered by experiment and
theory conjointly. The comparative study of the effect at
different temperatures and in different states of aggregation of
matter is obviously of great importance in this connection. It
has already been remarked that the effect is observable in gases
and va.pours and indeed it is found possible to determine its
mtensity and polarisation in the gaseous state. It is also of
great interest to remark that the solid crystal ice also shows
the sharp modified lines in the scattered spectrum in approxi
mately the same positions as pure water. The only observa
tions made with amorphous solids are with optical glass. Here
the modified scattered spectrum consists of diffuse bands and
not sharp lines. "Whether this is generally true for all amor
phous solids, and whether any changes occur at low and high
temperatures remains to be determined by experiment.

7. Coherent or Non-Cohetent Radiation ?

An important question to be decided in the first instance
by experiment is whether the modified scattered radiations
from the different molecules are incoherent with each other.
One is tempted to assume that this must be the case, but a
somewhat astonishing observation made with liquid carbon
dioxide contained in steel observation vessels gives us pause
here. It was found on blowing off the CO2 by opening a stop
cock, a cloud formed within the vessels which scattered light
strongly in the ordinary way. On viewing the cloud through
the complementary filter, the scattered radiation of modified
frequency also brightened up greatly. This would suggest
that the assumption of non-coherence is unjustifiable.
Further, some qualitative observations suggest that the
modified scattering by a mixture of carbon disulphide and
methyl alcohol also brightens up notably at the critical
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solution temperature. Quantitative observations are necessary
to decide the very fundamental question here raised.

8. Possible X-Bay Analogies.

If aquantum of radiation can be absorbed in part and
scattered in part in the optical region of the spectrum, should
not similar phenomena also occur in X-ray scattering ? The
type of scattering discovered by Prof. Compton may possibly
be only one of numerous other types of scattering with modi
fied frequencies. some with aline spectrum and some in the
nature of continuous radiation. The extreme ultra-violet
region of the spectrum may also furnish us with numerous
examples of the new type of radiation, which clearly occupies
a position intermediate between scattering and flourescence.

9. Conclusion,

We are obviously only at the fringe of a fascinating new
region of experimental research which promises to throw light
on diverse problems relating to radiation and wave-theory,
X-ray optics, atomic and molecular spectra, flourescence and
scattering, thermodynamics and chemistry. It aU remaiDS to
bework^out. . .

I have to add in conclasion that I owe much to the
valuable co-operation in this research of Mr. K. 8, KHshnaB,
and the assistance of Mr. S. Venkateswaran and other, workers
in my laboratory.

The line spectrum of the new radiatlcm was first wan oa
the 28th February, 1928. The observation was giv^
the following day.

{Issued separately^ 81st March, 1928).
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1. Introduction.

As is well known, Langevin showed that high frequency sound-waves of
great intensity can be generated in fluids by the use of piezo-electric oscil
lators of quartz. Recently, Debye and vSears^ in America and Lucas and
Biquard^ in "France have described very beautiful experiments illustrating
the diffraction of light by such high-frequency sound-waves in a liquid.
Amongst the experimenters in this new field, may be specially mentioned
R. Bar' of Zurich who has carried out a thorough investigation and has pub
lished some beautiful photographs of the effect. The arrangement may be
described briefly as follows. Aplane beam of monochromatic light emerging
from a distant slit and a collimating lens is incident normally on a cell of
rectangular cross-section and after passing through the medium emerges
from the oppsite side. Under these conditions, the incident beam will be
undeviated if the medium be homogeneous and isotropic. If, however, the
me<Uum be traversed by high-frequency sound-waves generated by intro
ducing a quartz oscUlator at the top ofthe cell, the medium becomes stratified
into parallel layers of varjnng refractive index. Considering the case inwhich
the incident beam is parallel to the plane of the sound-waves, the emerging
light from the medium will now consist of various beams travelling in
different directions. If the inclination of a beam with the incident light be
denoted by d, it has been found experimentally that the formula

sin 0 = ± n (an integer) >0 (1)
is in satisfactory agreement with the observed results, where Aand A* are
the wave-lengths of the incident light and the sound wave in the medium

1 P. Debye and F. W. Sears, Proe. Nat. Acad. Set. (Washington), 1932, 18, 409.
2 R. Lucas and P. Biquard, Jour, de Phys. et Rod., 1932. 3, 464.
8 R. Bar, Helv. Phys. Aeta, 1933, 6, 570.
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Printed by permission from Proc, Indian Acad. ScL, 1935, A2, 406-420.
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respectively. With sound waves of sufl&cicnt intensity, numeroas orders
ofthese diffraction spectra have been obtained; a wandering of the intensity
amongst these orders has also been noticed by B&r' when the experimental
conditions are varied.

Various theories of the phenomena, have been put forward by Debye
and Sears,* by Brillouin,* and by Ivucas and Biquard,* The former have
not presented quantitative results and it is hard to understand from their
theory asto why there should be so many orders and why the intensity should
wander between the various orders under varying experimental conditions.
In Brillouin's theory, the phenomenon is attributed to the reflection of light
from striations of the medium caused by the sound waves. We know, how
ever, from the work of Rayleigh that the reflection of light by amedium of
varying refractive index is negligible if the variation is gradud compared
with the .wave-length of light. Under extreme conditions, we might perhaps
obtain the Brillouin phenomenon, but the components of reflection should
be very weak in intensity compared to the transmitted ones. As one can
see lateron inthis paper, the whole phenomenon including the positions of the
diffracted beams and their intensities can be explained by a simple .considera
tion ofthetransmission of the light beam inthe medium. Lucas and Biquard
attribute the phenomenon to an effect of mirage of light waves in the medium..
In what way the relation (1) enters in their theory is not clear. The wander
ing of the intensities of the various components observed by Bar has not
found explanation in any of the above theories.

We propose in this paper a theory of the phenomenon on the simple
consideration of the regular transmission of light in the medium and the phase
changes accompanying it. The treatment is limited to the case of normal
irfcidence The formula (1) has been estabUshed in our theory. Also, a
formula for the intensities of the various components has been derived. It
is found that the above results are in conformity with the exi)erimental
reSvUts of Bar.'

2. Diffraction of light from a corrugated wave-front.
The following theory bears a very close analogy to the theory of the

diffraction of a plane wave (optical or acoustical) incident normally on a
periodically corrugated surface, developed by the late Lord Rayleigh.' He
showed therein that a diffraction phenomenon would ensue in wWch the
positions, of the various components are given by a formula similar to (1)

4L. Brillouin, Diffraction de la Lumiere par des Ultra-sons", Act. Sd. el M., 1933,
59.

»Lord Rayleigh, Theory of Sound (Vol. 2), page 89.
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and their relative intensities are given by a formula similar to the one we
have found.

Consider a beam of light with a plane wave-front emerging from a
rectangular slit and falling normally on a plane face of a medium with a
rectangular cross-section and emerging from the opposite face parallel to the
former. If the medium has the same refractive index at all its points, the
incident beam will emerge from the opposite face with its direction unchanged.
Suppose we now create layers of varying refractive index in the medium,
say by suitably placinga quartz oscillator in the fluid. If the distance between
the two faces be small, the incident light could be regarded as arriving at the
opposite face with variations in the phase at itsdifferent parts corresponding
to the refractive index at different parts of the medium. The change in
the phase of the emerging light at any of its parts coiUd be simply calculated
from the optical lengths found by multiplying the distance between the faces
and the refractive index of the medium in that region. This step is justified
for y, z)ds taken over the actual path is minimum, i.e., it differs from
the one taken over a slightly varied hypothetical path by a differential
of the second order. So, the incident wave-front becomes a periodic
corrugated wave-front when it traverses a medium which has a periodic
variatipn in its refractive index. The origin ofthe axes ofreference is chosen
at the centre of the incident beam projected on the emerging face, the
boundaries ofthe incident beam being assumed to beparallel to the boundaries
of the face. The X-axis is perpendicular to the sound-waves and the Z-axis
is along the direction of the incident beam of light. If the incident wave is
given by

it will be

AcZmV {< - l^(!e)/c}

when it arrives at the other face where I, is the distance between the two
faces and the refractive index of the medium at a height * from the
origin. It is assumed that the radii of curvature of the corrugated wave-
front are large compared with the distance between the two faces of the cell.
If /lo ^ the refractive index of the whole medium in its undisturbed state,
we can write fi{x) as given by the equation

sin-^®
ignoring its time variation, /x being the maximum variation of the refractive
index from Hq.

The amplitude due tothe corrugated wave at a point on a distant screen
parallel to the face of the medium from which light is emerging whose join
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with the origin has its ^-direction-cosine I, depends on the evaluation of the
diffraction integral

fl2
j '̂iH{lx+filj sin (2»ra:/A*)}/A

-fu

where p is the lengtli of.the beam along the X-axis. The real and the
imaginary parts of the integral are

/ {cos ulx cos (v sin —sin ulx sin (v sin bx)}dx

and
;/,
/ {sin ulx cos (w sin bx) + cos idx sin (t; sin bx)}dx

-fli

where u = 27tJX, b = 27r/A* and v — = 2it/xL/A.
We need the well-known expansions

OO

cos (v sin bx) — 22' Jtr cos 2rbx
0

OO

sin (w sin bx) = 227 Jj^+i sin 2r+lbx
0

to evaluate the integrals, where J«[ = J„(w)] is the Bessel function of
the nth order and a dash over the summation sign indicates that the co
efficient of Jo is half that of the others. The real part of the integral is then

OO P* «»
227' Jjr / cos idx cos 2rbx dx— 227 Jj^+i /sin idx sin 2r+i bx dx

or

'z' J,^/*{cos {id+2rh)x +cos {id-2rb)x}dx

-+^ Jtr*xj {cos (i#i +2r+l b)x—cos («i-2r+l b)x}dx
-fU

Integrating the above, we obtain
^ f sin {ul+2rh)pi2 sin (ul—2rb)pl2 ]

{ul+2rb)pi2 (ul-2rb)pj2 J

~ , f sin («/ + 2r+T b)p/2 sin («/-2r+T b)fi/2")
+p ^ J,r+i^ (ul +2r+ib)p/2 («/-2f+l6)^/2 j •• (2)

The integral corresponding to the imaginary part of the diffraction integral
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is zero. One can see that the magnitude of each individual term of (2)
attains its highest maximum (the other maxima being negligibly small
compared to the highest) when its denominator vanishes. Also, it can be
seen that when any one of the terms is maximum, all the others have
negligible values as the numerator of each cannot exceed unity and the
denominator is some integral non-vanishing multiple of b which is sufficiently
large. So the maxima of the magnitude of (2) correspond to the maxima
of the magnitudes of the individual terms. Hence the maxima occur when

ul±nb=0 «(an integer) >0 .. .. .. (3)
where n is any even or odd positive integer. The equation (3) gives the
directions in which the magnitude of the amplitude is maximum which
correspond also to the maximum of the intensity. If 6 denotes the
angle between such a direction in the XZ-plane along which the intensity
is maximum and the direction of the incident light, (3) can be written as

sin 0= ± ^ .. .. •• .. .. (4)
remembering that u = lirjX and h = 2njX*. This formula is identical with
the formula (1) given in the first section. The magnitudes of the various
components in the directions given by (4) can be calculated if we know,

J« or J„(t;) or J„(2it/xI,/A).
Thus the relative intensity of the wth component to the «th component is
given by

where v = 27r/xI//A.
Jn I'';

In the undisturbed state of the medium there is no variation of the refractivc
index, i.e., ^ = 0. In this case all the components vanish except the zero
component for

Jot(O) = 0 for all m=^0 and Jo(0) = 1,
In the disturbed state, the relative intensities depend on the quantity v or
27r^I,/A where Ais the wave-length of the incident light, /i is the maximum
variation of the refractive index and ly is the path traversed by light in
the medium. We have calculated the relative intensities of the various
components which are observable for values of v lying between 0 and 8
at different steps (Fig. 1).'

Fig. 1 shows that the number of observable components increases as
the value of v increases. When v = 0, we have only the central component.
As Vincreases from 0, the first orders begin to appear. As v increases still
more, the intensity of the central component decreases steadily and the first
orders increase steadily in their intensity till they attain maximum intensity
when the zerp order will nearly vanish and the second orders will have just
appeared. As v increases still more, the zero order is reborn and increases
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FIG. 1.

Relative intensities of the various components in the diffraction spectra.
(For tables, see Watson's Bessel Functiofts and Report of the British Association^ 1915,)

in its intensity, the first orders fall in their intensit3' giving up their former
exalted places to the second orders; while the third orders wiH have just
appeared and so on.

Our theory shows that the intensity relations of the various components
depend on the quantity v or 2Tr/xL/A. Thus an increase of /x {i.e., an increase
of the supersonic intensity which creates a greater variation in therefractive
index of the medium) or an increase of L or a decrease of Ashould give similar
effects except in the last case where the directions of the various beams will
be altered in accordance with (4).

3. Interpretation of Bar's Experimental Results.
(a) Dependence ofthe£ffect on thesupersonic intensity.—BUr has observed

that only the zero order (strong) and the first orders (faint) are present when
the supersonic intensity is not too great. He found that more orders
appear as the supersonic intensity is increased but that the intensity
of the zero order decreases while the first orders gain in tBeir intensity.
Increasing the stipersonic intensity more, he found that the first order would
become very faint while the second and third orders will have about the
same intensity. The figures la of his paper may very well be compart

I. I I I I I

I,

I,.

I .

I,.
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with our figures l(c). 1(A) and l(^). Thus, we are able to explain the appear
ance of more and morecomponents and the wandering of the intensity amongst
them as the supersonic intensity is increased, in a satisfactory manner.

(6) Dependence of the effect on the wave-length of the incident light.—We
have already pointed out that the effects due to an increase of /x caused by
an increase of supersonic intensity are similar due to those with a decrease
of Aexcept for the fact that the positions of the components of the emerg
ing light alter in accordance with (4). Bar has obtained two patterns of
the phenomenon by using light with wave-lengths 4750a and 3650a. He
obtained, using the former seven components and using the latter eleven
components in all. He also observed great variations in the intensities of the
components. Not only is the increase in the number of components an
immediate consequence of our theory, bitt we can also find the pattern with
3650a if we assume the pattern with 4750a. The pattern with the latter
in Bar'spaper shows a strong resemblance to our figure l{p) for which 27r/xL/A
is 3 -7. Thus we can calculate 27rftI,/A when A is 3650a. It comes to
about 4*8. Actuallv our figure for which 27r/iI//A is 4-8 closely corresponds
to Bar's pattern with 3650a.

(c) Dependence of the effect on the length of the medium which the light
traverses.—It is clear from our theory that an increase of L corresponds to
an increase of v and that the effects due to this variation would be similar to
those with an increase of the supersonic intensity. But the basis of our
theory does not actually cover any large change in L. However, we should
find more components andthe wandering of the intensity amongst the various
con^ponents.

4. Summary.
(а) A theory- of the phenomenon of the diffraction of light by sound

waves of high frequency in a medium, discovered by Debye and Sears and
Ivucas and Biquard, is developed.

(б) The formula

sin 0 = it n (an integer) > O

which gives the directions of the diffracted beams from the direction of the
incident beam and where Aand A* are the wave-lengths of the incident light
and the sound wave in the medium, is established. It has been found that
the relative intensity of the mth component to the wth component is given by

I J««(27t/xL/A)
where the functions are the Bessel functions of the wth order and the nth
order, n is the maximum variation of the refractive index and L is the
path traversed by light. These theoretical results interpret the experimental
results of Bar in » very gratifying manner.
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7. Introduction.

In the first^ of this series of papers, we were concerned with the explanation
of the diffraction effects observed when a beam of light traverses a medium
filled by sound waves of high frequency. For simplicity, we confined our
attention to the case in which a plane beam of light is normally incident
on a cell of the medium with rectangular cross-section and travels in a direc
tion strictly perpendicular to the direction along which the sound waves are
propagated in the medium. By taking into account the corrugated form of
the wave-front on emergence from the cell, the resulting diffraction-effects
were evaluated. This treatment will be extended in the present paper to
the case in which the light waves travel in a direction inclined at a definite
angle to tlie direction of the propagation of the soundwaves. The exten
sion is simple, but it succeeds in a remarkable way in explaining •^e very
striking observations of Debye and Sears* who found acharacteristic varia
tion of the intensity of the higher orders of the diffraction spectrum when
the angle between the incident beam of light and the plane of the sotjnd
waves was gradually altered.

We shall first set otit asimple geometrical arpment by which the changes
in the diffraction phenomenon which occur with increa^ng obliqui^ can
be inferred from theresults already given for the case of the normal mcid^w.
An analytical treatment then follows which confirms the results obtaifled
geometrically.

2. Elementary Geometrical Treatment.
The foUowing diagrams illustrate the manner in which the amplitude of

the corrugation in the ^merging wave-front alters as the inddeBce of light
Ob the planes of the sound waves is gradually changed. In the diagrams,

^ C. V. Raman and N. S. .Nagendra Nath, Proc, Ind. Acad. Sci., 1935,2,406—412.
2P. Debye and F. W. Sears, Proc. Nat. Acad. Set. (Washington), 1932,18. 409.
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the planes of maximum and minimum density caused by the sound waves
at any instant of time are indicated by thick and thin lines {e.g., AB and CD)
respectively. The paths of the light rays are represented by dotted lines in
Figs. 1 (6), (c) and (<f). As we are niainlj'- interested in the calculation of the
phase-changes which the incident wave undergoes before it emerges from
the cell, the bending of the light rays within the medium may, in virtue of
Fermat's well-known principle, be ignored without a sensible error, provided
the total depth of the cell is not excessive.

CO

fig. 1.

Considering the variation in the refractive index to be simply periodic,
the neighbouring light-paths with maximum and minimum optical lengths
AB and CD respectively, inthecase of normal incidence, are shown in Fig. 1(a).
The lines AB and CD are separated by A»/2 where A* is the wave-length of
the sound waves. The difference between the maximum and the minimum
optical lengths gives a measure of the corrugation of the wave-front on
emergence. Considering now a case inwhich the light rays make an angle <f>
with the planes of the sound waves, we may denote the maximum and
the minimum optical lengths by A'B' and CD' respectively. These would
be symmetrically situated with respect to AB and CD, and would tend to
coincide with them as is decreased. The optical length of A'B' is less than
that of AB, for the refractive index at any point except at Ois less than
the constant maximum refractive index along AB, <f, being small. On the
other hand, the optical length of CD' is greater than that of CD. for the
refractive index is minimum along CD. A simple consideration of the
above shows that the difference between the optical lengths of A'B' and
CD' Is less than that between those of AB and CD. As this difference
gives twice the amplitude of the corrugation of the emerging wave-front,
it follows, in the case shown in Fig. 1 (6), that the amplitude of the
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cortugation of the emerging wave-front is less than that in the case
of Fig. 1 (a).

Fig. 1 (c) illustrates a case when the maximum optical len^h is just
equal to the minimum optical length. This occurs when the direction of
the incident beam is inclined to the planes of the sound-wave-fronts at an
angle given by tan"^ 5^ =tan"^ —tan"^ (^*/L)- the optical
lengths of A'B' and CD' in Fig. 1(c) are equal follows by a very simple
geometrical consideration. Thus, when light rays are incident on the sound
waves at an angle tan'̂ (A*/L). the ampHtude of the comigation of ^e
emerging wave-front vanishes, i.e., a plane incident beam of light remains
so when it emerges from the medium. This result would also be true when
ever a„ = tan"^ («A*/L), n^ 0. The case when n= 2is iUustrated in Fig.
1 (rf). In all these cases the diffraction effects disappear. As the corrugation
vanishes when ^ is or a„. there is an intermediate direction which makes
an angle with the sound waves giving the maximum corrugation if light
travels along that direction. We can take ^o{=0) to represent the case
when the incident beam of light is parallel to the sound waves.

Thus, we have deduced that the corrugation of the emerging, wave-
front is maximum when the direction of light is parallel to thesound waves
DSo( = 0)], decreases steadily to zero as the inclination <f> between the incident
light and the sound waves is increased to ai, increases toa smaller maximum
as <f> increases from ai to )8j, decreases to zero as ^ increases from to oj,
increases to a still smaller maximum as if> increases from oj to and so
on. W

As the variation of the refractive index is simply periodic along the
direction normal to the sound-wave-fronts, it foUows that the optical length
of the light path is also simply periodic along the same direction when
the incident light rays are parallel to the sound waves. Ihis means that
the corrugation of the emerging wave-front is also simply periodic. When
the incident light rays ar^ incident at an angle ^ to the sound waves, the
optical length of the light path would be simply periodic in a direction
perpendicular to the light rays. This means that the emerging wave-front
would be tilted by the angle ^ about the line of the propagation of the
sound waves and that its corrugation would be simply periodic along the
same line.

We have shown in our previous paper that asimply periodic Comtgated
wave is equivalent to a number of waves travelling in directions which
make angles, denoted by 6, with the direction of the incident beam given
by



554

'4-16 C. V. Raman and N. S. Nagendra Nath

tiAsin 0 = ± fi (an integer) >0 , . (1)

where A is the wave-length of the incident light. In view of the results
obtained in the previous paragraph, the formtda (1) would also hold good
when the incident light is a small angle with the sound waves.

The relative intensities of the various diffraction spectra which depend
on the amplitude of the corrugation should obey a law similar to the one
in the case of the normal incidence.

Thus, we find that the resiilts in the case of an oblique incidence would
be similar to those ot the normal incidence with theamplitude of thecorruga
tion modified. Hence, we deduce, in virtue of the statement I, the following
results, assuming the results, in the case of normal incidence, obtained in
our earlier paper.

The diffraction spectrum will be most prominent when ^ = 0. The
intensity of the various components wander when <f> is increased. When 4>
increases from zero to a^, the number of the observable orders in practice
decreases and when ,^ = a, all the components disappear except the central
one which will attain maximum intensity. This does not mean that the
intensities of all the orders except the central one decrease to zero mono-
tonically as ^ varies from zero to a,, but some of them may attain maxima
and minima m their intensities before they attain the zero intensity when
^ = ai. Tliis is obvious in virtue of the property that the intensity of the
nth component depends on the square of the Bessel function J„. As <f>
increases from to the intensity of the central component"falls and
the other orders are reborn one by one. As ^ increases from to 04. the
number of observable orders decreases and when <f> = all the orders vanish
except the central one which will attain the maximum intensity and so on.

3. Analytical Treatment.

In the following, we employ the same notation as in our earlier paper.
The optical length of a path in the medium parallel to the direction of the
incident light making an angle ^ with the sound waves may be easily calcu
lated. It is

L sec (f>

lJL{s)ds

or

f
L sec (f}

/Xol/ sec ^—ItJsin h{x—s sin 4)ds.
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Integrating we obtain the integral as

Mol, sec <j>—r-^—r (sin tan (f>) sin 6*+[cos {bh tan ^)-1] cos hx).
0 Bin <p

The last term can be written as

—A sin bx + B cos bx

where

Thus the optical length of the path can be written as

Hoh sec <f> —V(A* +B2) sin b^x— tan"^
Ignoring the constant phase factor, the optical length is,

, 2ix . /bL tan J>\ . ,
~ ( 2 )

If the incident light is

exp 2itiv^t —
•when it arrives at the face of the cell, it will be

L sec ^
exp ~® ^~ J

when it arrives at the face from which it emerges.

The amplitude of the comigated wave at a point on the screen whose
join with the origin has its ;*;-direction-cosine I, depends on the evaluation
of the diffraction integral

/exp [?2{((-sm^)A: +
The evaluation of the integral and the discussion of itsbehaviour with respect
to I may be effected in the same way as in our earlier paper. Maxima
of the intensity due to the corrugated wave occur in directions making
angles, denoted by 6, with the direction of the incident beam when

sin(^?+^) - sin^ = ± n (aninteger) > 0 .. (1)

The relative intensity of the wth order to the «th order is given by

j^»(v) •• •• •• " ••
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where

_ 277 2/4 . / bh tan <f> \
'-"X • Tii^

=-^ sec^ -5!^ where; =ik^± =
The expression for the relative intensities in our earlier paper, can be

obtained from (2) by making ^ 0 when v = Vg. So the
expression for the relative intensities

.. .. .. .. (3)
in the case of normal incidence will change to

where

= vosec^ .. (4)
and

, _ ttL tan <f>
J* •

Even if +be small so that sin ^ « tan ^ it is not justifiable to write
sin <!Si unlas is also small to admit the approximation. As
«LM' IS sufficiently large we should expect great changes in the diffraction
phenomenon even if ^ be a fraction of a degree. » vanishes when

t = nn n (an integer) > 0,
that is, when L tan ^ = nX*.
or

^ = tan-i . n (an integer) > 0,
confirming the same result obtained geometrically. Whenever vvanishes,
It can be seen that; the ampUtude of the corrugation of the wave-front also
vanis e statement I in Section 2 and the consequences with regard
to the tahaviour of the intensity' among the various orders can all be
confirmed by the expression (3).

In the numerical CMe when I, =1cm., and A» =0-01 cm., the amplitude
of the corrugation vanishes tan = 0-01 or a. = 0° 34'. This means that
as ^ varies from 0» to 0° 34', the relative intensities of-the various orders
wander according to (2) tUI when ^ =0° 34'. all the orders disappear except
the central one which attains maximum intensitv. This does not mean
that the intensities of aU the orders except the central one decrease mono-
tomcally to zero but they may fossas several maxima and minima before
t ey ecome zero. The intensity of the nth order depends on the behaviour
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of I'o sec ^ sin (^L tan ^/A*)
^ fwT +Qti X\\*\ under the above numerical conditions

(irL tan ^\\*) .
as 4> varies from 0° to 0° 34'. As <f> just exceeds 0° 34', all the orders are
reborn one by one till a definite value of <f» after which they again fallone
by one and when <f> = 1° 8', all the oMeris disappear except thecentral one.

The numerical example in the above paragraph shows the delicacy ofthe
diffraction phenomenon. If the wave-length is quite small, the diffraction
phenomenon will be present in the case of the strictly normal incidence
as the relative intensity exijression (3) does not depend on X* but will soon
considerably change even for slight variations of^ as the relative intensity
expression (4) depends on A*. One should be very careful in cajrying out
the intensity measurements in the case of normal incidence, for even an error
of a few minutes of arc in the incidence will affect the intensities of the
various orders.

4. Comparison with the experimental results ofDebye andSears.
Debj'e and Sears make the following statement in their paper: "Fixing

the attention on one of the spectra preferably of higher order, one can observe
that it attains its maximum intensity if the trough is turned through a
small angle such that the primary rays are no longer parallel to the planes
of the supersonic waves. Different settings are required to obtain highest
intensities in different orders. If the trough is turned continuously in one
direction, .starting from a position which gave the highest intensity to one
of the orders, the intensity decreases steadily, goes through zero, increases
to a value much smaller than the first maximum, decreases to zero a second
time and goes up and down again through a stiU smaller maximum." This
statement verj' aptly describes the behaviour of the function

T , r .sin (ttL tan ^/A*)"J„ Vo sec <i> ^ _
as alters under the conditions imposed in the above statement. The
zeroes and the maxima of the intensity of the nth order, as a function of <f>,
correspond to the zeroes and the maxima of the above function.

5. Summary.
The theory of the diffraction of light by sound waves of high frequency

developed-in our earlier paper is extended to the case when the light beam
is incident at an angle to the sound wave-fronts, both from a geometrical
point of view and an analytical one. It is found that the maxima of
intensity of the diffracted light occur in directionswhich make definite angles,
denoted "by 6, with the direction of the incident light given by

sin (5+^) — sin ^ = ± « (an integer) > 0
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where Aand X* are the wave-lengths of the incident light and the sound
waves in themeditim. The relative intensity of themth order to the nth order
is given by

sec^ j In* (vo sectf>
n 27ruL . trL tan ^ .where Vq = ——, t — , </> is the inclination of the incident

beam of light to the sound waves, /x is the maximum variation of the
refractive index in the medium when the sound waves are present and
L stc (f> is the distance of the light path in the medium. These results
explain the variations of the intensity among the various orders noticed
by Debye and Sears for variations of ^ in a very gratifying manner.
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