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different from the initial state. The possibility of a process of this kind, in 
respect of the electronic state of an atom, was first co~ltemplated by Smekal," 
and figures prominently in the theory of dispersion due to Kramers and Heisea- 
berg,"fnd in the papers of 8chrodinger.t Our experiments furnish definite 
proof of the possibility of such processes, and show that they nlay occur also 
in such complicated systems as the molecules of a vaponr or a liq~iid or even 
in 3, complete crystal. I n  the series of papers of which this is the first our 
further studies of the new radiations will be discussecl. 

2 .  Ezperime~ztal Methods. 

The experimental arrangements were exactly the same as those described 
in the previous papers. The liquids to be examined were rendered dust-free 
in the usual manner by repeated slow distillation il l  vac~ro, and the final distil- 
late was contained in a bulb of about 500 to 600 c.c. capacity. A 3000-c.p. 
mercury arc served as the source of inonochromatic illumination and was 
concentrated with an 8-inch condenser, a t  the centre of the liquid bulb, which 
was kept immersed in a suitably blackened glass tank containing water. 
By interposing a strong solution of quinine sulphate and a plate of blue glass 
between the condenser and the liquid, practically all the lincs of the incident 
mercury spectrum excepting the 4358.3 line and its close companions were 
cut out. I n  the case of carboil tetrachloride, where the modified lines were 
sufficiently close to the exciting line, no filters were used. 

The spectrum of the scattered light was taken with a Hilger quartz spectro- 
graph (E,), using very rapid photographic plates (Ilford Iso-zenith, IT. & D. 
700). In  the case oE the single line pictures of benzene and toluene an exposme 
of about 40 hours was necessary, while for carbon tetrachloride, for which the 
complete mercury arc was incident, an exposure of only 25 hours was given. 

In Plates 1 and 2 are reproduced thespectrograms of the scatteringbybenzene. 
toluene and carbon tetrachloride. The plates were measured with a Hilger 
travelling micrometer and the wave-lengths of the modified lincs were calc~z- 
lated, using the mercury lines (feebly transmitted by the filters) as standards 
for reference. A simplified Hartrnann formula was used for interpolation. 

* 'Ndturw.,' rol. 11, p. 873 (1923). 
' Z. Physik,' xrol. 31, p. 681 (1925). 

$ ' Abltandlungen zur \7Tellenmachan~k,' Loipzig, p. 112 (1927). 
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Table I.-Spectrum of Benzene Scattering, 
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Table 11.--Spectrum of Toluene Scattering. 
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Table 111.-Spectrum of Carbon Tetrachloride Scattering. 
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As has been shown in our previous papers, the shift in frequencyof the modified 
lines must correspond to a characteristic frequency of the molecule. Jn the 
following table are exhibited the shifts in wave-number of the different modified 
lines and the corresponding infra-red wave-lengths characteristic of the mole- 
cule. The infra-red absorption spectra of these liquids have been studied by 
Coblentz,* Bell? and others, and their values are also reproduced in the tabIe 
for comparison. 

Considering the uncertainties in the direct measurement of infra-red spectra, 
the agreement between the values of the characteristic wave-lengths calculated 
from light-scattering and those measured directly should be considered satis- 
factory; thus confirming the conclusio~ls drawn in our previous papers regarding 
the origin of the modified lines. 

* Quoted by J. W. Ellis, ' Phys. Kev.,' vof. 27, p. 305 (1826). 
7 ' 5. Am. Chem. Soc.,' vol. 47, p. 2814 (1925). 
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Table IT.-Infra-Red Spectra of the Molecules. 
- 

1 

Benzene. I Toluene. 1 Carbon Tetrachloride. 
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5. Light Scuttesiry and Infru-Red Spectsoscopy. 

Attention was drawn in our previous papers to the usefulness of light 
scattering as a convenient and accurate method in infra-red spectroscopy. 
I n  a single spectrogram taken in the visible region we get all the iilfra-red 
frequencies of the molecule simultaneously photographed, and they could be 
measured much more accurately than with an infra-red spectrometer. For 
example, in the case of sharp, bright lines, as some of those appearing in the 
spectrograms are, we can, with an instrument of larger dispersion and using 
suitable comparison standards, measure them correct to a hundredth of an  
Angstrom unit, which corresponds in the near infra-red, say, 3 p, t o  an accuracy 
of about 1 part in 60,000, ancl in the extreme infra-red, say, 20 p, to  1 part 
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in 10,000. In  fact, the accuracy is limited only by the width of the modified 
line. 

The appearance in the scattered spectra of toluene and carbon tetrachloride 
of modified lines corresponding to several hitherto unlinown frequencies of the 
molecules, in the extreme infra-red region as far as 46 p,* emphasises the ready 
applicability of the method especially to regions not accessible to the ordinary 
infra-red spectrometer. 

6. E ~ l h a ~ c e n z e n t  of Frequency ila Light Scattering. 

While most of the modified lines are of smaller frequency than the exciting 
line there appear in all the three spectrogran~s (figs. 2, 3 and 5 )  some relatively 
feeble lines whose frequencies ezceed the frequency of the exciting line by an 
infra-red frequency of the molecule. These lines are particularly conspicuous 
in the case of carbon tetrachloride, where corresponcling to each of the three 
prominent lines on the longer wave-length side of the exciting line we have a 
weaker line on the shorter wave-length sicle. The appearawe 01 these lines 
of enhanced frecluency proves in the first place the existence in the liquid a t  
ordinary temperatures of some molecules at  a level of energy higher than the 
normal by that corresponding to an infra-red frequency of the molecule, and 
secondly, that the incident light induces a return of these molecules t o  the 
normal state. That is to say, while most of the molec~xles taking part in modified 
scattering are in the norinal state and absorb a part of the incident light 
quantum, thus giving rise to a scattered radiation of smaller frequency, there 
is also a srnall number i11 the liqnid, already in the higher level of energy, which 
under the influence of the incident radiation can be induced to part with their 
energy by a return to the norrnal state, thus giving rise to a scattered radiation 
of correspondingly higher frequency. In  Lhe existence of these lines of enhanced 
frequency we have for the first time a direct experimental proof of induced 
rmission of radiation by molecules. 

It may be of interest to recall in this place that the idea of an induced 
emission of radiation or what has sometimes been described as a " negative 
absorption of radiation," was first put forward by Einstein in his celebrated 
paper? on the derivation of Planclt's radiation formnla, and forms an essential 
feature of his rheory. The idea also figures prominently in the theory of dis- 
persion developed by Kramers and Heisenberg floe. cit.). 

* I n  fact i n  the case of toluene there is x line corxespondi~ig to  even longer wave-lengths 
which could not, however, be measured in the particnlar negntive. 

-f ' Phys. Z.,' vol. 18, p. 121 (1917). 
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The relative intensities of the positive and negative lines corresponding 
to a given molecular frequency v can be easily calcullated. The proportion 
of molecules in the higher level of energy is obviously given by the relation 

where his the Planck constant, lc is the Boltzmann constant per molecule, and T 
is the absolute temperature. If we assume, as we might reasonably, that the 
transitions of the molecule to and from the higher level are equally probable, 

h" 

then the above ratio, viz., e-"' also represents the ratio of the intensities of 
the corresponding negative and positive lines. 

Taking for example the case of carbon tetrachloride, corresponding to the 
shifts in wave number 219,312 and 457 (em.-') the calculated values for the ratio 
of intensities of the negative and positive lines are 1 : 2.8, 1 : 4 - 4  and 1': 8.8 

respectively, a t  the temperature of the experiment, viz., 30" C. Accurate 
measuements of the actual intensities of the lines have not bee11 made. A 
rough estimate, however, of the intensities from the negative, using for com- 
parison a series of graded exposures taken on the same negative and in the 
same region of the spectrum, gave the values 1 : 3, 1 : 5, and 1 : 10 respectively, 
in good agreernent with the calculated values. 

Conversely, we can take the observed intensity relationships between the 
different positive and the corresponding negative lines as an experimental 
verification of the assnniption made in the earlier paragraph, that the forward 
and backward transitions of the molecule are equally probable. The prob- 
abilities of transitions of the molecule from the normal state to difle~ent energy 
levels are, of course, different, and the differences in the intensities of the 
different modified lines of degraded frequency are obviously due to this cause. 

The rapid fall in the value of the ratio as v increases offers a ready explana- 
tion why we clo not get negative lines corresponding to large shifts of frequency. 
Also as the temperature is increased, since the proportion of molecules in a 
higher energy level also increases, we should expect, the negative lines to brighten 
up relatively to the corresponding positive lines. Experiments are in progress 
to test this point. 

7. Cont6nuous Spectruwt accompanyi~g tlze Scattweed Lines. 

The molecular frequencies in the near and extreme infra-red, determining 
the shifts of the various modified lines discussed in the previous sections, are 
presumably vibrational frequencies. The question naturally arises whether 



we should not expect also shifts corresponding to the pure rotational fre- 
querlcies of the molecules. For example, in the case of benzene, taking the 
rotational frequency of the molecule to be of the order of 100 p the correspond- 
ing shifts for the 4358 line will be sIightly less than 20 A.U., and should be 
capable of being detected. A visual examination with a direct vision spectro- 
scope, of benzene, toluene and some other liquids, showed a nebulosity or 
continuous spectrum accompanying the promine~it lines in the scattered 
spectrum. The actual spectrograms reproduced here and in our earlier papers 
also show a general broadening of the lines. However; in view of the presence 
of a general photographic halation accompanying the bright lines-the plates 
used were not backed-we thought i t  desirable to take fresh pictures with a 
larger dispersion instrument, and they are reproduced here. Fig. 7 (Plate 2) 
shows the nebulosity accompanying the 4358 line scattered by liquid benzene, 
Pig. 6 being the direct mercury spectrum diffused by a plate of ground glass, 
taken with the same instrument." Pig. 8 shows the scattering by carbon 
tetrachloride u-here, however, the nebulosity is not so conspicuous as in 
benzene. 

From the fact that in the case of benzene the extension of the nebulosity 
from the exciting line is of the same order of magnitude as the rotational 
frequency of the molecule, one is tempted, by analogy with the explanation 
of the origin of the modified lines, to attribute the nebulosity to a combination 
of the rotational frequencies of the molecule with the frequency of the incident 
radiation. Owing to the continual impedance to rotation which must be 
present in a dense medium, i t  is not difficult to  understand why we get a 
continuous spectrurn instead of discrete lines. I n  connection with this 
explanation it may be pointed out that the nebulosity extends unsymmetrically 
on the two sides of the exciting line, being more conspicuous on the longer 
wave-length side. 

Whether the comparatively feeble continuous spectrum in carbon tetra- 
chloride scattering is due to a smaller rotational frequency of the molecule or 
is in any way connected with its symmetrical nature, is more than we can 
venture to answer at  present. Further observations, especially in the vapour 
state, or in the liquid a t  different temperatures, are obviously necessary 
before we can fully understand the origin of this ~~ebulosity. 

:* I n  this connection see an interesling paper by Cabannes arid Daure, ' Comptes Rendus, 
.June 4, 1928. 
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8. Polarisation, of Scattered Radiations. 

I n  view of thc imperfection in polarisation of the classical light-scattering 
st 9Q0, i t  becomes of importance to ascertain the nature of the polarisation of 
the modified radiations. Por this purpose two spectrograms were taken with 
equal exposures and under identical conditions, side by side on the same plate, 
using a nicol in front of the slit of the spectrograph. During the first exposure 
the shorter axis of the nicol was perpendicular to the track in the liquid, and 
during the second, parallel to the track. 

Pig. 9 gives the direct spectrum of the mercury arc, incident in the liquid, 
fig. LO the scattered spectra of benzene, fig. 11 of carbon tetrachloride, and 
fig. 12 of amyl alcohol. 

The following are some of the interesting results which emerge from a study 
of these spectrograms :- 

(1) All the unmodified lines (i.e., classical scattering) are polarised to practic 
ally the same extent. 

(2) Por a given shift of frequency, the modified lines excited by the different 
incident lines are polarised to the same degree, but differ in polarisation from 
the unmodified lines. 

(3) The modified lines corresponding to different frequency shifts are 
polarised to different extents, the intensity of the weaker component varying 
from almost nothing to about 40 or 50 per cent. of that of the stronger line. 
Por example, in the case of carbon tetrachloride, the most prominent modified 
line (which corresponds to  a shift of 457 cm.-I) is more or less completely 
polarised, while the other two prominent lines show a large imperfection in 
polarisation. 

(4) The negative lines (i.e., of enhanced frequency) are polarised to the same 
extent as the corresponding positi;e lines. 

(5) The strong modified lines are usually more polarised than the feeble 
ones. 

(6) The general continuous spectrum appearing in the scattering by am$ 
alcohol is also strikingly polarised. 

A tentative explanation of these results regarding the polarisation of the 
modified lines may be suggested by analogy with the ideas put forward by the 
late Lord Rayleigh and by Born to explain the observed imperfection of polari- 
sation of the classical scattering. I n  the classical theory the molecules of the 
medium behave under the influence of the incident light-vector, like oscillating 
doublets, which, as a consequence radiate out energy. If the moment induced 
in the molecule is in the same direction as the inducing force, the transverse 
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scattering would obviously be conlpletely polarised. Thc imperfection in 
polarisation experimentally observed therefore suggests that there are three 
principal directions in the molecule mutually perpendicular to one another, 
only along which moments can be induced, and that to varying extents. If 
the incident force lies along any one of these directions the induced moment 
is along the same direction. In  every other case we have to resolve the 
incident force along the principal axes of the molecule and then determine the 
corresponding mornents induced in these directions. Incidentally, we may 
point out that on this basis, assuming the molecules to bc independent scatter- 
ing centres, as is very nearly the case in a gas, the ratio of the intensities of the 
two principal polarised components of thc scattered light can never exceed 
50 per cent., the latter limit being reached when the molecule is polarisable 
only along one axis. 

Carrying now the analogy to the case of rnodifiecl scattering let us tenta- 
tively assume that for a given energy transition of the molecule, there are three 
principal directions in the molecule, the Einstein coefficients of probability of 
transition under the influence of an external force incident respectively along 
these three directions being different. As regards the actual mechanism 
which leads to such an anisotropy we shall for the present leave i t  an open 
question. The imperfection in polarisation of thc modified lines follows then 
as a necessary consequence. If, further, we take thcse principal axes, as well 
as the correspondii~g principal Xinstein coefficients, to be cli-fiierent for different 
energy transitions of the molecule, the differences in the intensity and the degree 
of polarisation of the different modified lines are also readily explained. That 
for a given frequency shift the polarisation is indepenilent of the inducing line 
is also obvious. The identity in the degree of polarisation of the positive and 
negative lines correspondil~g to a given frequency shift will then merely be a 

consequence of the equal probability oi transitions in the positive and negative 
directions ; that is to say, for the same reasons for which. as mTe pointed out in 
see. 6, the intensities of the negative and positive lines are in the ratio of the 
number of molecules in a correspondingly higher level of energy, to the nolnber 
in the normal state. 

It is significant in connection \nth the above esplanatio~l that there ibno 
modified line in the spectrograliis for which the ratio of the intensities of the 
principal polarised components is greater than 50 per cent. Physically 
interpreted, this limiting value of the polarisation signifies that the vibration 
to which the frequency under consideration corresponds, can take place only 
along a definite axis in the molecule, ~ i ~ h i c l ~  is n prioii not improbable. 
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I .t remains now to discuss the relation between the polarisation of the 
unmodified radiations and that of the different modified ones. The modified 

radiations are presumably incoherent, i.e., the radiations at  any given instant 
from neighbouring molecules have no definite phase relationship, so that the 
polarisation of the modified radiation would be characteristic of the molecule 
and independent of its state of aggregation. On the other hand, the un- 
modified radiations from neighbouring molecules are definitely correlated in 
phase, and their polarisation will be characteristic of the molecule only in the 
vapour state. Actual calculation shows the polarisation in the liquid state 
to be considerably smaller. Thus for a fair comparison we should take the 
polarisation of the modified lines as given by the spectrograms with that of 
ordinary classical scattering not in the liquid but in the vapour. The vapour 
values for the ratio of components of classical scattering are benzene 4.5  per 
cent., amyl alcohol, 1 .2  per cent., and carbon tetrachloride 0.5 per cent. 

On making the actual comparison we find that most of the modified lines 
are much less polarised than the unmodified ones. If we can take the degree 
of anisotropy of the transitions corresponding to the infra-red frequencies as 
evidenced by the imperfection of polarisation of the corresponding modified 
lines, as being typical of the anisotropy of all other kinds of energy transitions 
of the molecule which determine its refractivity, especially the electronic 
transitions of ultra-violet frequencies, then the smaller polarisation of the modi- 
fied lines is easily understandable ; because the anisotropy of the molecule as a 
whole, which determines the polarisation of classical scattering, is merely a 
resultant of the anisotropies of all the'individual transitions (suitably weighted) 
of the molecule, and must, therefore, necessarily correspond to a greater spherical 
symmetry. 

9. Dependence on. Wave-Length. 

It is well known that the classical scattering falls off rapidly with increasing 
wave-length, following Rayleigh's h-4 law, and it will, therefore, be of interest 
to find how the intensity of the modified radiations depend on the wave- 
length of the exciting line. No quantitative measurements have yet been 
made which would enable us to decide this question. But tve may draw 
attention here to the spectrogram of carbon tetrachloride scattering, which 
throws some light on the point. Comparing the intensities of the green A 5460 7 
line and the ultra-violet A 3906.5 line of the merc,wy arc, as they appear 
in the spectrum of the scattered light the former line is much brighter, whereas 
comparing the modified lines excited by them, those excited by the green line 
are distinctly feebler than the ones excited by the ultra-violet line. I t  would 
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thus appear that the intensity of the modified line changes with wave-length 
even more rapidly than is indicated by Rayleigh's inverse fourth-power law. 

This is further confirmed by visual observations on the spectrum of scattered 
light with a direct vision spectroscope. Though as seen through the spectro- 
scope the scattered green xixercury line is far more intense than t,he indigo or 
violet lines, the modified lines excited by the green line could not be detected, 
whereas those due to the violet and indigo lines are very conspicuous. 

In two preliminary papers the authors have shown that when any trans- 
parent medium, be it gas, vapour, liquid, amorphous solid or crystal, is irradiated 
by monochxoniatic light the radiations scattered by the molecules contain 
several spectral lines of modified frequencies, the dieerence b~tween tbe inci- 
dent and scattered frequencies corresponding to a characteristic infra-red 
frequency of the molecule. The present paper ctescribes further studies on these 
radiations. 

(a) Using the h 4388 group of lines oE the mercury arc as the exciting radia- 
tions, the scattered spectra of benzene, toh-rene and carbon tetrachloride 
have been photographed and measured. 

(bf The characteristic inha-rc~d frequencies of the nrolecu11es are calculated 
from the frequencies of the modified lines and are col~~pared with the values 
obtained from direct measuremcuts of infra-red absorption. The calculation 
gives scveral molecular frequencies hitherto unknown. 

(c) The usefulness of light-scattering as a powerful, convenient and accurate 
method of exploring molecular spectra, is pointed out. 

(d) While most of the modified lines are of smaller frequency than the 
exciting line, there are some relatively feeble lines whose frequencies exceed the 
frequency of the exciting line by an inh-red frequency of the molecule. I n  
the appearance of these lines we have for the first. time a direct experimental 
proof of i r tdz~ed emission (or negative absorption) of radiation by molecules. 

(e)  The scattered lines are sometiilles accompanied by a nebulosity or con- 
tinuous spectrum, extending unsymmetrically on the two sides. Its origin is 

discussed. 
(f)  The modified radiations scattered a t  90" exhibit striking polarisation, 

the degree of polarisation being different fox lines corresponding to different 
frequencg: shifts. A tentative explanation is suggested. 

(g) some prelinxinaxy reinarks are made regarding the dependence of the 
intensities of the modified lines on the a-am-length of the exciting line. 
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Con t i nuo i~s  Spectt"un? accompanying t he  Scattered Lines. 
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DESCRIPTIOX O F  PLATES. 

FIG. I gives the spcctrum of thc mercury arc from which practicaIly aII thelines excepting 
the 4358 group have been cut out by interposing a solntion of quinine sulphate and 
a blue glass plate. 

PIG. 3 is the spectrogram of the radiations shown in fig. 1 when scattered by liquid 
benzene. 

FIG. 3 is a simiIar spectrogram of the radiations scattered by toltlenc. 
FIG. 4 is the direct spectrum of the mercury arc which was incident on carbon tetrachloride. 
FIQ. 5 being the corresponding scattered spectrum. Xote the appearance of relatively feeble 

lines of enhanced frequency. 

FIG. 6.-Spectrum of the X 4388 gronp of lines diffused by a plate of ground glass. 
BIG. 7.-Spectrum of the same as scattered by benzene. Note the nebulosity accompanying 

the scattered Iine, which is not present in fig. 6. 
FIG. 8 shows the same Iine as scattered by carbon tetrachloride. The nebulosity is not so 

prominent as in benzene. 
FIG. 9 gives the complete spectrum of the mercury arc used for polxrisation measurements 

(for comparison with figs. 10 to 12). 
FIG. 10.-Spectrum of the mercury arc scattered by benzene, taken with a nicot in front 

of the slit of the spectrograph. In  (a)  the shorter axis of the nicol ivas perpendicular 
to  the track, while in ( b )  i t  was parallel to the track. 

FIG. 11 shows similarly the polarisation of the scattered railiations from carbon tetra- 
chloride. 

BIG. 12 is a similar spectrogram of the radiations scattererl by a~nyl  alcohol. Note the 
continuous radiations are albo partly polarised. 




