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1. INTRODUCTION

It is well known that the important conclusions derived from Mie’s theory
(1908) of light-scattering by large spherical particles are the finite depolarisa-
tion of the transversely scattered radiation when the incident light is un-
polarised, the dissymmetry of the angular distribution of scattering and the
ellipticity of the transversely scattered radiation when the exciting radiation
is plane polarised in an arbitrary azimuth. Of these the last, namely the
ellipticity, has been shown on theoretical grounds to be a sure test of the
multipolar character of the scattering of light by any isotropic symmetric
medium (Perrin, 1939, 1942). Nevertheless, experimental studies on the
elliptic polarisation of light scattered by colloidal media are few. Using
the Babinet Compensator method suggested by Sir C. V. Raman (1941) the
light scattered by certain heterogeneous media was shown to be elliptically

‘polarised by Darbara Singh (1942), Hariharan (1942), R. S. Krishnan and.
Venkata Rao (1944), and A. George (1950). Conclusions of a qualitative
nature were drawn by them regarding the size of the scattering particles from
the range of angles of polarisation of the incident light over which they were
able to observe any ellipticity in the transversely scattered light. As will be
shown later in the paper, their experimental approach to the problem of
the elliptic polarisation of the scattered light was such as not to bring out
clearly the implications of Mie’s theory. The present investigation has
therefore been undertaken in order to examine in greater detail the theoretical
conclusions concerning the phase difference and the amplitudes of the vertical
and the horizontal components of the scattered radiation when the azimuth

- of polarisation of the incident radiation is varied. Suitable experimental

- methods have been used to analyse the scattered radiation in some emulsions
and sulphur sols containing particles which are known to be spherically
symmetric and of uniform size.

2. THEORETICAL CONSIDERATIONS

. According to Mie’s theory, if the incident beam of light is polarised with
~ vibrations vertical or horizontal, the light scattered in the transverse
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horizontal direction will be completely polarised. In the former case, the
electric vector of the scattered light will be perpendicular to the plane of
scattering, while in the latter it will be in the plane of scattering.. The
corresponding intensities are given by equations (1) and (2).

I,=K |2, — (Asm, — P,m,) | K @+ ib)| )
oo 2 2
J, =K |X A,n,, —P,m)| =K | (c+id) )

where K is a constant equal to A2/4=%?2, r being the distance of the observer
from the centre of the particle. =, is an easily calculable function of the
angle of scattering y, and =, is its derivative. A, and P, are complicated
functions of 2#R/A and m, where R is the radius of the spherical particle,
A the wavelength of light and m the relative refractive index of the particle.
Several numerical computations of A, and P, for particles of different sizes
and relative refractive index exist in the literature which render quantitative
comparison with theory possible. [Blumer (1925, 1926), Lowan (1948),
R. O. Gumprecht and C. M. Sliepcevich (1951, 1952), Bernice Goldberg
(1953), Kerker and Perlee (1953), Gucker and Cohn (1953) and Boll,
Gumprecht and Sliepcevich (1954)].

In formule (1) and (2) the quantities within brackets are complex quanti-
ties whose absolute values are to be taken for evaluating the intensities of
scattering. But the amplitudes of vibration corresponding to J. and J,
which may be put in the form a -+ ib [see equations (1) and (2)] have in general
a certain difference of phase with respect to the components of the incident
electric vectors which give rise to them, the phase of these vibrations being
with respect to the centre of the spherical particle.

Let us now suppose that the particle is illuminated by a beam of light
polarised at an angle o to the vertical. The incident electric vector of unit
intensity may be resolved into two components sin a, in the plane of observa-
tion and cos « perpendicular to it. These components of the incident vibra-
tion are in phase. In the transverse horizontal direction the intensities of
the perpendicular and parallel components of the scattered radiation are
given by

I, =K |(a+ib)|*cos?a | 3)

| J =K|(c+ id) |2sin®a 4

These two components combine to form an elliptically polarised radiation
and the phase difference 8 between the vertical and horizontal components
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is then given by
g tmtha o ot tdve (5)

index of the seattering partivies tRastler, 1952 Tos b be pointed out that
§ the phose difforence iy andepeden ol the coaele of pelarisation o and
depends only on the sz and velatine Practive pdes of e seattering partis
cle and the anple of seatierig oo Faus s o poovaried om0 o 907 one
observes i the ranseise Borizondad dreviion o contimgous varition of
the cllip ip ticity, namely the atio of the mrar o the nigo aniy o the elipse,
which inerenses Hest frome 8 o ditte salue depending on pg and then
deerises o 2ot apain, Vo plaee difforeace beiwoen e vertical and the
hopizonial  compoit RIS ek Ivwever comzant. 1 fallows from Mie's
theory that tiis phase difference o chnnwtenstiv ity ol the seattering
element Hike intensity of scattertng aod ‘ﬁ ;w% RIS

b may however be positive or pepative depeading on e aze wud refractive

I the obwervittion s not restricted o the tansverse horizontal direction
alone, as the phase difference fuvtuntes with the anple of scattering (Van
de Hulst, 1947, for certain aungles of observation depending on the size and
relative tefractive indes, the incident hoearly polarised light van give rise
to circularly polarised light, A complete study of the eliptic polarisation
of the seattered lght should theretore include o measurement of the phase
difference o, and @ determination af iy sign, o determination of the orientas
tion of the axes of the ellipse with respect to the horizontal and vertical,
the ellipticity or the ratio of the wxes amd ity vavition with the angle of
polarisation of the ineident Beam,

If the direction of inewdence be along OZ of o rectangular co-ordinate
system, and the observation alone OY, then the elliptic vibrition representing
the scattered radiation, when the plane of polarisation of the meident light
is inclined at an angle o to e vertiead (OX) has Tor s components

Doy BN  sIN
X g COB a i (ef 4 B) (6)

where py sina and py cos e are the complex amplitudes, o the phase differ-
ence and o the cireular frequeney,  Then ¢ the mchmation of the axis of
the ¢lipse to the horizontul is given by (Theory of Optics Schuster and
Nicholson, 1924).

C Wy sin e
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since py = (p)?/(p)2. From this it is seen that there exists a relation bet-
ween the orientation of the ellipse, the phase difference between the vertical
and the horizontal components, the depolarisation factor o, and the angle
of polarisation a. Thus as stated earlier, if the scattering medium consists
of large spherically symmetric particles of uniform size, § is the sames and
is a constant and the result of varying « would bz to produce elliptically
polarised radiation of different orientations and axial ratios. It follows
from equation (7) that for a valuz of a given by cot™ +/ ny, 0 the inclination
of the axis of the ellipse is 45° and the corresponding valus of p, 13 100%.

If one analyses the scattered light using @ Babinet Compsznsator set
with its axes vertical and horizontal, then as the plane of polarisation of
the incident beam is rotated, the fringes dus to the elliptically polarised
scattered radiation will not show a continuous shift with respect to the cross-
wire. On the other hand, if the compensator is set with its axes at 45° to
the vertical as was done by the earlier workers [Darbara Singh (1942), Hari-~
haran (1942), R. S. Krishnan and Venkata Rao (1944) and A. Gzorge (1950)]
the fringes as seen through the Compensator will shift continuously with
reference to-the crosswire in spite of the fact that 3 is a constant. The phase
difference (¢, — ¢,) with respect to the axes of the Compensator, which was
the quantity measured by the earlier workers is given by

y Sin 2 . :
tan (¢2 — ¢1) = g __\(/1’3 ispu) Zin%c sin 8. (8)

It is also possible to evaluate & from the above equation using the
measured values of py, « and the corresponding (ps — ¢,). But this is not
the direct method of measurement of 8, which is a characteristic paramsater
of the scattering particle. '

3. FEXPERIMENTAL DETAILS

To carry out visual observations a strong source of light was necessary.
Consequently in all the measurements o be describad below, sunlight reflscted
by means of a Foucault single mirror Heliostat was used as the source of
illumination. The light was condensed by msans of a Dallmsysr photo-
graphic lens of focal length 12" fixed to cover an aperture in the wall of a
darkened room. By using a small apsrture a nearly parallel bzam was
obtained and this was allowed to fall on the colloid contained in an optical
glass cell, suitable precautions being taken to avoid errors due to stray light,
etc. Since the orientation of the elliptic vibration had to b2 stermined
it was necessary to rotate the Babinet Compensator about the direction of
the scattered radiation and know accurately the orientation of the principal
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axes of the Compensator.  This was achivved by the use of o Fuess polaris-
ing microscope kept with its axis horizantal in conjunction with a4 Fuess
Babinet Compersator analyser combination,  The otisatatog of e principal
axes could be aecurately read off from the praduatod cihe of (e Mictoseope,
A green filter was placed B the path of the mcident b o obiin o narrow
buand of wavelengths of high intensity, Thi was essodial for aceurate
measurements sinee the fringes are well detined vy for monochromatie
or nearly monochromatic radiations. A well contiing olum solution
was used 1o cut off the heat radintions v the incideat lipht, A largs square
erdud nicol was used to polarise the incident beant and 1he o ple of polurisa.
tion could be read off on o graduated cirele,

A direct measurement of & was also made by using G Babinet Come
pensator with its axes vertical and horizontal, For any arbitcuy angle of
polarisation, if' there exists a measurable ditference of pluse between the
vertical and the horizontal components of the sentterd, Bt the crosswire
would no longer be at the centre of a dark or bright basd but would have
shifted to some other position depending on 5. The shift which gives the
phase difference will be constant when the angle of polurisation is varied:
only the visibility of the fringes will undergo o change,  The sign of the
phase difference as well as the other characteristios of the elliptically pola-
rised radiation may easily be determined with the help of o quarter wave
plate and a nicol.  As such observations on the sign of 4, ete., were made
using also a A/ plate and an analyser mounted on grduated vircles, by
methods which may be found in any standuard treatise on optics,

4. PREPARATION OF EMULSIONS AND SOLS

Two different emulsions were prepared for the study, namely (1) Berga-
mont oil in water, (2) Lemon oil in water, The uniformity of the droplets
and the stability of the emulsion depend on the mode of preparation. Cone
sequently to obtain stable emulsions the following method wis adopted.

About 400 c.c. of pure double-distilled wider was rendered  dust-free
by slow distillation for a third time afier carefully filiern it e wader through
a fritted gluss funnel which also contained a pad of Seitz bacterial filter.
To this water was added a solution of 1 e.c, of the oil in $ ¢.e. of uleohol and
then the whole thing was refluxed for about 36 hours in 4 prownd glass
apparatus. During this process the alecohol wus completely removed and
the initial thick emulsion was broken up into one contwining more finely
divided oil droplets. The emulsion was then filtered through o pyrex glass
porous filter in order to homogenise the emulsion. The emulsions were
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then examined under a high power microscope having an eyepiece with a
micrometer scale and the size of the droplets estimated.

The preparation of sulphur sols by a wide variety of methods is well
known. However, it was only recently that strictly monodisperse stable
sols of sulpliur containing spherical particles were prepared by La Mer and
Co-workers (1946 o7 seq) and their optical propertics studied in detail.
Since such sols are wdeal for measurements, the results of which are to be
compared with those of Mic's theory, three different sulphur sols were pre-
pared for the present work using the method of La Mer and Barnes (1946).
Initially two solutions, one of A, R, sodium thiosulphate and the other A. R.
sulphuric acid were prepared, the strength of each solution being 1-5 N.
To 995 c.c. of pure dust-free distilled water kept in a litre resistance glass
volumetrie {lusk, e, of the 1-5N acid solution was added. The flask
with its contents was then thermostated at 267 C. To this dilute acid solu-
tion fce. of the 143N thiosulphate solution was added rapidly and the
volume mirde up at once to a litre. The solution was mixed thoroughly and
returned to the thermostat, Portions of the solution were examined opti-
ally at different time intervals.  The sulphur particles were found to grow
at a uniform rate, at any instant the sol being strictly monodisperse. The
appearance of well-defined  Tyndall spectra as the particles continued to
grow was used as a criterion of monodispersivity.  The number of spectral
orders and their position vary with the particle radius.  All the phenomena
of this nature recorded by La Mer and Barnes were reproduced in the sols
prepared for the present stwdy and it was therefore concluded that these
sols were also strictly monodisperse and contained spherical particles. In order
to preserve the stability of the sols during the period of measurement the
sols obtained by removal of dhmmt portions from the litre flask at different
time intervals were titrated with very dilute iodine solution until about 70%
of the free thiosulphate was neutralised. :

Upto a radius of +2p the depolarisation factor for a sulphur sol is a
monotonie {unction of size. The radius of the particles in sol A which
contained the smallest partickes was found to be in this range and hence
the radius of the partivle was determined by measuring the depolarisation
factor py for incident unpolarised green light, using the well-known Cornu
method.  From the value of py the particle radius was found to be about
184 u.  For the other two sols B and C, which were obtained by allowing

the particles to grow further, this method of size determination could not
be used since py is no longer a monotonic function of the size but fluctuates
violently beyond the size limit of about -2u, Henece the radius was deter-
mined from obscrvations on a number of orders of Tyndall spectra. Sol B
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gave four Wéll-de.ﬁned red orders and the particle radius was estimated to
be between -31pu~-34u. Sol C gave five red orders and so the radius was
taken to be between -33u--39u (Barnes et al. 1947).

5. RESULTS AND DiIscussIiON

The experimental results of the measurements on the elliptic polarisa-
tion of the scattered light are given in Tables I and Il and Fig. 1. In the
tables for each sol the experimental values of ¢ defining the orientation of
the elliptic vibration for different angles of polarisation a are given in the
second column. In the next column are given the values of & calculated
from, equation 7 using the experimentally measured value of py. Finally
in each case the average value of the phase difference 8 determined by using
the Compensator with its axes vertical and horizontal has also been given.

In Fig. 1 the experimentally measured values of (4, — ¢;) in the case
of emulsions have been plotted against the angle (90 — ) (circles and squares)

” 3 -

o 45 90
(90-x)

Fig. 1. Variation of { ¢ - ¢;) with (90-0 ) where o is the angle of polarisation.

_and the smooth curves represent the theoretical relation between (¢ — ¢q)
.and (90 — o) according to equation 8. The agreement between the two is
found to be quite satisfactory. From the curves the angles o at which
($2 — ¢)=m/2 found to be 66-5° and 58° for lemon oil and Bergamont
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oil emulsions respectively, compare well with the values 67° and 57° obtained
for o when 6 =45°.

From Table T it can be seen that for emulsions, & is sensibly constant
irrespective of the angle of polarisation. The orientation # of the elliptic
vibration, however, changes as one rotates the polarising nicol from the
vertical towards the horizontal. Furthermore it is seen that for both emul-
sions there is a very good agreement between the calculated values of § and
the average measured value of 5. Although the refractive index relative to
water is small in both cases (~1-15) the large phase difference may be
attributed to the large size of the particles in both the cases. It can also
be seen that the angle a at which the orientation of the ellipse is 45°is such
that cot® o is nearly equal to p,, the actual values of cot?a being -42 and

18 for Bergamont oil and lemon oil emulsions respectively while the values
of p, are -4 and -19.

Coming next to the case of sulphur sols the behaviour is found to be
quite similar to that of the emulsions. In the case of sol A which contains
‘particles of the smallest size the constant phase difference is also the least
and is negative. It is found that for sulphur sol A the value of 2#R/A cor-
responding to the measured value of § (Kastler, loc. cit.) leads to a particle
radius R equal to -19u. This agrees well with the value of -18 u obtained
from a measurement of the depolarisation factor p,, for incident unpolarised
light, the mean wavelength of the incident radiation being taken as 5,400 A.U.
In the case of sols B and C which contained particles of large size, § is also
numerically larger but remains negative. No comparison could, however,
be made with the theoretical values of 8 calculated from Mie’s theory as
the values of A,, P, for such large particles were not available. In the case
of sulphur sols also it is seen that the value of a at which 6 =45° is such
that cot? a is equal to the value of p,, measured directly. Thus for sol A cot2a
=1-15 is identical with the measured value, while for sols B and C the
measured values of namely 1-34 and 2-04 are also practically the same as
the values of cot?a viz.,, 1-32 and 2-04.

It is clear from what has been said above that a complete study of the
scattering of light by any colloidal medium should therefore include measure-
ments of intensity, polarisation of the scattered light and also the phase rela-
tionstip between the vertical and the horizontal components for incident
linearly polarised light. In the present investigation we have restricted our-
selves to the case of large spherical particles. An experimental study of
the scattering of the light by large anisotropic particles with special reference
to the ellipticity is in progress,
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SUMMARY

By an analysis of the theoretical conclusions of Mie’s theory concerning
the elliptic polarisation of the scattered light when the incident light is plane
polarised in an arbitrary azimuth, the significance of the phase difference
between the vertical and the horizontal components has been pointed out.
It has been shown how the experimental investigations so far carried out
have failed to bring out clearly the implications of Mie’s theory. Using
suitable experimental methods to analyse the scattered radiation in some .
emulsions and monodisperse sulphur sols containing particles which were
spherically symmetric and of uniform size, the constancy of the phase differ-
ence has been established by three different methods of measurement. The
value of the phase difference calculated from the available Mie scattering
functions for one sulphur sol agreed well with the measured value and the
characteristics of the transversely scattered elliptically polarised light for
different azimuths of polarisation of the plane polarised incident light, were
in accordance with the predictions of Mie’s theory.
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