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1. INTRODUCTION

VTREAT advances in Raman spectroscopy have been
concerned with the measurement of the vibrational fre-
quencies. However, the electrooptic parameters of the
spectrum (the intensity and polarization of the bands )
also contain highly valuable information on the compo -
sition and structure of matter. This has been made es-
pecially accessible through the rapid development of the
photoelectric technique of measuring spectra and the
invention of new spectroscopic instruments, excitation
sources, and methods of study. It is precisely because
experimenters have had access to sufficiently refined
apparatus that thorough solutions could be found for
such "old" problems as the study of scattering in
gases and powders. These problems play a very great
role in the determination of certain molecular charac-
teristics, as well as with regard to various aspects of
the problem of intermolecular interaction. Intensive
work has begun on the problems of resonance Raman
scattering, a phenomenon lying at the borderline be-
tween two fields of spectroscopy (scattering and lumi-
nescence), and hence one extremely important in un-
derstanding the nature of the interaction of light with
matter. The results obtained here have found interest-
ing applications in structural studies of complex or-
ganic compounds. The possibility has arisen of a
broad study of various glassy systems. Finally, new
lines of research have appeared: spectroscopy of sti-
mulated scattering, of fast processes, of colored sub-
stances, and under high resolving power; these show
great promise of further development and varied ap-
plications.

All the circumstances noted above bring to the fore
the problem of describing the new experimental tech-
nique and methods of study used in Raman spectro-
scopy. On the other hand, the marked increase in the
precision of measurements also compels us to con-
centrate our attention on the problem of how to take
into account various factors capable of distorting the
physical meaning of the quantities being measured.
This review is intended to serve these purposes. Here
most of the space will be taken up with those problems
that have been poorly reflected, or not at all, in the
prior review literature, or that have undergone a new
essential development in recent years, or finally, that
are open to an alternative interpretation. They include
the description of modern photographic and photoelec-
tric apparatus, of all the possible spectral excitation
sources and methods of power supply for them, of

methods of studying powders, and gases and vapors
at moderate and high pressures, and the analysis of the
conditions for obtaining correlatable band-intensity
values, and in particular, how to take into account the
effect of the refractive index of a liquid medium on the
measured values, and certain other problems. An ac-
count of other aspects of the problem can be found in
review and original articles. P~153

2. THE INTENSITY AND DEGREE OF DEPOLARIZA-
TION OF RAMAN BANDS IN A GASEOUS MEDIUM

General considerations on the Raman-scattering
phenomenon imply that the electrooptical properties of
spectra, the intensity and polarization of the bands, de-
pend on a number of molecular characteristics.^16'17^
In the semiclassical theory of the phenomenon, one
usually works with a quantity that effectively takes into
account these characteristics, the derivative a' of the
polarizability with respect to the normal vibrational
coordinates. For anisotropic molecules, this is a ten-
sor quantity defined by the following invariants, the
so-called trace:

and the anisotropy:

(1)

(2)

where a{, a'2, and a'3 are the values of the derivatives
of the polarizability with respect to three mutually per-
pendicular directions (the "principal values" of a').
In observing the scattering at an angle of π/2 to the
direction of illumination, the intensity of the bands is
proportional to a certain combination of the invariants
of the tensor a':

/π/2~(45α'2 + 136'2;. (3)

However, the actual instruments used to obtain
Raman spectra are distinguished by their large aper-
ture for the exciting light. This is how one obtains ef-
ficient illumination. Strictly speaking, we cannot al-
ways consider even the aperture of the scattered beam
utilized by the spectroscopic instrument to be negli-
gibly small. Hence, as a rule, we must take into ac-
count the angular distribution of the scattering inten-
sity. According to Placzek ('-16-', see also ^1 8^), for a
parallel beam this distribution will have the form

where φ is the angle at which the observation is made,
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FIG. 1. Geometry of an idealized Raman-scattering experiment.

and ρπ/2 is the true depolarization of the Raman scat-
tering band.

In order to grasp the physical meaning of the latter
quantity, let us consider the idealized experimental
system in Fig. 1. Let the exciting (natural) light be
incident on the system in the direction of the χ axis,
and the observation be made along the y axis. Let us
resolve the scattered light with a suitable analyzer
(a Wollaston or Osipov prism, or polaroid films) into
two components, one of which has the electric vector
oscillating along the ζ axis, and the other along the χ
axis (the π- and σ-components ). According to cal-
culation, the following relation will hold for a system
of freely oriented molecules:

(5)

Further, it turns out that Ρττ/2» the depolarization of
the Raman bands, can vary only within relatively nar-
row limits (from 0 to % ) . These values characterize
the type and symmetry of the vibrations, as well as the
symmetry of the equilibrium configuration of the nuclei.

If the actual apparatus with which the study is being
performed is distinguished by having a large aperture
for illumination only along the axis of the cuvette, then
the angle φ in Eq. (4) will take on the meaning of a
certain mean effective angle ψ. In this case, the in-
tensity of the bands will be described by the expression

l — c

- e n / 2

(6)

which can be used in practice after a preliminary
measurement of the depolarization ρπ/2

 an<^ the effec-
tive angle φ . The method of determining the latter
quantity will be discussed below.

However, there are other, more practical ways of
solving the problem of measuring the band intensities
that are free from the effect of the distorting factors
of the type under discussion. One of these was proposed
by Bernstein and Allen. ^19J By a simple transforma-
tion, we can easily prove the identity

(7)(45a'2 + 136'2)=(45a'2 + 76'2) (1 + Q n / 2 ) .

Substituting (7) into (6), we have

According to the calculations of Martin,'-19-! the de-
polarization Py, as measured by the classical method
(with an analyzer in the scattered light beam) in a
wide-aperture instrument satisfying the condition noted
above, is related to the invariants of the tensor a.' and
the angle φ by the equation

_ 3ί>'2 (14-sin2q>)-H45a'2-|-46'2) cos2ip /Q\

6 φ ~ 45«'2-)-7*'2

By solving Eqs. (5), (6), and (9) simultaneously, we

obtain the following simple expression:

To transform to the intensity at the exit point of the
apparatus, i.e., to the quantity directly measured ex-
perimentally, we must introduce the coefficient K,
which characterizes the total polarizing action of the
spectroscopic instrument and the photocathode of the
detector:

Q'- = KQ-. (11)

Thus, we have reduced the solution of the problem
being posed, that of obtaining correlatable intensity
values, to a single supplementary, relatively simple
measurement of the depolarization ρφ, as distorted
by the finite longitudinal aperture of the exciting beam
of light in the apparatus being used. This is the gist
of the method of Bernstein and Allen. ^19^

Being rather simple, the Bernstein-Allen method
also permits one to improve the accuracy of the meas-
urements somewhat over that of the previously -
described method, which requires data on ρπ/2 of the
bands and on cos2 φ of the apparatus. Indeed, Eq. (9)
can be written in the following form:

6φ = Κ (ρπ/2 sin2 φ -f- cos2 φ). (12)

We see that there is a linear relation between the quan-
tities ρ'φ and ρπ/2· At values Κ > 1, the scale of the
measured quantities is practically unshortened. Con-
sequently, since the efficiency of a wide-aperture po-
larization apparatus is greater than that of a narrow-
aperture apparatus, the precision of the depolarization
measurements is increased, as well as the precision
of measurement of the band intensity Ιφ. Equation (12)
directly gives rise to a method of determining the quan-
tity cos2 φ .

In order to illuminate the sample still more in-
tensely in measuring the depolarization, we could try
to increase also the transverse aperture of the light
beam. However, this method proves to be impractical
in the classical polarization apparatus, since it leads
to a shortening of the range of possible values for P y a r .
There is another method of measuring the depolariza-
tion that is free from this defect, and has been very
widely applied in recent years. Π20-22] I n e s s e n c e j n
consists in the following.
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Two measurements are made in succession. In one
of these, the cuvette is wrapped in a polaroid film
rolled in the form of a tube, transmitting light having
its electric vector parallel to the cuvette axis; in the
other, the electric vector is in the perpendicular plane.
Calculations show that the ratio of the corresponding
quantities is equal to p^/i, provided only that the aper-
ture of the light is limited along the cuvette. When the
cuvette is illuminated from all directions, (pvar)tr i-s

given by Eq. (12). The latter fact, that one can use il-
lumination from all directions, is the reason for the
high efficiency of this method, permitting one to in-
crease the accuracy of the measurements. Hence, it
is convenient to replace the quantity ρφ in Eq. (12) by
(Pvar)tr· As is shown by simple considerations,'-21'23^
it even suffices to use alone the polarization compo-
nent having the electric vector perpendicular to the
axis of the cuvette. The conditions under which these
results are applicable will be formulated below.

A study by Naberukhin^24^ has greatly clarified the
details of the problem of the effect of the illumination
geometry on the measured intensity of the lines. By
considering together the illumination geometry, the
losses due to reflection of light at the air-glass inter-
face of the cuvette, and the polarizing action of the
spectroscopic apparatus, Naberukhin showed that the
intensity of a line in the general case can be written
as a complicated function of four effective parameters
of the light source, the quantity K, and the true de-
polarization ρπ/2:

(13)
δπ/2

For a scale based on the quantity 45a'2 + 7b'2, Eq. (13)
is transformed into:

(14)

When K= 1 (non-polarizing instrument), Eq. (13) is
considerably simplified:

(15)

which differs from Eq. (6) only in the term {1-6)/
(1 + Ρπίι)> which characterizes the effect of the r e -
flection losses. In ^u^, a procedure is described for
determining the parameters β, γ, δ, and Δ, and their
numerical values are given for typical light sources.
All of this permitted the author of t-24-' to determine
the limits of applicability of the above-discussed cor-
rections to the measured intensities of bands. In par-
ticular, he showed that the condition under which one
can use the value (p V ar*tr i n E cl· (1°)> o r simply the

polarization component having its electric vector per-
pendicular to the cuvette axis, is that the illumination
should be uniform in the (χ, ζ ) plane ("around the
cuvette"; see Fig. 1). This requirement is precisely
the one realized in the most widely applied light
sources: the elliptical ones, and those having helical
lamps and scattering screens.

In trying to obtain standard intensity values in the
general case by use of Eqs. (13) and (14), we must not
lose sight of the precision with which the parameters
entering into it have been determined. If we start with
the fact that the mean accuracy of intensity measure-
ment amounts to ± 1% and also take into account the
specific er rors of the polarization measurements, then
the accuracy of the determination of the parameters
proves at best to be ±10%. This leads to an even
greater deviation in the intensity values. Hence, in
many cases the introduction of additional parameters
is not worthwhile. That is, the increase in precision
of the measured intensity will be illusory.

Conclusions. Precise values of the intensity, from
which the effect of the depolarization of the bands and
the illumination geometry has been eliminated, can be
conveniently obtained by use of standard apparatus of
known illumination geometry.

In principle, we could use for this purpose an illu-
minator consisting of two linear lamps in a horizontal
position, without limitation of the longitudinal aperture,
and at a distance from the cuvette such that the trans -
verse aperture of illumination is no greater than about
10°. This would introduce a correction factor into the
results of the measurements in the form of the factor
( 1 + p ^ ) , according to Bernstein and Allen. However,
such an apparatus does not have a great light efficiency,
since it rules out the use of reflecting and scattering
screens, as well as spectrographs having a large rela-
tive camera aperture. The correction factor itself in
such a simple form is valid only for non-polarizing
instruments. '-24^

There is a method completely free of all the cited
defects; here the measurements are always performed
with a polaroid tube included in the beam of exciting
light so as to transmit light having its electric vector
in the plane perpendicular to the axis of the cuvette.
The only condition required for applicability of this
method is uniform illumination of the sample from all
sides, as is easily realized in practice. For these
reasons, this method is unconditionally to be pre-
ferred.

3. THE INTENSITY AND DEGREE OF DEPOLARIZA-
TION OF RAMAN BANDS IN LIQUIDS

Liquid scattering media are characterized by a
rather broad range of refractive-index values. The
latter can affect the intensity of the scattered light that
actually reaches the detector. In general, the relation
between the intensity and the refractive index arises
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from the combination of a series of optical effects and
intermolecular interactions; it is complex and not
amenable to exact quantitative calculation, and cannot
be written in analytic form. In certain studies, the
major role has been ascribed to some one of the fac-
tors to the neglect of all the others. Cts,23,25,26,11] A

number of authors have used different terms to de -
scribe the same phenomenon, introducing confusion
into the interpretation of the results. Ε25~27^ Errors of
theory are also encountered in the analysis of the prob-
lem. The topic of this section will involve an attempt
to discuss the problem as a whole.

A. Optical Effects

These effects comprise the behavior of both the ex-
citing light and the scattered light. Before it enters the
liquid medium from the air, the beam of exciting light
is partially reflected at the boundary with the glass of
the cuvette. However, the corresponding light losses
are constant for a given type of glass, and they are of
no interest to us in this case. However, the reflection
at the other "glass cuvette-liquid" boundary will de-
pend on the refractive index of the liquid, and in prin-
ciple can distort the measured quantities. However,
some simple considerations pointed out by Rea, ^25^ as
well as the direct measurements of Sokolovskaya and
Rautian, ^26^ show that in actual cases the magnitude of
the losses due to this reflection is negligibly small.

Another factor relating to the exciting beam involves
its geometry within the cuvette. For an element of vol-
ume, the efficiency of scattering will be determined by
the illumination of the substance. It does not depend
on the refractive index njiq. However, if we are con-
sidering a cuvette of finite dimensions, we must con-
sider the length of the rays, which undergo refraction
at the boundary with the liquid. This fact has been
taken into account by Rea^25-1 under the idealized con-
ditions of illumination of a cylindrical cuvette, in which
the light aperture along the cuvette is limited with dia-
phragms ("the planar case") . Calculation has shown
that the efficiency of excitation is proportional to niiq.*

One ordinarily does not use limiting diaphragms in
measuring the intensity of bands in spectra. Hence, in
general one must also take into account the effect of
the longitudinal aperture as well. Here, as is known,
the length of the refracted rays along the cuvette will
evidently decrease with increasing n]jq. Hence, the
effect of the same type in the cross-sectional plane of
the cuvette can be at least partially compensated.

V. P. Kozlov has carried out a complete mathemati-
cal analysis of this problem. He considered an ellipti-
cal cross-section of a cylindrical cuvette under uni-
form illumination from all sides. It turned out that
under these actual conditions, the mean length of the

refracted rays does not depend on the refractive index
of the medium. This also proved that one need not in-
troduce any correction factors for the change in the
geometry of the exciting beam in the liquid.

The situation differs in the geometry of the scat-
tered beam: it requires the introduction of corrections.
We can approach this problem from two standpoints. In
the first of these, we take into account the sudden
change in the intensity of the beam upon emergence
into the air, which is the photometric quantity of im-
portance in the spectrum being recorded. The corre-
sponding coefficient is l / n | j q . Hence, in order to ob-
tain correlatable band-intensity data, we must multiply
the measured quantities by n|j . C28»36U xhe other ap-
proach to the problem is based on considering the ef-
fective volume of the cuvette, i.e., the volume "visible"
to the spectroscopic apparatus. Calculations show that
the apparatus transmits only a fraction of l/n|^ q of the
emitted light flux. C27>253 The result is the same as that
derived above.

For photoelectric measurement of the emission,
spectrometers are commonly used that have slits very
long in comparison with the diameter of the cuvette.
[29,22] A t t h e s a m e time, having a limited amount of
material, one uses to advantage long and narror cu-
vettes. Under these conditions, in addition to the direct
rays, others also enter the apparatus that have under-
gone one or several total internal reflections within the
cuvette containing the liquid. An attempt is made below
to take into account the corrections for the variation in
the refractive index involving the contribution from
total reflection to the measured light flux.

First of all, it is essential to determine how large
this contribution is. Such a calculation has been made
for reflection at the air interface of the meridional rays
(i.e., those lying in the mid-section) in a study by Slyu-
sarev and Chulanovskii. ^30^ It turned out that with ac-
tually realizable dimensions of the cuvette, the utiliza-
tion of the reflected light can increase the flux reaching
the detector several-fold. If we consider not only the
meridional but also the oblique rays (i.e., those not in-
tersecting the axis of the cuvette), the efficiency of en-
ergy transfer along the cuvette will be even greater.
The theory of this problem can be adapted from the
studies concerned with the propagation of light in a
fiber (see, e.g., [ 3 1 ^ ) .

Figure 2 shows the geometry of the total internal
reflection at the interface between two media. From
Snell's law we can directly derive

/~sin 2 (e0-(p c r i t ) = - (16)

which gives an approximate measure of the transmit-
table energy.* We see that as n t increases (for a

*The fact that -the two quantities vary in the same direction is
obvious even without calculation, while the simple proportionality
arises from the simplifications assumed in [2S]

*In the fiber-optics studies, the analogous relation is written
in the form nf — a\. The denominator drops out when we take into
account the sudden change in the intensity of the beam on enter-
ing the fiber from the air.
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FIG. 2. Geometry of the total internal reflection at the bound-
ary between two media.

fixed value of n 2 ), the fraction of the light reflected

into the denser medium increases. The dependence

is especially marked in the case when n t and n2 do

not differ greatly.

In considering a real cuvette, we must bear in mind

the fact that the light flux from total reflection will

consist of two parts when niiq > n g i a s s . * One of them

is due to reflection at the liquid-glass interface, and

the other at the glass-air interface. It is precisely

the first part that depends on the refractive index of

the liquid in accordance with Eq. (16). One can easily

show that even this part of the flux can be comparable

with the flux incident directly on the spectroscopic ap-

paratus .

The goal of the treatment below will consist in es -

timating the effect of the refractive index of the liquid

on the results of measurement of the total light flux.

If we assume that the contributions of the reflected and

direct fluxes are equal, we have

φ ,
" l i e

2
"liq " U q " l i q

liq — " g l a s s >

«liq '
(17)

(the additional factor 1/nfjn preceding the first term

takes into account the change in intensity of the r e -

flected beam upon exit from the cuvette). We can eas-

ily convince ourselves that for a typical case, where
nglass = 1-5, n}iq = 1-6, and nfiq =1.7, the factor gov-

erning the effect of the refractive index on the quantity

Φ practically remains constant. Of course, mutual

compensation cannot occur in working with very nar-

row cuvettes. In such cases, as n^q increases one

will get increased values of the measured intensities,

owing to the optical effects.

B. Intermolecular Interaction

Owing to the specific intermolecular interactions in
the condensed state of matter, both the polarizability

*The situation differs when n U q < n g i a s s . However, the treat-
ment in this case leads to the same results with regard to the role
of n U q .

itself and its derivatives with respect to the vibrational

coordinates can vary. The latter is expressed in the

behavior of the intensities of the Raman bands. E32a3

The theory of this problem has not yet been worked

out. However, as we know, it is clear that generally the

antisymmetric, unpolarized vibrations will be espe-

cially strongly affected by intermolecular forces. The

intensities of these vibrations are determined by the

anisotropy of the tensor a'. As a rule, the latter de-

pends on the squares of the small differences between

the principal values of a' [Eq. (2)].

However, if even the derivative of the polarizability

does not depend much on the medium, we must always

still take into account the universal phenomenon of the

variation of the field intensity of the light wave on going

from one medium to another. We can take this factor

into account on the basis of the concept of the internal

field of the substance. It has been possible on this

basis to explain many of the peculiarities of absorption

and emission spectra. [32t)>3i] it has been quite proper

to try to apply analogous corrections to the results of

Raman-spectrum measurements as well. The possible

effect of the internal field is mentioned in a study by

Woodward and George. ^2 7^ Pivovarov^35^ has taken

this effect into account in semi-quantitative form.

The study of Pivovarov'-35^ involves an anisotropic

vibrating molecule situated in a medium having a re-

fractive index n. If we start with the internal field as

given by Onsager, the effective values of each of the

principal polarizabilities of such a molecule can be ex-

pressed as follows:

Zrflar*

°etf ~
r3—2 ( « 2 — t ) a

where r is the radius of the Onsager region. L36^ Dif-

ferentiating aeff with respect to the vibrational coor-

dinate, we have:*

„• 37>*(2n* + l)r«

° e « - [(2n2 + l) r3_2(n*-l) αϊ* · <19>

The square of this expression determines the relation

of the intensity of the Raman band of the diatomic mol-

ecule to the refractive index n. In order to determine

the behavior of polyatomic molecules, we must solve

the mechanical and electrooptical problems for them.

In the typical case where α/r 3 = 0.5, n t = 1.35, and

n2 = 1.5, the ratio (α^,βίί/ai,eff )2> which approxi-

mately characterizes the ratio of intensities of the

corresponding bands, amounts to 1.25. This quantity

can be easily measured.

Another approach to the estimation of the possible

effect of the refractive index of the substance on the

intensity of Raman bands has been noted in [2S.37>38]

The authors of these studies apply to the light-scatter-

ing case an expression describing the relation of the

intensity of absorption bands to the refractive index

that has been repeatedly used in the literature:

*There is an error in [**]: the denominator hasn't been squared.
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(20)
100 V

As we see, Eq. (20) contains no parameters specific to

the molecules being studied; in the opinion of Girin and

Bakhshiev, l-34^ the latter involves erroneous initial as-

sumptions. A critical analysis of the problem as a

whole can be found in the review^34-'.

It would seem at first glance that we could decide

which of the intensity expressions is correct by com-

paring the data of measurements in the liquid and

vapor phases of a substance. In actuality, however,

this is not true. The trouble is that the results of the

comparison depend on the temperature of the sub-

stance. Thus, for example, in the study by Sokolov-

skaya^39^ the measurements on the liquid were per-

formed at a temperature of + 20°C, while those on

the vapor were performed at +120°C. Upon extrapo-

lating the behavior of the liquid to the experimental

conditions under which the vapor was studied, Sokolov-

skaya obtained a value of about 1.5 for the intensity

ratio. However, by the same reasoning we can refer

the vapor to the experimental conditions for the liquid.

Then we get a value about twice as great for the same

ratio. Thus, the most quantitative treatment of the

pertinent data contains an inevitable indeterminacy and

arbitrariness, preventing us from drawing any conclu-

sions on the nature of the internal field in the sub-

stance. From the mathematical standpoint, this is a

situation of a single equation with two unknowns.

However, a rather voluminous experimental mate-

rial has been accumulated at present on the behavior

of the intensity of Raman bands as a function of the type

of solvent [25.37,40-44] a n d t h e temperature of the sub-

stance,^46"51^ which directly reflects the influence of

the internal field. It has turned out that an increase

in the refractive index, regardless of how attained,

invariably strengthens the bands. We can also con-

sider it established that in a number of cases different

vibrations in the same molecules behave in different

ways.'-40·41'37-' Strongly polarized skeletal vibrations

sometimes do not vary appreciably in intensity, while

the depolarized vibrations undergo considerable

changes. We can see the latter from the graphs in

Figs. 3 and 4. The experimental data also reflect quite

distinctly the specific characteristics of the molecules.

All these facts indicate the reality of the influence of

0 !0 40 69 Sff f.V

C, vol. %

FIG. 3. The relation of the molar integral intensity coefficients
of the 459 and 313 cm"1 bands of carbon tetrachloride to its volume
concentration in mixtures with acetone.[41]

the universal interaction, which can be described in

terms of the refractive index of the substance, e.g.,

by Eq. (19).

However, the problem is not finished with taking into

account the universal interaction involving the refrac-

tive index of the substance. Other types of interactions

are also possible, e.g., those due to the existence of di-

pole moments in the molecules being studied (or the

existence of varying dielectric constants in the solu-

tions ). As the measurements of T. P. Tulub have

shown, one observes certain definite regularities in the

behavior of the band intensities in this case as well. A

most essential fact bearing on this problem consists in

the especial role of the totally -symmetric vibration at

459 cm"1 in the spectrum of carbon tetrachloride: as

before, it varies little or not at all in intensity as a

function of the concentration of the solution (Figs. 5

and 6).

Since an overall account of the optical effects that

can distort the physical meaning of the measured inten-

sity values is generally not amenable to theoretical

analysis, Sokolovskaya et al'-26-' have proposed a pro-

cedure for the separate determination of these effects.

Unfortunately, we cannot yet estimate in this way the

contribution from total internal reflection. However,

the set of observations made above suggests a simple

(although far from irreproachable) solution of the

problem. Obviously, it must amount to calibrating the

apparatus with artificially-prepared mixtures of vari-

ous concentrations of carbon tetrachloride with a sub-

stance having a considerably different refractive index

(e.g., acetone). This is precisely what the authors of

'- J have done. The approximate constancy of the in-

tensity of the 459 cm"1 band established in can be

taken as the basis of the analysis performed above of

FIG. 4. The relation of the molar integral intensity
coefficients of the 992 and 1176 cm ' bands of benzene
(a) and the 2992 and 787 cm"1 bands of acetone (b) to
the volume concentrations of these substances in ben-
zene-acetone mixtures.[41]
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FIG. 5. The relation of the molar integral intensity coefficients
of the 459 and 313 cm"' bands of carbon tetrachloride to its volume
concentration in mixtures with cyclohexanol. The refractive in-
dices of the components of the mixture are approximately equal,
but the dielectric constants differ considerably (2.24 and 15 for
carbon tetrachloride and cyclohexanol, respectively).

the role of total internal reflection in the cuvette. It

is a feature of the apparatus in ̂ 4 1^.

C. The Effect of Certain Other Factors on the Band

Intensities

In comparing the intensities of vibrations in differ-

ent molecules, we must in general take into account the

effect of the frequency of the exciting light, as well as

that of the absorption band responsible for the act of

Raman scattering. It is generally considered that the

intensities of the Stokes-region bands in Raman spec-

tra are proportional to the quantity (ve - Vy )*, where

VQ and uv are the frequencies of the exciting and the

vibrational lines, respectively. However, this rela-

tion has been disputed recently.'-52'53^ Furthermore,

there are some experimental data that are difficult to

fit to it.C52-563 perhaps, we might correctly state that

this problem has not yet been finally elucidated. We

can neglect the variation in the effect of the intrinsic

absorption of molecules when the spectra are excited

in a region where the substance is transparent. As

the frequency of the exciting line approaches the ab-

sorption band, this factor begins to be significant, and

finally becomes decisive. Here also the exact form of

the functional relationship is not clear enough. Some

information on this problem can be found in [57~60f56]

Colored substances occupy a special place in Raman

spectroscopy. They involve problems of excitation

' re l
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FIG. 6. The relation of the molar integral intensity coefficients
of the 459 and 217 cm"1 bands of carbon tetrachloride to its volume
concentration in mixtures with 1,2-dichloroethane. The refractive
indices of the components of the mixture are approximately equal,
but the dielectric constants differ considerably (2.24 and 10 for
carbon tetrachloride and 1,2-dichloroethane, respectively).

sources and emission detectors which will be taken up

later. It is appropriate here to touch on the problem of

three methods of taking into account the self-absorp-

tion of these substances.

One of the methods, developed in C61~673> i S based on

a theoretical analysis of the conditions of passage of

light through the cuvette containing the colored sub-

stance. An idealized illumination geometry is consid-

ered, and it is assumed that the Lambert-Beer law is

strictly obeyed. For substances that do not absorb

very strongly, the theoretical and experimental data

agree in most cases within the limits of possible ex-

perimental errors. However, it is dubious that the

simplifying assumptions are well-grounded in the re-

gion of strong absorption. The correct way to take

into account total reflection within the cuvette is also

a difficult topic for the theoretical analysis of the

problem.

Another method is purely empirical. It consists

in constructing a family of curves, which separately

take into account the absorption of the exciting and the

scattered radiation. C54"56H A new calibration is re-

quired for each apparatus. This is a defect of this

method. However, its unquestionable advantage con-

sists in the possibility of applying it to any system.

Thus it seems that we should favor it in those cases

when we require exact information on the band inten-

sities. One can combine the theoretical and empirical

methods. tl2.25.60]

In the third method, one uses an internal standard,

or a substance having suitable Raman bands, relative

to which one can perform the intensity measurements.

The scales based on the use of carbon tetrachloride

and cyclohexane are widely applied. However, it is

more convenient in many cases to refer the intensi-

ties to the 1710 cm"1 band in the acetone spectrum.

[68-70] Γρ 6̂ pOjn(- j s j-naj· acetone is a rather universal

solvent, and its band at 1710 cm"1 is situated in the

same part of the spectrum as many of the bands that

are commonly of great interest (the vibrations of the

nitro- and nitroso-groups, the benzene and other rings,

and the C=C, C=N, and N=N double bonds). This

fact ensures that the self-absorption of the light will

be taken into account more accurately.

In conclusion, we shall remark on the choice of

units for fixing the concentrations of substances. In

comparing the intensities of bands belonging to the

spectra of different molecules, it would be more cor-

rect to express the concentration in terms of individual

molecules. In this way, we can take into account the

factor of the density of the substance. We can make an

exception only for highly dilute solutions, e.g., in

studying resonance spectra. In these cases we can use

molar concentrations.

Conclusions. It is a difficult problem to obtain cor -

relatable intensity values in Raman spectra, owing to

the influence on the measured quantities of various fac-

tors determined by the geometry of illumination, as
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well as by other characteristics of the apparatus and

the properties of the substance itself (optical effects,

intermolecular interactions). Only the illumination

geometry is amenable to theoretical analysis. The

overall influence of the optical effects must be esti-

mated experimentally. As an approximate criterion

for them, we can use the behavior of the totally-sym-

metric vibration in the spectrum of carbon tetrachlo-

ride, which, as experiments have shown, is not very

sensitive to intermolecular interaction.

D. The Effect of the Refractive Index of the Liquid on

the Depolarization of the Bands

Equation (12), which was cited above, giving the re-

lation of the depolarization to the divergence of the

beam of exciting light, can be written more conveniently

in another form:

where θ is the effective angle of incidence of the beam.

Strictly speaking, the true illumination geometry must

take into account also the refraction of the rays at the

liquid interface. To do this, it suffices to use Snell's

law. Koningstein and Bernstein ^7 1^ have proposed an

appropriate formula. It has the following form:

(22)

Since the relation holds that sin2 θ/η2 « 1 (for η

= 1.46 —carbon tetrachloride; in the apparatus of the

authors of E71^ this quantity is ~ 0.14), we should ex-

pect η to exert a substantial effect only on strongly

polarized bands. With the current accuracy of meas-

urements, considerably depolarized bands need no cor-

rection of this type.

4. PHOTOGRAPHIC AND PHOTOELECTRIC APPA-
RATUS

At present, the photoelectric technique of record-

ing Raman spectra has been very widely applied, in

line with the advantages of this method in the measure-

ment of band intensities in spectra. However, the so-

lution of a number of problems amounts to determin-

ing as exactly as possible the positions of bands and

lines. For instance, we encounter such problems in

high-resolution spectroscopy of gases. In other cases

we meet with difficulties depending on the properties

of the radiation detector. In particular, this is the sit-

uation in the study of spectra of highly colored sub-

stances and spectra excited by the ruby laser. All of

this has thus far required the use of photographic re -

cording. Thus it is convenient to start this section

with a brief characterization of some typical spectro-

graphs.

A. Spectrographs

Welsh et al [72] have described an instrument that

has been successfully applied to study gases. This is

an autocollimating (Littrow) two-prism glass spectro-

graph having two interchangeable cameras. The larger

of these has a relative aperture of 1:42. It corresponds

to a dispersion of 2 A/mm in the region about the

4358 A line. The prisms of the spectrograph are en-

closed in a hermetically-sealed chamber furnished

with thick glass windows of optical quality and surface

preparation. A constant pressure is maintained in the

chamber. Thus the dispersion of the instrument does

not depend on fluctuations in the atmospheric pressure.

All the optical surfaces (including even the windows of

the prism chamber) are coated. The spectrograph is

located in a thermostated chamber in which the tem-

perature is maintained constant to an accuracy of

±0.2°C.

In solving the same problem, Stoicheff E73^ took the

course of building a high-resolution instrument using

a diffraction grating. The instrument that he described

was built about a 21-foot concave grating operating in

an Eagle mounting. The grating has a ruled area of

7x3 in with 1500 lines/inch, and is capable of directing

an appreciable fraction of the energy into the region

around 5000 A of the second-order spectrum. The lin-

ear dispersion of the spectrograph is approximately

1.3 A/mm, and the optimum resolution 0.3 cm"1.

Stammreich et al.^74^ were able to attain just as

high a resolution, but in the region of 8000 A. They

built a spectrograph having five interchangeable cam-

eras, the longest of which had a focal distance of 840

mm and a relative aperture of 1:13. Using this spec-

trograph with excitation by the helium line at 5876 A,

they studied'-74'75^ liquid chlorine and interhalogen

compounds. In particular, the spectrum of the former

exhibited a fine structure in the bands, which, in the

authors' opinion, is to be explained by the isotopic

composition of the substance.

Gerasimova and Yakovleva have built three spectro -

graphs of great relative aperture, having diffraction

gratings and lens optics. These permitted them to

conduct studies of extremely weak emissions at rela-

tively high resolution. C76^ One of the instruments

(SP-48) was designed for photography of separate re-

gions (as much as 1000A) in the visible. It has a

camera with a focal distance of 70 mm, a relative

aperture of 1:0.8, and is furnished with a grating with

a ruled area of 136x90 mm2, with 1200 lines/mm. The

spectrum is photographed on 16 mm film. The disper-

sion of the instrument amounts to about 100 A/mm, and

the resolution to 3 A. The other spectrographs of this

series are designed for the near ultraviolet and infra-

red. The last of these (SP-50) is of especial interest

for Raman spectroscopy. Its working range is 8000 —

11000 A. The focal distance of the camera is 135 mm,

and its relative aperture is 1:1.5. The grating has a

ruled area of 121x90 mm'2 with 600 lines/mm, and op-

erates in the first order of the spectrum. The disper-

sion of the instrument is about the same as for the
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SP-48, but the resolving power is lower (about 5A).

Among the foreign commercially-produced instru-

ments for Raman scattering, the one most often used

is the Hilger E-612 spectrograph; E77^ a two-prism in-

strument having two interchangeable cameras of aper-

tures 1:1.5 and 1:5.7. Its dispersion amounts to 64 and

16 A/mm, respectively, in the region of λ = 4358 A. In

the photoelectric variant, the instrument can be used

as a monochromator. To do this, one collimating mir-

row is set up in place of the camera, and another off-

axis mirror is set up to deflect the light beam to the

side. Thus, the light passes twice through both prisms,

and thereby the dispersion of the instrument is en-

hanced (6.7 A/mm in the same spectral region).

The industry in our country produces a series of

instruments especially intended or suitable for study-

ing Raman spectra. The most widespread in use is the

instrument ISP-51.'-78'79-' It is a three-prism glass

spectrograph having two interchangeable cameras

(F = 120 and 270 mm), covering the range 3600—

10000A; in addition, one can use in the instrument two

other separately-supplied long-focus cameras (F = 800

and 1300 mm) or exit collimators having a photoelec-

tric attachment.

Another spectrograph-monochromator, DFS-4, is

constructed about interchangeable plane diffraction

gratings having 600 and 1200 lines/mm, and mirror

optics. Depending on the grating used, its dispersion

is 13.5 or 6.5 A/mm, while its relative aperture is

1:7.3 or 1:10.4, respectively. The region of the spec-

trum is photographed on a flat film or plate.'-79-'

The ISP-67 spectrograph is suitable for photo-

graphic study of spectra at especially high dispersion

and resolution. It is furnished with three large glass

prisms of 150 mm base. Each instrument can operate

in two variants of the optical system: with a simple or

an autocollimated ray path. There are three cameras

with their corresponding collimators. The focal length

of the long camera (calculated only for the autocolli-

mating variant) is three meters. This makes possible

a resolution greater than 200,000, whereby one can

easily resolve lines 0.04A apart in the region of 4ΟΟθΑ

at a dispersion of 0.88 A/mm. t79^

B. Spectrometers

The first experiments on photoelectric recording of

Raman spectra began more than fifty years ago. In sub-

sequent years, this method has been developed very in-

tensively and perfected. Many instruments have been

described in detail. We cannot and need not give an

account of the problem in chronological order. The

pertinent material is to be found in the review E80^. It

seems expedient here, in taking up the most recent ad-

vances along this line, to focus attention only on the

results that the author finds most essential.

Specific requirements are imposed on the mono-

chromator, which is one of the important parts of a

photoelectric apparatus; they arise from the character-

istics of the photoelectric detector, which reacts to the

light flux rather than the light intensity, in distinction

from a photographic plate. Naturally, the parameters

of the monochromator must ensure as high as possible

a value of this quantity in particular, the light flux.

The usually-applied criterion of "transmission of the

instrument," which characterizes the light intensity

in the focal plane, and is determined by the relative

aperture of the camera, acquires a new meaning: "the

transmission of the instrument in terms of light flux."

Hence, we mean by a monochromator of high trans-

mission in a photoelectric apparatus one that has a

large diameter of acting aperture and the maximum

permissible angular dimensions of the entrance and

exit slits. ^29^ The modern monochromators used in

Raman spectroscopy are precisely of this type.

Since we are concerned with spectroscopic instru-

ments, perhaps the most essential advance in recent

years consists in the application of double monochro-

matization of the light. A commercially-produced ap-

paratus of this type has been designed and built simul -

taneously in our country (DFS-12) and in the United

States (Cary Model 81).

The prototype of the double monochromator pro-

duced in our country is a model of the instrument de-

signed by Kiselev.^81^ This instrument is constructed

according to the symmetrical double system of Ebert

and Fastie (Fig. 7). Two flat gratings are set up on a

common rotating stage, thereby simply and reliably

solving the problem of correlating their motion. Since

the dispersions of the two gratings in the adopted sys-

tem are additive, the angular dispersion of the instru-

ment is doubled. This compensates partially or com-

pletely for the light losses from the additional reflec-

tions. In the DFS-12 monochromator gratings are used

of dimensions 150x 140 mm, with 1200 and 600

lines/mm, operating in the first or second order of the

spectrum, respectively. The parabolic mirrors have

a focal distance of 800 mm and a relative aperture of

1:5.3. The linear dispersion at the exit slit is 5.2

A/mm. The length of the slits is 40 mm. By a suitable

adjustment of their curvature, the half-width of the slit

function of the DFS-12 could be reduced to several

tenths of a cm"1.* The FEU-17 serves as the radia-

tion receiver, while a direct-current amplifier is used

for amplification. The spectra are recorded by means

of a potentiometer with a pen on a paper strip. E82^ The

detector-amplifier section in the photoelectric attach-

ment to the instruments ISP-51 and DFS-4 is the same

in principle.

Insofar as we know, there is no systematic descrip-

tion of the Cary Model 81 spectrometric apparatus in

*In photoelectric recording, the size of the signal at fixed res-
olution is proportional to the angular dispersion of the spectro-
scopic instrument.[M] Hence it is always more advantageous to
work with the higher orders of the grating.
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FIG. 7. Diagram of the double monochromator of Kiselev. 1 —
Diffraction gratings; 2 — spherical mirrors; 3, 4, 5 — entrance,
intermediate, and exit slits; 6,7 — collimating mirrors.["]

the literature. However, we can put together an idea
of this apparatus from fragmentary information in a
series of publications. C83~85J

Figure 8 shows a diagram of the Cary Model 81 ap-
paratus. A component part of it is a double, two-slit
monochromator having flat diffraction gratings ar-
ranged in the Shurcliff system. ^86^ The gratings have
a ruled area of 100x100 mm, with 660 lines/mm, and
are able to concentrate a considerable part of the en-
ergy into the first order of the spectrum at 4500 A. *
When one uses the two-slit variant of the instrument,
a parasite line appears in the spectrum near the 4358 A
mercury line at a distance of 120 cm"1. The colli-
mators are spherical off-axis mirrors. The slits are
100 mm long. A special image-slicer is used to illu-
minate them, transforming the rectangular aperture
of the cuvette into 20 narrow images. The capacity of
the usual cuvette is 4.5 cm3, but with this apparatus
one can also study considerably smaller quantities of
liquid, as low as 0.05 cm3. The spectra are excited
with a helical low-pressure mercury lamp. The radi-
ation detector consists of two photomultipliers. A ro-
tating mirror directs the scattered light and the direct
light of the lamp alternately into the one or the other
photomultiplier. In addition, the signals are integrated.
The electrical system permits one to record the ratio
of the useful to the reference signal, thus taking into
account fluctuations in the brilliance of the excitation
source. It has been stated that the instrument has a
resolution of 10 cm"1, and reproduces bands in inten-
sity to an accuracy as great as ± 0.2%. ^833 On the other
hand, judging from the data of ^ , the half-width of
the slit function for the double-slit variant is no
greater than 2.3 cm"1.

As is known, double-beam instruments are widely
used in infrared spectroscopy. In particular, their
significance consists in eliminating the bands of the
solvent from the observed spectrum. This is achieved
by electronic means. Analogous problems can also
arise in the study of Raman spectra of two-component
mixtures. To solve them, Zubov, Petrash, and Su-
shchinskii^87^ have developed and described a suitable
apparatus. Here the light fluxes scattered by two dif-
ferent cuvettes containing liquid are alternately di-
rected into the spectroscopic apparatus by a rotating

9 W
FIG. 8. Diagram of the Cary Model 81 apparatus. 1 - Illumi-

nator; 2 - diffraction gratings; 3 - spherical off-axis mirrors;
4, 5, 6 - entrance, intermediate, and exit slits; 7 — collimating
mirrors; 8 - rotating mirror; 9, 10, 11 - photomultipliers.[8s]

mirror. If the intensity of both of the light beams is
the same, the resultant photocurrent at the photomul-
tiplier output will be unmodulated, and hence will not
be passed by a selective alternating-current amplifier.
The situation differs when the intensities of the beams
are unequal: here the resultant photocurrent contains
an alternating component that can be recorded by the
system. Thus, the apparatus permits us to determine
the difference between the two signals. To illustrate
the possibilities of such an apparatus, Figs. 9—11 show
a series of spectra taken from a paper by Pivovarov
and Levin.[88]

The application of the photoelectric technique of re-
cording in Raman spectroscopy has mainly arisen from
the attempt to improve the accuracy of intensity meas-

*Private communication from P.A. Bazhulin and Kh. E. Sterin.

a) b) c)

FIG. 9. The separation of the partially overlapping bands in
the Raman spectrum of an acetone-benzene mixture using a dif-
ference system, a) Spectrum of acetone; b) spectrum of the mix-
ture after compensation for the benzene band.[*8]
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b) c )

FIG. 10. The separation of the completely overlapping bands
in the Raman spectrum of an acetone-carbon tetrachloride mixture
using a difference system, a) Spectrum of carbon tetrachloride;
b) spectrum of the mixture; c) spectrum of the mixture after com-
pensation for the carbon tetrachloride band.[88]

urement. The material presented above shows that this

problem has been solved. However, at the same time

the conditions for determining the band frequencies

have deteriorated considerably. A situation has arisen

in which one cannot effectively use the high resolving

power of certain photoelectric instruments such as the

DFS-12.

The way out consists in making fiducial marks on

the frequency scale on the paper chart while recording

the spectrum. For example, in the DFS-12 instrument,

such marks are made every 100 cm"1. Linear inter-

polation within this interval ensures an accuracy of

only 1—2 cm"1, which is insufficient in a number of

cases. The problem has been solved ingeniously in

connection with a device for making considerably more

frequent marks in a study by Abramson, Kononov, Mo-

gilevskii, Murzin, and SlavnyL ^893 To do this they

used a Fabry -Perot etalon having a spacing between

interference fringes of 5 cm"1. The light from the

etalon filled part of the entrance slit of the monochro-

mator. The interference pattern was recorded by a

separate photomultiplier. Its output signal controls the

recording of the spectrum. In the authors' opinion, the

error in determining the distance between reference

points is no greater than 0.25 cm"1, which character-

izes the accuracy of frequency measurement. Thus,

the latter quantity has been brought into agreement

with the attainable resolution in the spectra.

C. Sources for Excitation of Spectra

1. Mercury lamps. More than ten years ago, new

excitation sources began to be used in Raman spectro-

scopy: powerful low-pressure mercury lamps of the

Toronto type. ^9°3 Their distinguishing feature con-

sists in local water cooling of the liquid mercury elec -

Si-mi

FIG. 11. The Raman spectrum of a solution of SbCls molecules,
as obtained: a) with an ordinary system; b) with a difference sys-
tem. In the latter case, the background is subtracted from the tail
of the exciting line λ = 4358 A.

trodes, thus attaining a low vapor pressure together

with a great discharge power. Possessing a favorable

composition of the radiation, fine lines and low back-

ground, they displaced from use the high-pressure

mercury lamps, and became an irreplaceable part of

the modern spectroscopic apparatus. In recent years,

Toronto-type lamps have begun to be produced in our

country.

The lamps made in our country are intended for op-

eration in a horizontal position. They are built of

Pyrex, and are helices having an inner diameter about

80 mm and consisting of 3 or 5 turns. Both electrodes

are liquid mercury. Starting of the lamp requires volt-

age pulses from a high-frequency generator. A certain

amount of a noble gas (helium) is introduced into the

lamp to facilitate starting. This measure eliminates

the necessity of preliminary heating of the mercury and

of having an auxiliary electrode. As the measurements

of Sosinskii^91^ have shown, when the amount of the gas

present is favorable, its lines in the spectrum are very

weak, and do not interfere in the study. The discharge

current of the lamp and the voltage drop across its ter -

minals are within the ranges 8—12 A and 80—90 V, re-

spectively. The lamp is mounted in an illuminator hav-

ing all the necessary motions and ventilated with a fan.

In spite of their high quality of spectrum, low-pres-

sure mercury lamps are still being improved in a num-

ber of respects. Here the most important factor con-

sists in having independent water cooling of the working

section, so as to increase the power and to narrow the

lines further, and in providing them with the most ad-

vantageous and convenient shape for the solution of

special problems.

Stoicheff is to be credited with priority in the former

line of improvement (^73^; see also the review



MODERN TECHNICAL MEANS AND METHODS OF STUDYING RAMAN SPECTRA 667

Subsequently, the idea of supplementary cooling has
been extended to lamps of various shapes. C72.92~86H
Various means of construction in building them have
been proposed.

Certain authors, e.g., E95 ,̂ prefer internal cooling.
This is achieved by passing running water through a
specially sealed-in inner tube. It has been possible to
do this even with a helical lamp. ̂  In other lamps,
cooling is brought about by an outer jacket sealed to
the discharge bulb, ̂  or joined to it with rubber
tubes. ^963 Finally, helical lamps have also been built
in which the working section is enclosed in a hermeti-
cally-sealed cavity containing running water. E9?,98]

Apparently, a lamp of the latter type has been de-
veloped by the company Quarzlampen Gesellschaft
(Hanau, West Germany). t91^ The lamp is designed
to operate in a horizontal position, and is made in
two variants: of quartz and of glass of a special com-
position that does not darken on prolonged use. The
latter is very important in view of its increased power.
The cavity through which the running water circulates
is sealed with the aid of two quartz cylinders on gas -
kets. The lamp has four turns with an inner diameter
of 60 mm. High-frequency pulses are used to start
the lamp. Starting is facilitated by an auxiliary elec-
trode and by preliminary heating of the mercury. The
working current is as great as 20 A, and the power con-
sumption is 1.5 kW. A suitable hermetically-sealed
jacket eliminates the harmful effect of the scattered
radiation, which is especially marked in the quartz
variant of the lamp. A lamp of analogous design de-
scribed by Chisler ^98^ has a considerably higher
power (6 kW).

The relation of the efficiency of a source to its shape
is quite obvious. Thus, for the same brilliance of
emission and for a given length of working cuvette, a
helical lamp is unconditionally more advantageous
than a straight lamp. Even better is a lamp providing
continuous emission from a cylindrical cavity. A
source of this type was first built in a study by Pliva,
Schneider, Stokr, and Ulbert. ̂  It was intended to
operate in a vertical position. Later, Kondilenko and
Vorob'eva^100^ described a horizontal lamp of a sim-
ilar type, the technology of its construction, and some
test results.

The horizontal lamp consists of two coaxial cylin-
ders sealed together, of diameters 30 and 70 mm.
Tubes for liquid-mercury electrodes are sealed to
the outer one. Without high-frequency pulses, the
lamp is started with preliminary heating with the aid
of an auxiliary anode. The length of the working part
of the lamp is 200 mm, while the current used can be
as high as 25 A. A good spectrum of carbon tetrachlo-
ride can be obtained with this source on the ISP-51 in-
strument with a small camera in 15 seconds. When
mixed with benzene, carbon tetrachloride can be iden-
tified at a concentration of 0.07%.

The advantage of these lamps consists not only in

their shape. Apparently, the latter affects the nature
of the discharge favorably. This is evidenced by the
fact that the light output shows a much more marked
dependence than usual on the value of the discharge
current. [72i94,100] Consequently, the optimum condi-
tions of use of lamps with continuous emission from
a cylindrical cavity is shifted toward greater discharge
currents. This is an additional source of their effi-
ciency. A further increase in their power can probably
be attained through independent water cooling of the
working section. In actuality, its design would en-
counter great technical difficulties.

In one respect, lamps having continuous emission
from a cylindrical cavity are still inferior to helical
lamps: their inner-cylinder diameters are small. This
practically rules out using them in low-temperature
studies. However, even in an ordinary experiment, this
gives rise to certain difficulties, e.g., in the choice of
light filters. Therefore, the further improvement of
these lamps must, in particular, consist in enlarging
their dimensions.

In a number of cases, one requires sources of spe-
cial shapes. We shall discuss in the next section some
examples of this sort relating to the study of powdered
substances. Particularly for this reason, Moser and
Stieler l-101^ constructed a U-shaped lamp with a side
window permitting the focusing of the light on the pow-
dered sample with the aid of a high-aperture condenser.
To increase the current density, the horizontal section
of the lamp has a jacket with independent water cool -
ing. Owing to these measures, the nature of the dis-
charge is maintained, but its brilliance increases
markedly. Figure 12 shows a sketch of the lamp. Re-
cently Geppert and Scholz^102^ have built another such
lamp. They also studied its spectral characteristics.

All of the above-described lamps are supplied by
direct current. The usual power supply consists of a
high-power stabilizer and a rectifier. This is a very
cumbersome setup. An alternating-current lamp is
more convenient to use. Bridoux and Delhaye^103^
have built such a source. It has four liquid mercury
electrodes: one air-cooled cathode and three water-

Anode Cathode

FIG. 12. Diagram of a "point-source" low-pressure mercury
lamp.[101]
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Anodes

Cathode

FIG. 13. Diagram of an alternating-current low-pressure mer-
cury lamp.[103]

coooled anodes (Fig. 13). Its spectroscopic character-
istics are the same as those of an ordinary lamp of the
Toronto type.

2. The problem of studying colored substances —
lamps in which the discharge takes place in noble gases
and in alkali-metal vapors. However the mercury lamp
may become perfected, we still cannot consider it to be
a universal excitation source for Raman spectra. It
often becomes necessary to study highly colored sub-
stances. For example, these include a vast class of
molecules from organic chemistry containing alternat-
ing single and multiple bonds and chromophoric groups.
Such molecules are of great interest in theoretical and
practical respects. The development of a method of
studying colored substances amounts to the construc-
tion of a source having exciting lines shifted into the
orange-red region. There are no suitable lines for this
purpose in the mercury spectrum (the yellow doublet
at 5770—5790 A is very weak, and Raman lines excited
by it are doubled). This fact has led certain research-
ers to concern themselves with the design of special
sources.

The first studies along this line were conducted
several decades ago by Wood, Krishnamurti, and
Thompson. E104] However, this new technique has un-
dergone considerable development in recent years.
Above all, this is due to the studies of Stammreich E105^
andDelhaye.C1063

In solving the problem, Stammreich first took the
course of building gas-filled lamps. In 1956 he devel-
oped and described high-voltage glow discharge lamps
filled with helium, neon, argon, krypton, and xenon.
The spectra of these gases contain a rich selection of
lines situated in the long-wavelength region, including
the near infrared. Certain of them are sufficiently in-
tense, and can be used as exciting lines. All the lamps
were made of glass tubing of 5 mm diameter wound in
a helix having an uncoiled length of about a meter.
When a voltage of 1200—2000 V was applied, the work-
ing current of a lamp amounted to 500 μΑ. Using such
sources, he could obtain spectra of a multitude of pre-
viously unstudied molecules. A resume of all the r e -
sults is found in £1 0 73.

The problem-of studying the Raman spectra of col-
ored substances is not completely worked out by the

construction of gas-filled glow-discharge lamps. Ex-
perience has shown that these lamps are distinguished
by a number of faults. The major ones consist in the
lack of stability of the light and electrical parameters.
In some cases the lamps produce inductive interfer-
ence thereby ruling out (or in any case hindering) the
use of the photoelectric technique of measuring the
spectra. Even the high supply voltage of the lamps in
itself complicates the conditions of using them. Thus
certain authors tend to use low-voltage arc-discharge
sources, t1»6.»']

We can judge as to the characteristics of these lat-
ter sources from the description by Kir'yanova, Pivo-
varov, and Yakovlev. C108a] The lamp that they built is
linear in shape, and is made of glass tubing of diam-
eter 40 mm and length 120 mm. The electrodes, which
are oxidized coils designed for high current strength,
are contained in thickened bulbs sealed on at an angle.
The lamp is filled with helium at a pressure of 2 mm
Hg. Here the starting potential does not exceed 170 V,
and the discharge is quite stable. The working current
is 8 A, and the potential drop is 100 V. After 200 hours,
such a lamp continues to burn stably without any ap-
preciable signs of darkening of the glass. To illustrate
the operation of the low-voltage lamp, Figs. 14—16
show some spectra. They were recorded with the pho-
toelectric apparatus described in C108W. As we see,
spectra can be excited not only with the intense 5876 A
line, but also with the considerably weaker helium
lines at 4471 and 5016 A. The latter point is essential
in a number of cases, e.g., in studying the frequency
characteristics of the scattered radiation.

Raman spectra in the long-wavelength region can
also be excited with lamps in which the discharge takes
place in alkali-metal vapors. Here it is advantageous
to use the resonance lines: they are intense and can be
selectively absorbed in the beam of scattered light. The
resonance doublets of cesium (8521 and 8943 A) and
rubidium (7800 and 7948A) are especially suitable.
The above-cited study of Stammreich'-105-' describes
the results of the first experiments with the cesium
and rubidium lamps. King and Lippincott, E109^ as well
as Miller, Carlson, and White, C110^ have been able to

78.

7700 7265
7674- 7656

FIG. 14. Raman spectra of jD-dimethylaminonitrostyrene mole-
cules. Exciting line: λ = 5875 A (helium).
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7357

FIG. 15. A portion of the Raman spectrum of o-nitroaniline
molecules. Exciting line: λ = 5876 A (helium).

7340
(nitrophenetole)

.τ
ί37δ<-,<4ΰΰ (nitromethane)

obtain the spectra of certain molecules using com-
mercially-available sodium lamps. Owing to the close-
ness of the components in the sodium resonance dou-
blet, all the Raman lines proved to be doubled. One of
the difficulties in constructing alkali-metal vapor
lamps apparently involves their chemical reactivity.

The amalgam lamps described by Ablekov, Zaitsev,
and Pesin^1 1 1^ are of great interest; the authors devel-
oped them to study the fine structure of the Rayleigh
line. They are constructed just like the low-pressure
lamps, except that their electrode sections are filled
with a liquid amalgam of zinc or cadmium instead of
pure mercury. Evidently, one can use the amalgams
of other metals as well. The emission lines of the
metals added to the mercury prove to be very narrow
and intense. The latter fact, as the authors of ^112J
assume, involves the phenomenon of optical amplifica-
tion (induced emission). Undoubtedly, experiments to
apply these lamps to excite Raman spectra would be
worthwhile.

3. Power supply of lamps by a microwave generator.
A series of publications in recent years has been con-
cerned with a new method of power supply of lamps. It
is based on the use of the electromagnetic field of mi-
crowave^106»113^ and radiofrequency generators. ^114^
Here one no longer requires electrodes. The lamps
are extremely simplified. The nature of the discharge
remains favorable. The new method is suitable for
power supply of both gas-filled lamps of any configura-
tion and lamps containing the vapors of various metals.
Certain limitations are imposed on the dimensions of
the lamps alone. Good results have been obtained with
these lamps. We shall give some examples. Ham and
WelshE113- describe helium, sodium, and mercury elec-
trodeless lamps supplied by a microwave generator.
They are made in the form of a Dewar flask. The cu-
vette volume is 2 ml. An intense spectrum of the CC14

molecule is obtained in 2 min (exciting lines: λ
= 4358 A, and the components of the sodium doublet at
λ = 5889—5895A). It was possible to excite the spec-
trum of the previously unstudied molecule S2C12 with
the helium line at λ = 5876 A. Analogous lamps filled

737£+ί41)β (nitromethane)
7340

(nitrophenetole)

FIG. 16. A portion of the Raman spectrum of p-nitrophenetole
molecules excited by the lines λ = 4471 and 5016 A of helium
(solvent = nitromethane).

with potassium and rubidium vapors permitted the
same authors to photograph the spectrum of liquid
bromine in 15 minutes. ^113^ In E115^, an electrode-
less helium lamp was used to study the TiBr4 mol-
ecule, whose spectrum had not been known.

4. The pulse technique of exciting spectra. Experi-
ments on pulsed power supply to lamps occupy an im-
portant place in the development of new technical
means of studying Raman spectra. These were carried
out by Delhaye C116^ and by Delhaye and Delhaye-
Buisset.^117^ For this purpose, the authors built a
mercury lamp fully analogous with that described by
Pliva et al. ^"^ The lamp was supplied from a battery
of condensers of capacity 12—24 microfarads, charged
to 4000 V. Energies up to 200 joules were released in
each pulse. The average power of the lamp amounted
to 5 kW. They also used a hollow electrodeless lamp
supplied from a microwave generator. The radiation
was received by a photomultiplier. The resulting elec-
tric signal was applied to an oscillograph. For reso-
lution of the light, a high-aperture prism apparatus was
used. With the apparatus that they developed, they
could record the spectra of a number of substances at
a maximum scanning rate as great as about 20,000
cm-ymin. Delhaye attained a further increase in the
rate (to 60,000 cm~Vmin) by increasing the power of
the lamp and using an improved spectroscopic appa-
r a t u s . ^ 1 ^

The initial problem of the authors consisted in the
spectroscopic study of the kinetics of chemical reac-
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tions. However, the development of the pulse technique
has also a broader significance. Pulsed supply permits
one to improve the signal-noise ratio by electronic
means, and thus to increase the threshold sensitivity of
the photoelectric apparatus. [119.12°] Increasing the
power of the lamp acts in the same way. Actually, here
the problem of spectral line width (and also the inten-
sity of the continuous background) under the conditions
of the powerful pulse discharge remains insufficiently
clear, and requires additional study. Without question,
the pulse technique is worthy of further development.

5. The use of the laser to excite spectra. As we
know, lasers, for which varied applications are being
found, are being very intensively developed at present.
In particular, experiments have been described on the
use of the laser to excite Raman spectra. E121^

In t121^, the laser was made from a ruby rod con-
taining 0.05% chromium. The ends of the rod were
worked to an accuracy of 0.2 fringes and coated, one
of them with an opaque silver film, and the other with
a semitransparent one. To stabilize the frequency of
the emerging radiation, the rod was cooled in nitrogen
gas chilled with liquid nitrogen. As usual, the optical
pumping was carried out with a xenon lamp. The laser
operated at a frequency of three flashes per minute.
The energy of each flash amounted to about 3000 joules,
and the duration was about one millisecond. The spec-
tra were obtained with from one to a hundred flashes.

The slightly diverging beam at the exit of the rod
was directed with a condensing lens onto the cuvette
containing the liquid. In order to increase the effi-
ciency, a considerable portion of the cuvette was
coated on the outside with barium sulfate. The spec-
tra were recorded by the photographic method. A
high-aperture spectrograph was used. A multitude of
parasite lines was observed in the initially obtained
spectra. Part of them were due to the entrance into
the instrument of the fluorescent emission of the ruby,
and others to the emission of the xenon lamp. The eli-
mination of the parasite lines was achieved by separat-
ing the rod and the cuvette considerably. This is made
possible by the small aperture of the exciting light.
The authors show Raman spectra of benzene and car-
bon tetrachloride, free from parasite lines, and ob-
tained with a distance of 1.5 meters between the rod
and the cuvette.

In other experiments, E122^ a system was used in
which the semitransparent mirror was displaced out-
ward. The cuvette containing the liquid was placed be-
tween the rod and this mirror, and thus the authors of
[122] w e r e able to discover a new phenomenon under
giant-pulse conditions: stimulated (coherent) Raman
scattering. It turned out that only certain vibrations
are relatively easily generated in the spectra of ben-
zene, nitrobenzene, toluene, 1-bromonaphthalene,
pyridine, cyclohexane, and deuterated benzene. Carbon
tetrachloride and sulfuric acid were completely inac-
tive, while water, acetone, and ortho-dichlorobenzene

were weakly active. The significance of the results
obtained extends far beyond the limits of mere refine-
ment of the technique of exciting spectra. These ex-
periments have opened up a new field of Raman spec-
troscopy, very important in theoretical and applied
respects. Intensive work is being continued along this

1

Conclusions

At present, experimenters have at their disposal
photographic and photoelectric apparatus for recording
Raman spectra that permit one to make precision
measurements at high resolution, and also various
sources for exciting spectra that are suitable for
working over a very broad spectral range, and in par-
ticular, in the near infrared. The problem has thereby
been solved of studying highly colored substances of
importance in applied and theoretical chemistry. Vari-
ous means of power supply of the lamps have been
successfully developed. Especial attention is to be
paid to the pulse technique of power supply of lamps,
which permits one to increase the threshold sensitiv-
ity of the Raman-scattering method, as well as to
study fast processes spectroscopically. Experiments
have been described on application of a ruby laser as
the source for exciting the spectra. Here an extremely
important result was obtained: a new phenomenon was
found of stimulated, coherent Raman scattering, which
continues to be under intensive development.

5. SPECIAL METHODS

A. Powdered Substances

Many substances occur under ordinary conditions in
the solid crystalline state. Sometimes they are diffi-
cultly soluble and decompose on melting, and hence
cannot be studied either in solution or in the melt. On
the other hand, in solving a number of problems one
often has to compare the spectra of a substance in dif-
ferent states of aggregation. All of this makes it nec-
essary to grow single crystals, which involves a great
expenditure of time and is not always achievable or
possible. Hence, the development of methods that per-
mit one to obtain fully valid spectra from crystalline
powders is a very important problem. Such methods
should prove to be irreplaceable, at least in those
cases when one does not need to know the polarization
properties of the emission. More than thirty years
have elapsed since the first experiments to study pow-
ders. However, considerable advances on this problem
have been made only in the last decade. This section
will be concerned with reviewing chiefly the most re-
cent years.

One difficulty in obtaining Raman spectra from pow-
ders involves the marked enhancement of the mercury
lines in the scattered radiation. While in the spectrum
of a transparent liquid the exciting line in the Rayleigh
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scattering exceeds the average Raman band in intensity

by several hundred times, £128>129] in the spectrum of

powdered naphthalene this ratio is increased by ap-

proximately four orders of magnitude.* The light of

this line is markedly increased, owing to reflections

from the particles of the substance; and when it enters

the spectroscopic apparatus, it is scattered by the op-

tics, the mountings, and other internal parts. A contin-

uous background is produced. According to the meas-

urements of E130^, the intensity of the background can

vary within the range of 10~3—10~4 of the intensity of

the transmitted monochromatic light. Consequently,

in this case the background from this source is

stronger than an ordinary Raman band by a factor of

no less than a thousand. It prevents our observing it.

Another difficulty in studying powders is due to the

continuous background from the source itself. In high-

pressure mercury lamps, its intensity in comparison

with the blue line at λ = 4358 A amounts to 5 χ 10~4

on the average. [131,132] since an ordinary Raman band

of a powdered substance has a relative intensity of the

order of magnitude of 10~6—10~7 in the same units, the

background from the lamp also becomes a very serious

obstacle to the experimenter.

However, even if in some way we can eliminate the

above-mentioned difficulties, we must always consider

the fact that a crystalline powder, which is as a rule a

poorly-transparent medium, limits the depth of pene-

tration of the exciting radiation, and thus the number

of particles participating in the act of Raman scatter-

ing is limited. Hence, the spectra of powdered sub-

stances are often distinguished by relatively low inten-

sity, and crystals that are too fine-grained are in many

cases totally unsuitable objects for study.

Apart from the apparatus proposed as early as 1937

by the German school of spectroscopists, ^1 3 3^ which

was complicated to build and adjust and of low aperture,

we can state that, within the limits of the photographic

technique of recording, there is a single means, at

least partial, of solving the problem of the spectra of

powdered substances. It amounts to using supplemen-

tary light filters. One of these is placed in the illumi-

nating beam of light, and the other in the scattered

beam. Provided that the first filter isolates the excit-

ing line, and the second one isolates a frequency range

in which the most important Raman bands lie, the spec-

trum will prove to be considerably freed from the in-

terfering radiation.

In most cases it is preferable to excite the spec-

trum with the mercury blue line at λ = 4358 A. How-

ever, it is precisely in this region of the spectrum that

there are no absorption filters with steep enough bound-

aries between transmission and absorption. Hence, in

using the method involving these supplementary filters,

in most cases one cannot obtain the bands in the spec-

tra having relatively low frequencies (below ~ 300—400

cm i). In addition, the filter in the illuminating beam

greatly weakens the exciting line, while the filter in the

secondary beam distorts the intensity distribution of

the scattered radiation. These constitute the major

defects of the method.

Guber and Riggert are responsible for a certain re-

finement in the described method; in 1951 they pro-

posed the use of interference filters in the incident and

reflected light, instead of absorption filters. tlu^ A

diagram of the corresponding apparatus is shown in

Fig. 17. Using it, they obtained encouraging results.

The secondary filter proved especially effective. By

using two secondary filters, the authors of Ci35,l3eU

could reduce the background in the spectra even fur-

ther, though at the expense of a quite considerable in-

crease in the exposure.

However, interference filters are distinguished by

one defect as compared with absorption filters: they

have to be illuminated by narrow beams of light. The

aperture of the collimators in the spectroscopic in-

struments seldom exceeds 10°, and hence in general

it satisfies the required condition. The problem is

more serious with the light beam incident on the sub-

stance. The usual method of illuminating the sample

proves inapplicable in this case. One has to use a

"point" source, and project its image on the sample,

with the filter placed between the condensing lenses.

Guber and Riggert^134^ used a mercury lamp having a

flat window at the end used for illumination. Very con-

venient lamps having an increased radiation density

have been specially built for this purpose and de-

scribed by Simon, Kriegsman and Steger, ^1 3 5^ by

Moser and Stieler, ^ 1 0 1^ by Heinz and Simon, E137^ and

also by Geppert and Scholz. ^ 1 0 2^ Certain information

on these sources is to be found in the previous section.

It is self-evident that the aperture condition sharply

lowers the efficiency of excitation. However, Tobin^138^

has shown that one can use ordinary absorption filters

in the illuminating light beam emitted by a low-pres-

sure mercury lamp without harming the quality of the

spectra. This opens up the possibility of using wide-

aperture helical lamps. A calculation made by the au-

thors of E138^ shows that one attains thus a more-than-

tenfold increase in the light flux incident on the sam -

pie.

Interference

*Data of special experiments.

Interference filter

FIG. 17. Diagram of the excitation of Raman spectra of pow-
dered substances using interference filters.["*]
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When one is interested only in the bands of frequen-

cies in the range 700—1700 cm"1, it is reasonable to

excite the spectrum with the green mercury line at λ

= 5461 A, using absorption filters in the primary and

secondary light beams. This involves the possibility

of selecting a very good combination of filters. An ef-

ficient apparatus of this sort is described in ^39] j n _

deed, the use of a diffraction-grating spectrograph was

required in its construction. Prism instruments are

distinguished by very low dispersion in this region of

the spectrum.

Up to now, we have been discussing various meth-

ods of exciting spectra of powdered substances using

gas-discharge lamps. Danil'tseva, Zubov, Sushchinskii,

and Shuvalov^140^ have obtained spectra from a number

of powders excited by the 6943 A line of a ruby laser.

The flash energy of the pumping lamp amounted to

1—1.8 kJ. The crystal was cooled with the vapors of

liquid nitrogen. In order to weaken stray radiation, the

powdered sample was placed at a great distance (two

meters) from the crystal. The spectra were photo-

graphed with a very high-aperture (1:1) spectrograph

having a flat diffraction grating. They used Infra-7 60

photographic plates and Infrarapid-750 film. The slit

width was 8—12 cm"1. The method of illuminating the

sample was by transmission. From thirty to one hun-

dred flashes were required to obtain the spectra. This

indicates the relatively low efficiency of excitation.

It is clear from all that has been stated above that

the excitation source is a very important element of

the apparatus in obtaining Raman spectra from pow-

dered substances. Previously, high-pressure mercury

lamps had been used exclusively for this purpose. As

has been noted, they are characterized by a high inten-

sity of the continuous background, which considerably

complicates the problem. A considerable effect was

attained in C141i138,ioi] by the use of low-pressure

lamps of the Toronto type, involving the low intensity

of the background in these lamps, amounting to a value

of the order of 10~6.*

An important step in the development of methods of

study of powdered substances was the application of

photoelectric measurement of the spectra. This was

first carried out in E141]. Subsequently, analogous pub-

lications have appeared. E101>142^ Another advantage was

added here to the usual ones of photoelectric recording

over photographic: it became possible to adapt a double

monochromator to obtain the spectra. When using a

low-pressure mercury lamp, which is practically free

from continuous background, double monochromatiza-

tion of the light most radically eliminates parasitic

scattering and the ghosts characteristic of the diffrac -

tion grating. Here it becomes possible to approach the

exciting line itself, i.e., to obtain the complete spec-

Direction of observation Direction of observation

/ * i k k k
Powder

Powder

Illumination Illumination
a) b)

FIG. 18. Diagram of the excitation of Raman spectra by pow-
dered substances in a conical cuvette, a) In reflected light; b) in
transmission.

trum of frequencies, including the low ones, without

distorting the intensities of the lines and bands. An-

other important fact is that with double monochromati-

zation one can reduce the light losses to a minimum,

or even compensate them totally by opening the slits,

as is permitted by the sharply increased angular dis-

persion of the instrument. Consequently, this variant

of the method of studying powders is effective in all re-

spects. It was first proposed in '-141-' and carried into

practice in E81^. Recently the Cary Model 81 spectro-

scopic instrument has been used for an analogous

purpose. [142]

*Data of special experiments using a double monochromator.
The value of 10"5 given in [112] is apparently too high, owing to
parasitically scattered light.

Irrespective of the method of recording the spectra,

the problem always arises of the most rational method

of illuminating powdered samples. Observations are

often made in transmission by illuminating a planar

cuvette of optimum thickness containing the powder

with a wide-aperture condensing lens. CU3-U6] JJ O W _

ever, a conical cuvette containing the specimen, oper-

ating in transmission or reflection, proves much more

effective (Fig. 18). The latter method is more advan-

tageous also for the reason that in carrying it out, one

does not require tedious experiments to establish the

optimum thickness of the layer, for it is achieved au-

tomatically. A method of illuminating the sample pro-

posed by Bergmann and Thimm^147'148^ is very curious.

It is based on using a cuvette having the form of an

Ulbricht sphere, as shown in Fig. 19. Using such a

cuvette, intense spectra of wet (turbid) benzene and

powdered naphthalene could be photographed in eight

minutes. In the authors' opinion, one can obtain thus

new, important characteristics of the Raman spectra,

namely, the quantum yields. In ^U9-^ and some subse-

quent studies, experiments were undertaken to obtain

spectra from pressed tablets, in analogy to the corre-

sponding technique used in infrared spectroscopy. The

observation was made in transmission. The powders

were pressed with KBr without a filler. It is as yet

difficult to judge as to the effectiveness and advan-

tages of this method over those described above.

The essential role of the dimensions of the scatter-

ing particles has been noted above. This problem has

been the special topic of a series of studies. Ci50,isi,i423

For example, for those reputedly difficult substances,

the inorganic crystals, which do not give sharp spec-
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Interference filter

Ulbricht sphere

Condensing lens

[nterference filter

Condensing lens

Mercury lamp

Illumination

FIG. 19. Diagram of the excitation of Raman spectra of pow-
dered substances in an Ulbricht sphere.[147'14*]

tra, the dispersity of the particles was varied from

1.5 to several hundredths of a millimeter. C15°I] When

the particle dimensions were less than 0.1 mm, in

most cases spectra were not obtained, even with con-

siderable exposures. However, obviously, the critical

dimensions of the particles must depend both on the

method of study (recording of the spectrum, sample

illumination) and on the nature of the substance itself.

The solution of many problems, in particular those

involving the determination of molecular structures,

requires a knowledge of the intensity coefficients of

the Raman bands. Hence, methods of determining

these quantities acquire great importance in the spec-

tra of powders as well. However, the performance of

such measurements involves a specific difficulty: their

results depend on the dimensions and packing of the

particles, and also on the thickness of the effective

layer of the substance. In order to obtain data that

can be correlated, we might try to standardize the ex-

perimental conditions. However, this is difficult to

achieve in practice. Besides, such a standardization

would be of little avail in studying colored crystals,

which require that we take into account the self-

absorption of the exciting and scattered radiation

within each particle.

It is better to seek a way out of the situation in

using an internal standard. This is precisely what the

authors of L151] n a v e done. They excited the spectrum

in transmission with the mercury resonance line at

λ = 2537 A, and chose as an internal standard another

mercury line situated in a suitable region. Thus they

took into account the combined influence of all the fac-

tors enumerated above.

However, such a variant of the method is far from

reproachless. First of all, it is not distinguished by

universality. With another choice of exciting lines,

e.g., with Aexc = 4358 A, one can no longer find stand-

ard lines in the spectrum of the source in suitable posi-

tions. This is especially important in studying highly

colored powders. It is also clear, as we know, that it

cannot be applied to measure spectra obtained in re-

flected light. However, it is precisely this variant of

the method that merits preference by its convenience

and simplicity.

Another variant of the method of measurement is

free from these defects. Here the internal standard

consists of suitable Raman bands of a specially added

substance. The 1380 cm"1 band of naphthalene has been

chosen as the internal standard in experiments of this

sort. E152^ The powders being studied (various aromatic

compounds) and naphthalene were ground in a mortar

and carefully mixed to obtain as homogeneous a mix-

ture as possible. An oblique section of a wooden cyl-

inder was coated with a layer of it. The layer was il-

luminated by a helical low-pressure mercury lamp.

The observation was made from the side.

If the powder being studied is transparent in the re-

gion of the exciting and scattered radiation, then quite

obviously this method of determining the intensity co-

efficients should give correct results for a sufficiently

homogeneous mixture of fine particles. When working

with colored powders, a further condition must be sat-

isfied: the exciting line must penetrate into the layer to

a depth exceeding the dimensions of the particles sev-

eral-fold (a depth estimated to be 0.05—0.1 mm). Only

thus can we correctly take into account the self-ab-

sorption within the colored particles.

We can obtain indirect evidence on the relative

depth of the effective layer of the powder in each indi-

vidual case by studying the relation of the intensities

of the Raman bands of the colored powder to its mole

fraction in the mixture. Evidently, observation of a

proportionality here would mean that the exciting radi-

ation penetrates deeply enough into the layer, rather

than being absorbed upon passage through even a single

colored particle. This also will establish the limits of

applicability of the method.

Figure 20 shows such a graph, referring to a mix-

ture of p-nitrophenetole (a substance absorbing appre-

ciably at the edge of the visible) and naphthalene. The

02 OA 06 ΰβ 1.0 tj ?A IS
C.mol.

FIG. 20. The relation of the intensity of the 1325-1337 cm"'
Raman band of powdered p-nitrophenetole relative to the 1380 cm"
band of naphthalene to the mole fraction of the substance.[152]
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FIG. 21. Raman spectra of powdered rutile (1) and anatase
(2).[156] The latter spectrum has been recorded with two modes
of amplification.

intensity of the complex band of p-nitrophenetole at
1325—1337 cm"1 was measured. The molar ratio of
the components was varied over a wide range: from
1:20 to 1:0.66. The mean-square error, as derived
from a large number of measurements (7—17), was
no greater than 4.5%. We see that the proportionality
between the measured intensity and the mole fraction
of the substance holds over the entire concentration
range. Analogous results have been obtained in study-
ing other mixtures as well. This implies that the ini-
tial assumption on the depth of the effective layer of
the substance is correct, and hence the method of
measurement can be applied not only to colorless
powders, but also, in any case, to weakly colored
ones. This extends the range of problems and objects
of study that are amenable to quantitative studies using
Raman spectra.

Conclusions. In recent years the solution of the
problem of obtaining Raman spectra from powdered
substances has advanced considerably.

One variant of the solution consists in perfecting the
method of using supplementary interference filters
within the framework of photographic recording of
spectra. These light filters quite effectively eliminate
the continuous background in the region of the most
important vibrational bands. Hence, by using this
method, and taking long exposures, it has been pos-

200 400 vvib

FIG. 22. Raman spectra of some metaphosphate glasses:
1 - Na2O-P2O5; 2 - CaO-P2Os; 3 - ZnO-P2Os; 4 - MgO-P2O5;
5 - A1203-3P205; 6 - BeO-P2Os. The glasses were studied in
the form of finely-crushed particles.t153]

sible to obtain quite satisfactory spectra from a small
number of poorly-scattering substances, the crystal-
line phosphates. ^150^

Another variant is based on the application of double
monochromatization to the scattered radiation, and
hence also of photoelectric recording of the spectra.
This method still requires a large amount of the ma-
terial to study. Nevertheless, it eliminates the contin-
uous background quite radically, and makes it possible
to obtain very quickly quantitative information on the
entire spectrum, including even the low-frequency re-
gion (down to 20—40 cm"1). The intensive development
of the photoelectric technique permits us to expect an
increase in the threshold sensitivity of this method.
Thus we must consider it very promising. We can get a
picture of the results already obtained, e.g., from'-153"157-',

FIG. 23. Raman spectra of powdered AgC104 (1) and its ben-
zene complex (2).[157]
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FIG. 24. Raman spectra of AlBr3 molecules. 1 — Liquid, 2 —
powder.['5e]

as well as from the spectra of various powders and

inhomogeneous glasses given in Figs. 21—24.

B. Gases and Vapors at Moderate Pressures

Essentially new possibilities of studying Raman

spectra in gases have arisen from the application by

Stoicheff E73] and by Welsh et al. E723 of multiple-pass

reflecting cuvettes. A detailed description of the con-

struction of these cuvettes and their principle of action

can be found in the review C15^ (see also ^ ) . A subse-

quent important step in the perfection of the technical

means of studying gases involved the use of photoelec-

tric recording. Shortly after the first experiments of

this sort, ^1 5 9^ various authors have built quite reliable

apparatus permitting precise quantitative measure-

ments in the spectra of gases and vapors at relatively

low pressures. Thereby they could obtain valuable in-

formation on the structures of molecules and the mech-

anism of their interaction, f·160·161-' We shall give a

brief characterization of this apparatus.

The apparatus described by Yoshino and Bern-

stein^160^ is built about the autocollimating spectrom-

eter of White, Alpert, and DeBell^92^, which has a flat

diffraction grating (ruled area 102x102 mm, 1200

lines/mm), and an off-axis parabolic mirror (d = 120

mm, F = 750 mm). The linear dispersion of the in-

strument in the working region of the spectrum

amounts to 40—60 cm"'/mm. Six straight Toronto -

type mercury lamps with supplementary cooling of the

working section (which is 900 mm long) serve to ex-

cite the spectra. The multiple-pass cuvette is quite

analogous to those described in ^72J and '-73^. The

lamps are located in a housing coated on the inside

with a layer of magnesium oxide to increase the light

yield. The apparatus was adapted to measure the de-

gree of depolarization ρ of the lines by the method of

FIG. 25. Rotational Raman spectrum of gaseous N2 mole-
cules.[160] Pressure = 2 atm, slit width 1.7 cm"1.

Edsall and Wilson. '-20^ Here a special treatment was

made of the problem of the effect of the specular re-

flections in the multiple-pass cuvette on the measured

value of p. With the aid of this apparatus, the spec-

tra of many gases and vapors have been studied, in

particular, the hydrocarbons.'-160'162-' A combined study

of the intensity and polarization of the lines permitted

the authors to calculate the tensor invariants 9a/9q

of various molecules. To give a picture of the effec-

tiveness of the apparatus, Figs. 25 and 26 give some

spectra. Typical conditions of recording are: pressure

= 1—2 atm slit width = 1.5—5 cm"1.

The apparatus assembled by Bazhulin and Lazarev

permits one to perform intensity measurements

on the contours of the rotational and vibrational Raman

lines of gases and vapors at pressures of 1—10 atm

over the temperature range 30—250°C. The DFS-4

spectrometer'-79-' is used in the apparatus; it has about

twice as great a linear dispersion as that described in

[92] rpne igjjgth of ^ e multiple-pass cuvette amounts

to 600 mm. The cuvette is sealed with gaskets made

of the fluorinated plastics SKF-32 and SKF-26, which

are chemically and thermally very stable. The spectra

are excited by two linear low-pressure mercury lamps.

In this apparatus, a study has been made of the pure

gases H2, O2, N2, CO2, and CH4, and also on mixtures

of them with the inert gases, in connection with the

problem of broadening of Raman lines. E161^ The appa-

ratus has also made it possible to make experimen-

FIG. 26. Rotational Raman spectrum of gaseous O2 mole-
cules.t160] Pressure = 2 atm, slit width 2.2 cm"1.
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λ.
FIG. 27. Rotational Raman spectrum of gaseous 0 2 mole-

cules.[1 6 1] Pressure = 3 atm, slit width 9.7 cm"1. The arrows in-

dicate ghosts.

tally-difficult comparative measurements of the inten-
sities of vibrational lines of substances in the liquid
and vapor states. E39^ Rotational spectra have been re-
corded at slit widths of 0.5—0.6 cm"1, vibrational
spectra at 0.3—1.5 cm"1, and rotational-vibrational
spectra at 2—3 cm"1. Figure 27 shows a sample of a
recording of a rotational spectrum.

C. Gases and Vapors at High Pressures

In order to reveal the fine details in the spectrum
of a gaseous substance, one often has to work at an in-
creased pressure of the gas or vapor. There are also
associated with the high-pressure technique some
spectroscopic studies of great theoretical importance,
namely, studies of the physical processes accompany-
ing the condensation of a substance. A number of au-
thors have built cuvettes suitable for solving such
problems.

A good high-pressure cuvette must have a sufficient
reserve of mechanical strength, and at the same time
permit effective illumination of the working cavity.
These requirements are contradictory, and are satis-
fied by compromising. The cuvette designed and built
by Mikhailov^163^ is designed for pressures up to 250
atm. It is made from a thick-walled metal tube with
three slots along generators of the cylinder for the ex-
citing beam, and a side opening for the scattered beam.
It is illuminated by three PRK-2 lamps. Cylindrical
lenses made of organic glass serve to focus the light
of the lamp. They are thus the windows of the cuvette.
Inside the metal tube is mounted a mirror system for
multiple reflection. When working with the HUET
V-III spectrograph, exposures of from three to forty
hours are required. With the aid of this apparatus, the
effect has been studied of the pressure and temperature
on the vibrational and rotational spectra of nitrogen,
oxygen, and methane, and the results have been com-

FIG. 28. Diagram of a cuvette to study Raman spectra of high-
ly compressed gases. 1 — Shell; 2 — lamps with water filters;
3 — cylindrical lenses; 4 — scattering volume.[163]

Ο 50 100 150
- 1

cm

2330 2350
cm

FIG. 29. Rotational and vibrational Raman spectra of N2 mole-

cules at various gas pressures: 1 — 15; 2 — 25; 3 — 40; and 4 —

50 atm.[1 6 3]

pared with the collision theory of line broadening.
The study carried out is of great significance. Figure
28 shows a diagram of the cuvette, and Fig. 29 shows
the rotational spectrum of the N2 molecule at various
gas pressures up to 50 atm.

A cuvette designed for even higher pressures (up to
2500 atm) is described in C1653. The cuvette was ap-
plied to study liquids, but in the opinion of the authors,
it is also suitable for working with compressed gases.

The scattering cavity of the cuvette is a channel of
diameter 20 mm in a metal cylinder pressed into an-
other cylinder of outer diameter 160 mm (Fig. 30). The
material introduced into the channel is illuminated
through three side windows. The end window serves
for exit of the scattered beam. The window seals are
constructed according to the unsupported-area prin-
ciple. The spectra are excited by three PRK lamps.
The light on the sample is condensed with high-aper-
ture condensing lenses. The efficiency of this cuvette
is apparently not very high, as judged by the exposures
(4—6 hours) required to photograph the spectra of
liquid toluene and cumene using the ISP-51 spectro-
graph and a high-aperture camera.

The problem of efficient illumination of a highly
compressed gas is very ingeniously solved in the cu-
vette built by Stryland and May. C1663 The idea is based
on the fact that the strength of glass in compression is
10—15 greater than in tension. Correspondingly, a

2 Ζ
FIG. 30, Diagram of a cuvette to study Raman spectra of high-

ly compressed liquids and gases. 1 — Shell; 2 — windows for il-
lumination; 3 — window for observation; 4 — scattering volume.[16S]
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FIG. 31. Diagram of a cuvette to study Raman spectra of high-
ly compressed gases. 1 — Shell; 2 — thick-walled glass tube; 3 —
lamp; 4 - quartz window; 5 — scattering volume.[166]

closed metal vessel containing the gas at high pressure

(up to 2500 atm) is illuminated from within. To do

this, a thick-walled pyrex tube is fastened eccentric-

ally with nylon and neoprene gaskets into the vessel,

which is about 460 mm long and 127 mm in diameter.

A specially-designed low-pressure mercury lamp

made of glass tubing of inner diameter 8 mm is in-

serted into it. The scattered light beam passes through

an opening in the vessel, which is closed by a thick-

walled quartz window seated on a ground contact. A

diagram of the cuvette is shown in Fig. 31. Using this

cuvette, a study has been made of the Raman spectra

of hydrogen and methane over the pressure range 100—

2300 atm. Shifts were noted in the vibrational lines,

which cannot be explained by the change in the density

of the medium. C1673

Conclusions. The further development and perfec-

tion of methods of studying Raman spectra in gases

has led to the invention of photoelectric apparatus per-

mitting precise measurements of the intensities and

polarizations of lines and bands at rather high resolu-

tion. New cuvettes have been built for working with

gases at high or very high pressures.
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