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1. INTRODUCTION

THE thermal scattering of light in crystals was established as an observable
phenomenon by Sir C. V. Raman in 1922. In the same year appeared a
theoretical paper by L. Brillouin (1922) in which the diffusion of light in
a material medium was regarded as a ““ coherent reflection ” of light waves
by the sound waves of thermal origin traversing it, and it was shown that
the reflection should be accompanied by shifts of frequency in the nature
of a Doppler effect, which vary with the direction of observation of the
scattered light and with the frequency of the incident light. Such shifts of
frequency are identical with the frequency of the sound waves which are
effective in scattering along the particular direction of observation. Hence
they may also be regarded as a species of Raman effect. Their magnitude
is, however, very much smaller than those associated with the infra-red
vibrations of the crystal and hence much more difficult of observation than
the latter. Indeed, the experimental proof of their existence followed and
not preceded the discovery of the Raman effect in 1928.

Ever since, several investigators, notably Mandelstam, Landsberg and
Leontowitsch (1930), Tamm (1930), Mueller (1938), Gross (1938, 1940),
Bhatia and Krishnan (1948) and Kastler (1949) have considered the theory
of thermal scattering of light in crystals. Along any specific direction, there
are three types of elastic waves travelling with different velocities and the
Doppler shifts depend on these velocities. Further, since the waves effect-
tive in scattering along a particular direction are either approaching or
receding, the picture that is generally accepted at present appears to be that
there are only three doublets or pairs of Doppler-shifted components in the
light scattered in a crystal whether birefringent or not. Such a conclusion
is true for singly refracting crystals (or media) but, in general, not true for
doubly refracting or birefringent crystals, because the Doppler shifts depend
on the velocities of the incident and the scattered light waves inside the crystal
and in each direction, there are two possible velocities for the light waves.
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The effect of birefringence specifically on the Doppler components does
not seem to have been considered till now. In this paper, the theory of
thermal scattering applicable to birefringent crystals is worked out in detail
and the new and extremely interesting results obtained are presented. The
results of the previous investigators are thereby derived as a special case
when the birefringence is absent. The present theory is for convenience
divided into two sections. Thz expzcted number, frequency shifts, and
polarisation characteristics of the spectral components of the scattered light,
in a general case, are dealt with in the present paper while the theoretical
evaluation of the intensities of the various components will be considered
in a later communication. To derive the results, one can proceed either
on the basis of quantum ideas or of classical wave theory.

2. DERIVATION UsSING QUANTUM THEORY

The treatment of scattering on the basis of quantum theory has been
worked out by Tamm (1930) (applicable only to singly refracting m:dia).
Using similar ideas, we consider a collision process between the quantum
of light energy or photon and the quantum of the elastic energy or phonon.
Let the direction of the incident light wave be I'CI and that of the
scattered wave be C S, the angle of scattering being 6 (Fig. 1).

Fic. 1. Quantum picture of scattering

The momentum of a photon is given by dividing Planck’s constant
h by the wavelength of the light and is in the direction of the wave normal
inside a birefringent crystal. For any particular direction of propagation
of light, there are two possible wavelengths corresponding to the two pola-
rised components, the wavelength of the incident (or scattered) wave being
given by A/n; (or A/n,) where n; (or n) is one of the two possible values of
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the refractive index of the crystal for the incident (or scattered direction)
and A the wavelength of light in vacuum. Therefore, the momenta of the
incident and of the scattered photons are given by Zn/A and hn/A. Simi-
larly the momentum of the phonon is 4/A, where A, is the wavelength of the
elastic wave. If now these momenta are represented vectorially by

> > ->
CI, CS and IS the conservation of momentum in the collision process
can be expressed as

CSs=CI+IS. (1)

This vectorial equation is really equivalent to three conditions. Firstly,
all the three vectors lie in a plane, i.e., the wave normals of the incident and
scattered light and that of the elastic waves should lie in a plane. This is
analogous to the law of reflection (or refraction), viz., that the incident and
reflected (or refracted) wave normals lie in the plane of reflection (or refrac-
tion). The other two conditions are that the momenta resolved (a) paralle]
and (b) perpendicular to IS must be conserved. Let CN be drawn per-

pendicular to IS and make angles 6; and 6, with CI and CS respectively.
Then we have

h _hnsinb; _ hn sin b,

xR : )

hn; ;‘os 0; _hn, ;os 93. ®
Therefore,

n; sin 6;+ n, sin 6, = A/A; €))

n; cos 6,— n,cos 6,=0 ),
Squaring and adding (4) and (5), we have

n2+ n2— 2n;n cos (6,4 6,) = A%/A2 (6)

and from Fig. 1, 6,4 6,= 6 (7
Therefore,

MA, = +/n2+ n2—2n,n, cos 0 (8)

The conservation of energy in the collision process gives
hv,=hv; £ hv, ‘ 9)

where v, v; and », are the frequencies of the scattered and incident photons
and of the phonon respectively. The frequency shifts Av are, therefore,
~given by

Mr=v—y==y (10)
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But v,=1,/A,and v=¢/A (11)

where v, is the velocity of the elastic wave, c is the velocity of light in vacuum,
and v=v; = v, since v, in equation (10) is very small compared to »;
From (8), (9) and (10) we have

A vfv= % (v/o) V/nZ +n%—2n;n, cosb. (12)
(5), (7, (8) and (12) afe the fundamental equations required to analyse the
characteristics of the scattered radiation. However, thermal scattering is
of macroscopic origin and consequently, it would be more appropriate to
derive the results on the basis of the classical wave theory. We proceed

to do so following a reasoning similar to that employed by Brillouin (1922)
for singly refracting media.

3. CLASSICAL WAVE THEORETICAL DERIVATION

Let the monochromatic radiation be incident along any specified direc-
tion I CI (Fig. 2) and consider how an elastic wave in the crystal disturbs
the incident light wave. The elastic wave causes periodic stratifications in
the crystal in which the density and anisotropy and consequently, the refrac-
tive index are also varying periodically with the frequency of the elastic wave.

F1G. 2. Wave picture of scattering

To find the effect of these changes in refractive index on the incident light
wave, let us consider a plane containing I C and C S where C S is the direc-
tion of the scattered wave and let N’ N be the intersection of a stratification
with the plane of scattering T. Then the volume elements lying on this
stratification will contribute to scattering in the direction CS only if there
is coherence of phas¢ of scattering by all of them. For this to happen,
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~ the conditions are (@) that the stratification should be normal to the plane
of scattering and (b) that it should make angles ¢; and 6, with CI and
CS such that

n; cos 6;=n, cos 0, (13)
6 + 6,=48 (14)

This condition is similar to the well-known law of reflection in an aniso-
tropic medium or of refraction which in the more familiar form is

n; sin ¢, =n,sin ¢,, (15)

where ¢; and ¢, are the angles made by the incident and scattered wave
normals with the normal to the elastic wave.

We have, however, to take into account also the light scattered by
stratifications such as N;"N;, N, N,...... Each plane will contribute
very little and the nett effect will be appreciable only when the individual
contributions are all in phase. Let I; C; be the portion of the light wave
incident on the volume element C, lying on the next stratification N;’ N,
at a distance A, from N’ N. Then the required condition for coherence of
phase is that the difference of paths I, C, S; and I’ C Sis an integral multiple
of the wavelength A of the incident light wave. Draw the normals C a
and Cb on I, C,and C, S, respectively.

aCib=aCy+ C b= (n;sin 6,4 n,sin ) A,=p A, (16)
where p is an integer.

But, there is a continuous sequence of stratifications like M’ M between
N, N, and N’ N with the change in refractive index varying sinusoidally.
The elastic wave, therefore, behaves like a sinusoidal three-dimensional
grating and there can only be one maximum produced, namely, the first.
That is p=1 and

n;sin 6;+ n, sin 6, = A/A,. (17)

The equations (13), (14) and (17) are the same as (5), (7) and (4) respectively
and thus it is seen that the conditions for coherence of phase in the wave
picture are identical with those necessary for the conservation of momentum
in the quantum picture. From (13), (14) and (17) we get as before equa-
tion (8). These equations give the wavelength and the direction of propaga-
tion of the elastic wave effective in light scattering. Since the frequency
of local fluctuations of refractive index of the elements on various stratifica-
tions is the same as that of the elastic wave, being v,/c, the frequency of the
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scattered radiation would be altered to v & v, The frequency shifts of
the scattered wave are given by

Avfv=+v/N=+ /c) V/nE+ n:—2n,n, cos 8 (18)
from (8) and (11). Equation (18) is the same as (12).

The wave picture thus yields results identical with those obtained from
the quantum picture and this is to be expected since the frequency shifts
involved are very small. We proceed to analyse the results obtained.

4. NUMBER OF DoPPLER COMPONENTS

For given directions of incidence and of scattering and consequently,
the scattering angle 6, n; and n, can each take two values in general. This
is generally true, for instance, in a birefringent medium or an optically active
isotropic medium or in a medium possessing both birefringence and optical
activity and also in crystal placed in a maguetic field, for in every one of
these cases two polarised (in general, elliptically) waves are propagated in any
direction. There would therefore, be four pairs of values for (n,, n)) and hence
from equations (5), (7) and (8), four sets of values for 6, 6, and A,. Thus
the wavelengths as well as the direction of the elastic wave effective in scat-
tering is fixed for any particular pair of values n; and n,. But along this
direction, there are three types of elastic waves with the same wavelength
A, but with different velocities v, and frequencies »,. From equation (12),
it is thus seen that there must in general be 2X2X 3 =12 values for the fre-
quency shifts |Av|. Therefore, the light scattered by a birefringsnt crystal
like calcite, must consist of 12 pairs of Doppler components. The possi-
bility of such a large number of components has not been previously envi-
saged. The general characteristics of the components are given below and
then it is shown how the number of components reduce in special cases.

5." RECIPROCAL RELATIONS

Equations (5), (7), (8) and (12) are symmetrical with respect to the
suffixes 7 and s. Consequently, if the directions of incidence and of scatter-
ing are interchanged, the frequency shifts of the various components would
remain unaltered. Now such an interchange can take place in two ways.
Referring to Fig. 1, (a) the direction of incidence can be S’ C and that
of scattering CI or (b) these directions can be in the opposite senses S C
and CI'. The first definition (a) is to be preferred since the sense of propaga-
tion is kept the same as in the original experiment and the velocities of the
light waves (i and s) and hence n; and n, are only interchanged. On the
other hand, in certain cases, e.g., when the crystal is kept in a powerful
magnetic field, the velocity may be different when the direction of propaga.
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tion is reversed and in such a case, the second difinition (b) may lead to-
difficulties. The two experiments for which the interchange takes place
according to definition (4) may be called reciprocal experiments and the
result mentioned above may be stated in the form * Reciprocal experiments
yield the same results”.

6. POLARISATION CHARACTERISTICS

For given directions of incidence and of scattering, the two (orthogo-
nally) polarised incident light waves may be designated A and B and the
two (orthogonally) polarised scattered waves P and Q. Since either inci-
dent wave A or B can in general, give rise to either scattered wave P or Q,
the scattered radiation consists of four “ species ” P,, Q,, Py and Q, each
with a distinctive polarisation character. For each species, the pair of values
(n;,n,) is fixed and hence also the direction of propagation and the wave-
length of the elastic wave effective in giving rise to it, and in general, both
these quantatives vary for the different species. Each speties consists of three
pairs of Doppler components due to the three elastic waves, Now the
different species can be separately studied by the use of proper polarising
devices. For example, by the use of polarising devices in the scattered path
(P, + Py) and (Q, + Qy) can be separated or by the use of polarising device
in the incident path (P, + Q,) and (Pg + Qg) can be separated. However,
to study all the four species individually, it is necessary to use at least one
polarising device in the incident and another in the scattered path. In the case
of a birefringent crystal without optical activity, the proper polarising device
would be a double-image prism which can separate the two plane polarised
components (of the incident or scattered wave). This technique would be
similar to that employed by Krishnan (1935) to study the Krishnan effect.

It is interesting to remark that the possibility of four species of Doppler
components in birefringent crystals is analogous to the four reflections that
can occur in a total reflection prism cut arbitrarily out of such crystals.

7. DIRECTION OF THE ELASTIC WAVE FRONT

For each species the direction of the normal of the elastic wave effec-
tive in scattering and hence the wave front N’ CN (Fig. 1) is uniquely
determined. Now there. are two distinct possibilities for the position
N’ C N with respect to I’ Cand CS. If cos 8 < n;/n, and n,/n;, N lies outside
the internal angle of scattering I ¢ S = 6, while if cos 8> ny/n, or n /n;,, N'CN
lies outside the angle 6. These two cases are represented in Figs. 3a and
3 b respectively. In the first case the scattering may be regarded as
‘“ coherent reflection ” of light waves from the appropriate elastic waves,
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In the second case, however, the scattering of light must be regarded as
* coherent refraction ” of light waves by the effective elastic waves. Examples

I 1

@) Goherant rellactivn (%) Coherent refraction
Fic. 3

of this case will be given later on. The limiting case occurs when
cos 8=mny/n_ or nyn; and in this case the elastic wave front is parallel to
the incident or scattered direction and the condition is analogous to the
critical angle of reflection between two different media.

When 6 = 90, cos 6 = 0; and irrespective of the values of »; and n,,
cos 8 < my/n, and nn; Therefore the term “coherent reflection” is
always applicable. When 6 < 90, the condition for coherent reflection may be
true for only certain species but not for others. Consequently, in the
scattered radiation some species may arise from  coherent refraction > and
other species from *‘coherent reflection” from the respective elastic waves.

It can be shown easily that all species arise from coherent refractions
when 6 < 6,,, where 8, is, in general, finite and is determined by the direc-
tion of incidence. This is true for instance when 6-— 0.

8. MEeTHOD OF EVALUATION OF THE VARIOUS CHARACTERISTICS

In any specific case, it is a simple matter to calculate the frequency shifts
and polarisation characteristics of the different species. Let the direction
of incidence C1I and that of scattering C S intersect the two sheeted index
surface drawn with centre C, at I, I, and S;, S, respectively. Then C1I,
and CI, (CS; and CS,) give two values of n; (n,). The vectors I, S,,
I,S,, I; S, and I, S, represent the directions of the normals of the four possible
elastic waves giving rise to the four species and their lengths represent the
magnitude of the square root in equation (12), for from triangle I C S (Fig. 1)

IS=+/n2+n%—2n;n, cos 0, (19)
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Therefore from (12)
Av=n,(v/c) (IS)

= (/Y (I8). (20)
Thus the values of I, S,....when multiplied by the 3 appropriate values
of v,/X give the frequency shifts of all the 12 pairs of Doppler components.
The vibration directions of the two incident waves A and B (and of the
scattered waves P and Q) are given in the case of optically inactive crystals
by the principal axes of the elliptic central sections of the indicatrix parallel
to the incident (and scattered) wave front. Consequently, the polarisation
characteristics of all species are also specified. Further, the four perpendi-
culars from C on I; §,, etc., will be parallel to the effective elastic wave fronts

and depending on whether they fall inside or outside the angle 8, will show
that the scattering is a coherent reflection or refraction.

9. SPECIAL CASES

In order to illustrate the procedure, we consider first the simple case
of scattering in the symmetry plane (optical) of a uniaxial crystal. Let
the two circles of Fig. 4 represent the section of the index surface by this
plane. Fig. 4 is drawn to scale for calcite for wavelength A 2537

Sz

b

Fia, 4
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(n,=1-765, n,=1-532). Then both for the directions of incidence
and of scattering, the refractive indices are n, and n,. The corresponding
vibration directions of the light waves are perpendicular ¢, 2 and parallel
m, II to the plane of scattering.

In Fig. 4 the directions of propagation of the different species are
I,S,(for 2,) I,S,(I1,) 1,S,(Z,) and I,S;({1.). For the first and the
last species, the direction of elastic wave normals coincide and the wave
front CN bisects always the scattering angle I CS. The scattering for these
species 2, and [T, ishence a “ specular reflection ”” from the elastic wave
(I S). As 6 changes from 180° to 0°, C N changes from a position normal
to CI’' to a position parallel to it. Thus the shifts are vanishingly small
for small angles of #. The situation is entirely different for the species
2, and IT, when < 6,, where cos 6, = n,/n,,, for example for calcite (A = 2537)
this angle is about 30°. Then these two species are coherent refractions
and for very small values of 8, the wave front is normal to CI’. Further
the shifts tend to a finite value as 6 tends to zero.

!

Journal of the Indian Institute of Science | VOL 88:3 | July-Sept 2008 | journal.library.iisc.ernet.in 729



V. Chandrasekharan

10. PLANE OF SCATTERING PARALLEL TO THE OPTIC AXIS OF
A UNiaAxiaL CRYSTAL

In this case the section of the index surface by the plane of scattering is
an ellipse and a circle and Fig. 5 represents such a section for a negative
crystal (drawn to scale for calcite A =2537). If the direction of the scat-
tered wave (or the incident wave) coincides with the optic axis CZ then the
two refractive indices for that direction become equal. Thus, in this case,
there would be only two possible values for +/n.2+ n,2— 2n, n, cos 6 and
also only two possible directions and wavelengths for the effective elastic

waves. Therefore, there would only be 6 pairs of distinct Doppler shifts
in this case.

In general however, there would be 12 pairs and the directions of the

elastic waves effective in the scattering of the four species would be all
different.

11. FORWARD SCATTERING
In the exactly forward direction # =0 and hence from (12)
Av[v= % (v/c)Vn2i+ n% —2nn,
= £ (v/c) (m;— ny. (21)
Here the two values of n; are the same as those for n,. Let.n,=n_=mn;

and n, =n_ =n, Then for two of the species, say P, and Qg, n,— n,=
(n,—n,) or (n;,— n,) both of which are zero. Hence,

Av=0.
For Py and Q,, the frequency shift is the same and given by
ﬁv/ yE= o (vef C), (nl_ nz)- (22)

Since in general m, % n,, the frequency shift is finite. We thus have the
strange result of a refraction without change of direction but with change of
Jrequency. The scattering in this case is due to “ coherent refraction ” by
the elastic waves of wavelength.

A, = M(m— ny). (23)

Thus, of the 12 possible pairs of Doppler components, 6 pairs belong-

ing to species P, and Qg have vanishingly small frequency shifts. Of the
other 6 pairs, there will only be 3 distinct pairs of Doppler components
since those produced by n; =n;, n, =n, and n;=n,, n,=n, will be super-
posed. In the case of a uniaxial crystal, the shifts would be a maximum
when light is incident perpendicular to the optic axis. Thus for calcite
using A 2537 incident along the Y-axis, the magnitude of the shifts are as
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Jarge as +0-22cm.™%, +0-13cm.™, +0-10cm.”* The wavelength of the
elastic waves effective in scattering in this case is, from (23), 10,880 A°.

The Doppler components with finite shifts are polarised orthogonally
to the incident wave, while the transmitted light is polarised in the same way
as the incident wave, and therefore by the use of a pair of polarising devices
such as crossed polaroids, the incident light can be considerably reduced in
intensity in the scattered path, while the scattered rays are allowed to pass
unchanged. Thus the observation of the phenomenon should be rendered easy.

An analogous phenomenon should exist in the field of ultrasonics.
Let the ultrasonic wave be excited inside a birefringent crystal (or even a
liquid made birefringent by an electric field) and let light be incident along
the direction of propagation of ultrasonic waves unlike in the case of the
experimental set-up for Debye—Sears or Schaefer-Bergmann pattern.
Then in the forward direction, a diffraction pattern should be capable of
observation if the condition (22) is satisfied, where now Av and v, are the
frequency and the velocity of the ultrasonic waves and (n,— #,) is the bire-
fringence of the crystal (or liquid) for the direction of the incident light.
If say A =¢/v=5000+10%cm., and 7,=5 X 10°cms./séc. then Av=
10¥(n,— n,) per sec. If (n,— ny) is of the order of 0-01 to 0-0001 (for example
n optically active crystals) then Av would be of the order of 100 to 1 Mc.
sec. Ultrasonic waves of these frequencies can easily be excited in the
crystal. Further the polarisation character of the diffracted pattern should
be complementary to that of the incident wave giving rise to it.

12. BACKWARD SCATTERING
In this case §=180° and we have from (12)
Av[y= % (v/c) (n;+ n,) (24)

and the effective elastic wave normals coincide with that of the incident
direction. As in the previous case (disregarding the sense of propagation,
which is irrelevant if there is no magnetic field) n, =n, =n, and n, =
n,=n, and for the various species ] ’

Ppi— Avfv= £ (v,/c) 2n,
Qe:— Av/v= £ (v,/c) 2n,
Py or Qu:— Av/v= = (v/c) (m+ ny) (25)

Thus in this case, there will be for the three possible values of v, 9 pairs of
Doppler components with different shifts.

_To give an idea of the differences of the Doppler. shifts for the four
species, the calculated values of .the frequency shifts are given below for
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backward scattering along the normal to the cleavage face of calcite for
A 2537 excitation. The values of |Av|’s in the cm.”! and of A, in A® are
given below.

Av A,
P, (Zo) .. .. .. 3-31, 1-43, 1-24 T19
Py (Zm) .. .. .. 3-19, 1-39, 1-19 746
Q.(ls) .. i .. 319, 1-38, 1-19 746
Qg (Im) .. . .. 3-06, 1-31, 1-15 776

The expected shifts (the differences for the different species being somewhat
exaggerated) are represented schematically in Fig. 6.

L L L S ——

T

i

Fi1g. 6. Doppler components in backward scattering along the normal to the
cleavage face of calcite
The actual differences are well within the limits of measurement and
some experiments have been made which support these ideas. The results
will be communicated in another paper.

13. DIRECTION OF PROPAGATION OF ENERGY

In the case of backward scattering considered above, the directions
of the incident and of the scattered light waves are inclined to the optic
axis. Consequently, the directions of the corresponding extraordinary
rays would be different. For example, if ¢ and Z refer to the ordinary inci-
dent and scattered waves and = and I refer to extraordinary incident and
scattered waves, then Fig. 7 shows how the different species of the scat-
tered light emerge out of a negative uniaxial crystal (calcite) in the case of
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M;

Fic. 7. Ray directions in scattering

backward scattering considered in the previous section. The incident extra-
ordinary ray = travels in a direction inclined at 8° (shown exaggerated in the
figure) to the ordinary ray. The elastic wave front M, M," is normal to
the incident wave normal for all the four species. But the two species aris-
ing from » and the two arising from o are scattered from different scatter-
ing centres, C, and C, and the four species emerge out of the crystal at
different points as shown. Thus the effect of the separation of the ray and
wave normal directions is a lateral shift of the scattered rays. In actual
experiments in which a wide pencil of rays with finite convergence is inci-
dent on the crystal, the effect of lateral shifts is unimportant.

14. SpeciaL CASE

Summarising the results of the previous cases we find that in general,
there are 12 possible pairs of distinct Doppler shifts in a birefringent crystal,
like calcite, but in special cases of crystal orientation the number of pairs
reduces to 9, 6, or 3. We consider two more very special cases, namely
(1) backward scattering along the optic binormals of a uniaxial or biaxial
crystal and (2) incident along one binormal and direction of scattering
along the other binormal (in either of the two opposite directions). In these
cases all othe four refractive indices (two for incidence and two for scatter-
ing) coincide and n;, =n; =n, =n_=n. This last relation is always valid
in the case of singly refracting cyrstals (or media) with a single refractive
index, n, for all directions. The expected number of components in these
cases is discussed below.
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15. SINGLE-REFRACTING CRYSTALS
In these crystals, therefore, (12) reduces to the familiar expression
Avjv= 4+ (v,/c) v/2n2— 2n® cos @

= 4 (v,/c) 2n sin /2. (26)

Then all the four species have the same shifts and there could only be

3 pairs of Doppler components. But, in principle, each individual compo-
nent can be regarded as having a degeneracy of four. This terminology
would be similar to that employed for Raman lines which may however

have only degeneracies of two or three in the case of first order lines in
crystals. '

The effective elastic wave front giving rise to the Doppler components
always bisects the internal angle between the directions of incidence and of
scattering and the scattering process may therefore be regarded as *“ specular
reflection * from the elastic waves. Further, as § -0, Av—0 and there-
fore, in the forward scattering the frequency shifts are vanishingly small.
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SUMMARY

For the first time, the theory of Doppler shifts in thermal scattering
of light in birefringent crystals is worked out and the magnitude of the
shift Av of the components is given by Av/v = 4 v,/c)A/nEF n,*— 2n, n, cos 0,
where Av is the frequency of the incident light, ¢ the velocity of light in
vacuum, v,, the velocity of the elastic wave effective in scattering and
n; and n, are either of the refractive indices of the crystal for the incident and
observation directions. Since n; and n, can each take two values, there
are four pairs of values (»;, n,) and further v, takes three values. Therefore,
there must in general be twelve pairs of Doppler components in the light
scattered along a particular direction. The twelve pairs can be divided into four
spzcies cach with a specific pair of values (n;, n) and consequently specific
polarisation character. They can be studied individually by the use of
proper polarising devices in the incident and scattered paths. Each species
consists of three pairs of components arising from the elastic waves of wave-
length A, =2/ 4/n2+ n%—2n, n, cos §, where A is the wavelength of the
incident light in vacuum and propagated along a specific direction. For
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any particular species, the scattering must be appropriately regarded as
“ coherent reflection * or “ coherent refraction > of light waves by the effec-
tive elastic waves according as cos 8 < n;/n, and n/n; or cos 8 > n,/n, or n/n,.
There can in general be 3 pairs of Doppler components with finite shifts
in the exactly forward scattering.

In singly refracting crystals (n;= n,=n) the expression for shift reduces
to the familiar expression Av/v= + (v,/c) 2nsin 6/2 and in this case there
could only be three pairs of Doppler components arising from * specular
reflection ” of light by elastic waves.
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