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The Molecular Scattering of Light in Vapours and in Liquids and
its Relation to the Opalescencc observed wn the Oritical State.

By K. R. RAMANATHAN, M.A., Demonstrator in Physics, H.H. the Maharajah’s
~ College, Trivandrum ; University of Madras Research Scholar, Calcutta.

(Communicated by Dr. Gilbert T. Walker, F.R.S. Received June 19, 1922.)

1. Introduction.

Tt has long been known that in the immediate vicinity of the critical state,
many substances exhibit a ‘strong and characteristic opalescence. In 1e,eexit
yoars, the phenomenon has been studied by Travers and Usher® in the case
of carefully purified CSs, SOs, and ether, by S. Young,t by F. B. Young] in the

foase of ether, and in a quantitative manner by Kammerlingh Onnes and
“‘Keesom§ in the case of ethylene. An explanation of the phenomenon on
tl'lelmodynamic principles as due to the accidental deviations of density
arising in the substance was put forward by Smoluchowski| He obtained
~an expression for the mean fluctuation of density in terms of the compressi-
bility of the substance, and later, Einstein applied Maxwell’s equations of
the electromagnetic field to obtain an expression for the intensity of the light

scattered in consequence of such deviations of density. He showed that the
fraction « of the incident energy scattered in the substance per unit
volume is
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In this, R and N are the gas constant and Avogadro’s number per gram-

molecule, 8 is the isothermal compressibility of the substance, p is the

refla,ctlvc index and A 1s _the wave- -length of the incident light. Keesom"‘*‘_ ,
tested this formula over a range of 2 o5° above the critical pomt of ethylene

~ and found good agreement except very close to the critical point.
Of an altogether different order of inteusities is the phenomenon of hvht—
scattering in gases and vapours under ordinary pzessmes observed experi-
mentally by Cabannesttand the present Lord IR ayleigh.f{ The effect studied
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by these investigators is, in comiparison with the phenomenon of critical
~opalescence, feeble, and requires powerful illumination and special arrange-
ments to enable it to be observed in the laboratory. ~ The measurements
made by them show that the magnitude of the effect® is in substantial
agreenent with the theovy of molecular scattering of light developed by the
late Lord Rayleigh, according to which the extinetion-coefficient « is given by
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where 7 is the number of molecules per unit volume. The scattering of light
in passage through dusi-free liquids has also been observed by the present.
Lord Rayleight and W. H. Martin,} and is was found by the former that the
intensity of scattering in the liquid studied (ether) was cons.derably smaller
than that given by the formula (2), though, owincr to the greater density of
the llqmd the absolute manmtude of the effecs is mmy Mmes hrg,er than in
the vaponr, : ‘ .

It is important to notice that these three phevomena, namely, critical
opalescence, scattering of light by gases and vapours, and scattering by liquids,
which are of such different orders of magnitude, and apparently so distinet,
stand in reality in the closest relationship to each obher. [@ as been pointed
oub by Prof. C. V. Raman§ that the observed scattering power of liquids
under ordinary conditions agrees with that caleulated from the Einstein-
Smoluchowski formula; and further, that this law which reduces to Rayleigh’s

~formula in'thefspecial ‘case of “a-gas-obeving Boyle’s law, is much more
venerally applicable than the latter and should he regarded as the funda-
mental relation determining the magnitude of light-scattering in all fluid
media. It thus beccmes a matter of g veat 1mpmt noe Lo make a thorough
test of the Einstein-S unoluehowa:kl formul over the widest possible range of
experimental conditions. A series of 1hvest1gamons with this object has been
undertaken at Clalcutta. v ,

The present paper describes the results of a study made of the scattering of
light ia ether, both in the liquid and :in the saturated vapour phases at
different temperatures from 30°up to the critical point 193-6% and also in the
gaseous phase above the critical tenqwbraturg up to 217° €. Ither was chosen
as the first substance to be investigated, beuau%e 1t possesses a ]mrh 1ef1 dCLlVlLy
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and hence a large scattering power, is easily obtained pure, and can withstand
the action of heat and moderately intense light without appreciable change.
Moreover, the classical work of Ramsay and Yeung* on the pressure-volume
~ yelations of the substance over a wide range of temperature provides the

_ necessary data for calculation.

2. Baperimental Arrangements.

‘ The ether used was Merck’s pure ether, redistilled four or five times
 : i vacuo. 1t was contained in a thick, uniform glass bulb of about 3 em.
 external diameter. The necessary quantity of ether was introduced into it :n
the following manner. A glass apparatus of the form shown in the figuve
was made. The bulbs and connecting tubie were well heated over a Bunsen
flame and the air exhausted by means of a pump. N early four times the
required quantity of ether was introduced into the bulbs, and in order Lo
remove the dissolved air, the apparatus was exhansted until more than Lall
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the ether had evaporated and it was Shen sealed off from the pump at €.
All the ether was transferved to the hulb A, and a portion was distfiled over
into B by placing A in a vessel of warm waser at 45-55° C. and B in a vessel
of water at the 1‘00fn'—temperature (about 30° C). When B was nearly half
illed, its inside was washed out with the distilled ether, which was then
transferred back to A. without allowing the undistilled ether to come into B.
This process was repeated four or five imes in order to get the ether perfectly
dust-free, and ﬁna.lly, when the required quantity had collected in B, the bulb
was sealed off at . e

oY Lo % ‘Phil Trans.,,’ A, vol. 178, p. h7 (1887).
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The outside of the bulb was painted dead black, leaving three windows, two
at the sides to let in and Ilet out light, and one at the base for the observa-
‘tion of the scattered light. It was then mounted in the centre of a thick
iron cross-tube, blackened inside, similar to the one employed by Lord Rayleigh
(loc. cit.). The cross-tube was nearly 1'5 inches external diameter, and each
arm of the cross was 7 inches long. Its ends were closed with glass windows,
and it could be heated to any temperature up to 250° ¢\, by passing an electric
current through a coil of Kureka wire wound uniformly over it. The
temperature could be maintained steady within ‘less than half a degree for
hours. The distribution of temperature was very uniform in the middle of
the tube. The tube was mounted horizontally and sunlight was concentrated
at the centre of the bulb by means of a lens. Different apertures could be
introduced in front of the lens to regulate the quantity of light. Suitable
diaphragms were also introduced inside the cross-tube to prevent diffuse light
from reaching the eye With this arrangement the track of the hwht in the
ether vapour was easily visible through the window at the base of the bulb
at room temperature when an aperture of 1 inch diameter was in front of
the lens, -

The intensity of the scattered light was measured by comparing it with the
intensity of a similar track in distilled ether kept outside in a rectangular
glass bottle. A lens of the same focal lensth as the one mentioned before
was used to produce the track, and suitable apertures were introduced here
also to regulate the brightness. The image of the second track was brought
into the same field of view by means of two totally reflecting prisms. The
prisms exercised very little absorption and the colour-mateh of the two Lracks
was practically perfect. The photometry was done with an Abney rotating
sectored disc. In order to minimise the heating effect of sunlight, ths

- apertures were made of the smallest size consistent with the visibility of the .

track, and the hght was cht on for as short a time as possible. Temperatures

werg maintained steady for nearly half an hour before readings were taken.
A correction has to be made for the loss of light on reflection at the glass
windows and at the walls of the bulb. It will be noticed that there are six
glass-air surfaces and two glass-vapour or glass-liquid ::urfacps to be taken into
sccount in the case of the lulb, and six glass-air surfaces and two glass-liquid
- gurfaces in the case of the other bottle used as standard. - There would thus
be an approximate compensation. To test if it is so, and to allow for any
absorption which the right-angled prisms might exercise, a comparisor. was
“made of the licht scattered by the ether in the bulb at room temperature and
that scattered by the standard The two were found to be equal within

2 per cent.
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_ 3. Results. ;
_ The observed data for the intensity of the scattering by the saturated
_\_}5901:1‘ in terms of liquid ether as a standard are shown in Table I. The
: tlxéoretii}al results indicated by the Einstein-Smoluchowski formula are shown
in the third column after applying the correction for imperfeet polarisation
of the scattered light, as explained below ia Art. 5. In order to calculate
the theoretical value, it is necessary to know the compressibilify, 8 or
—(1/v dv/dp), and the refractive index, u, of the saturated vapour at the
respective temperatures of observation, and siniilar data for the liquid used as
a standard at 35° C. The compressibilities, —(1/v dv [dp)e, of the vapour at
different temperatures were deterwined by plotting Ramsay and Young's
~ pressure-volume data on graph-paper and drawing tangents af ihie points of
: saturation. The values of u were obtained by the application of Lorentz’s.
refraction formula (u®—1/p?+2) = kp, whero % has the value 1 /8317 for

ether. .
Tt will be seen that throughouat there is a.good agreement of the observed.
~and calculated results, In colunn 4 of Table I, the ratio of the scat-
 tering power of the vapour saturated at ¢° to the scattering power of the

vapour saturated at 35° and in column 5 the ratio of the vapour densities
under the same conditions, taken from Ramsay and Young’s data, are shown.
If Rayleigh’s law of scattering had been valid throughout this range, the
figures in columns 4 and 5 should have agreed. Actually there is an

Table T.—Scattering by Saturated Ether Vapour.

Scattering at ¢° C.
Scattc:;ring by liquid ether a$ 35°C. Ratio of s . Ratio of density
Temperature - Ratio of scattering ) o rpnour at 2 C.
peratur , , at 2 C P
S (B0, : o ' _ab " Oto to density atb
Y B Galeulated from, scattering at 85° C. RS Cy .
o ‘Observed. | Einstein-Smolucheivski :
U formula.
33 0038 0-036 100 0-92
54 0°075 0074 1-97 181
75 0-150 0140 395 322
91 0-22 ‘ 0-23 579 479
108 045 046 118 71
1285 |0l 0771 187 100
80 €7 T1 TR AR U3 B 1,297 8475 . S U R A
164 27 30 710 . 240
1705 39 40 103 280
179 -2 91 79 239 3563
183 ‘5 13°0 12 -2 342 398
1865 | 21 19 553 442
190 - 42 39 1105 519
191 ' 63 55 1658 533
]
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enormous difference, showing that, at least in the case of ether, Rayleigh’s
law breaks down cowpletely, and that the “principle of random phase” on
which he founded his theory of molecular scattering, is inappiicable except at
vei'y low pressures, where the deviation from Boyle's law is negligible. The
scattering power of the vapour is greater, and at the higher temperatures
enormously greater, than if the molecules of the gas scattered secondary
waves in arbitrary phase-relationships with each other.

The experimental results of the scattering power of ether in the gaseous
‘phase above the critical point are shown in the second column of Table II.
In this case, in order to caleulate the compressibilities and refractive indices,
it is necessary to know the actual mass of ether used, and the volume of the
bulb in which it is contained, and these were separately determined at the
completion of the experiment, and were found to be 3164 grm. and 1398 c.c.
respectively. = The theoretical value of the scattering power as given by
the Einstein-Smoluchowski formula is shown i column 3.

Table IT.—Scattering by Ether above Critical Temperature.

Scattering at ¢° C.
Secattering by liquid ether at 35° C.’ Ratio of densit
T Ratio of scatbering S
em}gerature - ac £ C. to of vagour'at 7 C.
@ C.). Calculated from scatbering at 35° C. bo (Jéc;%}sgy ab
Observed. | Einstein-Smoluchowski v
formula.
194 378 290 4t 195° 9950 71-6
196 172 200 at 197° 4530 716 .
198 126
200 84 87 3316 716
202 64 65 1680 716
2126 2 30 710 716
217 .. 21 26 553 716

" Considering the unavoidable experimental uncertainties such as a slight
fluctuation of temperature, which has an enornmous influence in the neighbour-
hood of the critical point, the presence of a trace of dissolved air or other
impurity in the ether, and the difficulty of determining the value of the
compressibility accurately, the agreemont should be considered good. The
figures in columns 4 and 5 further illustrate the fact that the scattering power
of she gas throughout the range of temperature is far-greater than would be
the case if the “ principle of random phase ” were valid.

Finally, Table I1II shows the observed scattering power of liquid ether.

The density data for liquid ether have been taken from Ramsay and
Young’s paper ; the compressibilities below 100° from Amagat’s determina-
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Table III.—Scattering by Liquid Ether.

Secattering ab £ C.
Scattering at 35° C.
Temperature -
(£ G Calculated from.
Observe:l. . Rinstein-Smoluchowski
formula,
33 100 100
61 123 134
80 185 1685
91 190 183
104 23 213 at 100°
125 30
139 38
145 4y 82 ab 1507
153 63
170 120 14-1 at 175°
179 22
185 38 27 2
190 *5 82 73 it 190°

~
2>

tions, and those above 100° from Raisay and Young’s work. There seeus
to be an inaccuracy in Ramsay and Young's compressibility data for liquid
ether at 150°; the values of the pressure and volume do not plot into a
smooth curve, and in the curve accompanying Ramsay and Young’s paper
one can notice an unusually rapid change of curvature in the close proximity
of the vapourisation point ~Making allowance for this, a’ satisfactory agree-
ment appears between the theoretical and observed values of the scattering
power.

Taking the results contained in the three Tables together, it will be seen
that the seattering rises rapidly as the critical point is approached, and the
values for the saturated vapour, lignid and gaseous phases approach each
other and converge to a very large value ab this point. The intensity of the
 scattering under critical conditions is enormous, being about 750 times that
of liquid ether at ordinary temperature.

4. Critical Opalescence.

The Einstein-Smoluchowski formula (1), as it stands, gives an infinite
value for the scattering power ab the critical point. This is physically
impossikle, and both Smoluchowski and TKinstein have pointed ot that,
in- the immediate neighbourhood of the ecritical point, terms involving
(d3p/dv®), and higher order terms should be taken into account. It 1is,
however, doubtful if even the inclusion of these terms would he sufficient,
for the scattered light is markedly less blue in this region, which Kinstein’s
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theory does not contemplate. Ornstein and Zernike* have pointed out that -
the independence of density-fluctuations ir different elements of volume
assumed by Kinstein is inadmissible in this region, and, taking these mutual
influences into account, they have dedvced a modified equation for the
opalescence in which the term -—(clp/ dv). 18 replaced by

+~.L771 I e (3)

/]..' ,u/dkd’

whete ¢ is the molecular wolume and e is a measure of Lhe radius of action of .
a:molecule, beyond wluch 1ts, 1nﬂuence is neghmbm Using. ﬂns the total :
fraction of light sce attered per unit- volume, instead of bomo infinity at bhe
ommcal pomt has a finite value ‘

27 p? 2 (3 —])2 (,Ua +9)"' NG R »(4‘)
, 27 - NMe SRR B

Also the proportionality of ﬂle .scatteunﬂ hghb wwh AT gives place to one-
of proportionality with A~2

The change of colour of “he olwalescenu hght in the UCJOthUlhOuQ of the
critical point, is easily obsewale'when the opalescent heam is reduced in
intensity by means of the rotating disc phobmnctev to equality . with the
scattered light from hqmd ether. If we assume that the maximum Value of
the scattering coefficient is crlven g (4) we can easily obtain an estnnate of e.
Observations of the maximum in bensmy ol the scattered lloht were made by
heating the ether about 10° abovi the eritical temppmbur and then wvery
slowly cooling it. With the particilar quantity of other used (3164 grm. in

13:98 c.c.) the maximum scattering was found to be 750 times that of liguid

ether at 35° €. Putting in the nuerival values, and talin o equal tohe
5000 A.U,, the scattering coefficient works out to be 86 x 1¢7% and e to he
46 x 1077 em. ,

However, this corrsction to the Linstein-Smoluchowski formula is of
secondary importance, and dge,s not affect the broad aspects of the question.

. Polarisation of the Scattered Light.

It has been shown by Lord Rayleigh, that the light scattered by dust-free
gases and vapows in a direction at right angles to the incident beam i is, 1
most. cases, 1mpe~fectly po'lariscd In the case of ether vapour, he found that
the catio of the weak component to the strong in the scattered light was.
L'7 per cent. It was interesting to study how the imperfection of polarisa-
tion changes as the condition of the substance changes from I quid to vapour.
At ordinary temperatures, the light scabtered by liquid ether showed an

* ‘Roy. Boc. Proc. Amsterdam,’.vol. 17 (1914), and ‘Phys. Zeitschrift,’ vol, 18 (1917).
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fxmperfectlon of polarisation amounting to 8 per cent. As the temperature
was raised; it remained constant until a tempevatwre of about 125° was
yeached and then fell off, rapidly at first, and then more slowly to the value

_gorresponding to thab of the vapour ab tg_e oritical point. Table I'V gives the
yesults of the polarisation measurements on liquid ether at differens

_temperabures.

Table IV.—Polarisation of Light Scattered by Liquid Kther.
Weak component compared

Temperature. with strong.
33°C. . 8 per cent.
60 P 8 »

80 e 7 ”
100 . 75,
120 5,
135 L T 5 ”
45 e 3 »
165 17,
189 S 13

~In the case of the vapour, measurements of polarisation were made from
160° to abous 200° €. The values of the ratio of the weak component, to the
strong ranged from 1'3 to 1'0 per cent. There was no change in the value of
the ratio on passing through the critical point.

~ The difference between the liquid and the vapour at the lower temperatures
s striking.  In the case of gases, the late Lord Rayleigh has shown that
 impeiieslion of polarisation can be explained on the assumption of asymmetry
_ of the molecules. The increased value for the imperfect polarisation ir.

liquids, and its rapid decrease with temperaturs, are results of greab interest
which await explanation.* Further studies on this peint, with a number of
,othea-‘yapours and liquids, are being made by the vriter

~ This imperfection of polarisation has to be taken account of in calculating

, Lhe intensity of the scatbered light:  In thecase of gases, @abannes has shown
 that the scattering is greater in the ratio 6(1 4+ [ (6 —Tr), Whuo 7 18 the rafio
of the weak component to the strong in the light scattered in a perpendicu ar
 direction. The quesﬁiox; can be viewed in yet another WAy The imperfeci;ly

* Since the abiove was wrlttcn, a theory based on the conceptlon of molecu lar
~ reolotropy has been developed by Prof. C. V. Raman, which not only explaing these
~ phenomena, but predicts also that the imperfectness of polarisation, both in the case of

~ liquids and vapours, should desrease and tend to a minimum at the critical point.
- Dbservations by the writer on beuzene confirm: this result. :

VOL. CIL——A., ' M
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polarised light can be looked upon as being caused by an admixture of a
certain quantity of unpolarised light with the polarised light. If to a beam
of polarised light of intensity A, there be added a besam of unpolarised light
of intensity 2B, the resultant light will be imperfectly polarised and the ratio
of the weak component to the strong would be given by » = B/(A+DB) and
2r
1»—-7">'
When 7 is small this reduces to VA(1427).  An expression of this form is
found to agree with the intensity of the scattered light in géses and liquids,
when A is taken to be the scattering calculated from the Einstein-
Smoluchowski formula. The factor 14 27/(1—7) becomes of great importance
when 7 is large. It will be noticed that when 7 is not very large, this

the intensity of the resultant light will be A1+ 2BJA) = A <1+

expression becomes practically equal to the correction factor 6(1+7)/(6—"Tr)
introduced by Cabannes. In the Tables I, IT and IIT given above such a
correction has been introduced. The imperfection of polarisation for ether
vapour has been throughout taken to he 1-2 per cent. and that of liquid has

~

been taken as given in Table V.

6. Swmmary.

1. Three instances of light scattering by homogeneous media are known;
opalescence of a substance near the eritical point, scattering of light by gases,
and scattering of light by liquids. The present investigation was undertaken
to test the view put forward by Prof. C. V. Raman that these phenomena are
fundamentally related to each other, and that the intensity of scattering in all
these cases should be represented by the Tinstein Smoelnehowski formula,
which is more general than the Rayleigh law of scattering and supersedes it
except in the special case of gases obeying Boyle's law.

2. Txperiments on the scattering of light by ether, in the vapour and
liquid phases at different temperatures from 33° C. up to the critical tem-
perature 198:6°, and in the gaseous phase from 193-6° to 217°, are described.

3. The results are in accord with the Tinstein-Smoluchowski formula and
not with the Rayleigh law of scattering.

4. The Einstein-Smoluchowski formula is inapplicable in the emmediate
neighbourhood of the critical point. The scattered light is markedly less blue
here. Following the theoretical viork of Ornstein and Zernike, from the
maximum value of the intensity of the scattered light, the value of e the
radius of action of an ether molecule is deduced to be 46 x 1077 cm.

5. The light scattered at vight angles to the incident beam is imperfectly
polarised ; the ratio of the weak component to the strong is throughout
nearly 1:2 per cent. in the case of vapour, while, in the case of liquids, the

10
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ﬁiq‘is :8 per Vce'rllb,a.b' ordinary temperatures which remains constant till
1t,/"120°, and _phen’ falls off, rapidly at first and then slowly to about
per ‘%gent at the critical point. There is no change of imperfection of
larisation on passing through the critical point. The correction due to this
. .her_exp‘resrsion for the intensity of the scattered light is given.

. In conclusion, I have great pleasure in recording rny indebtedness to
’ Prof: C V Raman who suggested the research, and who continued to take an
, ipspu'ing mterest in its progress. The experimental work was carried out in
the Physical Laboratory of the Indian Association for the Cultivation of

‘Sl;qienéé, Calcutta.
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