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INTRODUCTION

J. HE spectroscopy of Raman scattering of light has
been undergoing intensive development in recent years,
and the field of its application has greatly expanded.
Progress in this branch of spectroscopy has been made
possible primarily by the extensive introduction of pho-
toelectric techniques for spectrum registration. Many
new procedures and research methods have been de-
veloped on this basis and used for precision measure-
ments of the Raman line intensities and for registration
of spectra against strong backgrounds. Another impor-
tant circumstance is the use of principally new sources
of light—lasers—for Raman spectroscopy. At high ex-
citation power, Raman scattering of light acquires ut-
terly new properties, making investigation of this phe-
nomenon more interesting.

In this review we pay principal attention to those
new trends in Raman spectroscopy which have appeared
in recent times and are only weakly reflected in the
previously published reviews (see, for example, W).
In the section devoted to ordinary Raman scattering,
we confine ourselves to a description of those new
methods which offer principally new possibilities of
obtaining and investigating Raman spectra. New data
on the spectra are given only by way of illustration. In
the section devoted to the rapidly developing field of
induced Raman scattering of light, we present essen-
tially the results of experimental papers published
after our earlier review^.

I. ORDINARY RAMAN SCATTERING OF LIGHT

1. Spectrophotometric Schemes for Recording Raman
Spectra

In measurements of Raman line intensities, great
importance attaches to the operating stability of the
apparatus. Causes of instability may be changes in the
sensitivity of the photomultiplier, in its supply voltage,
in the gain of the recording circuit, in the intensity of
the source of exciting radiation, etc. Several spectro-
photometric schemes to eliminate such instabilities
have been proposed. Their operating principle is based
on the fact that they record not simply the intensity of
spectral lines, but the ratio of the Raman line intensity
to the intensity of the light of a suitably chosen com-
parison source (most frequently, to the intensity of the
exciting line). Such systems can be subdivided into
two classes:

1. Systems with electric division of the signals ob-
tained from the scattering sample (measured signal)
and directly from the source of excitation of the spec-
trum (comparison signal).

2. Optical division systems.
To explain the advantages and disadvantages of each

class, let us consider their operation briefly.

a) Electric division systems. There are two systems based on
the principle of electric division. In the first the separation of the
signals is by frequency L'J and in the second, by phase!.4-!. Light
from the scattering sample (measured signal) is modulated by a chop-
per and passes through a monochromator to a photomultiplier. The
light from the spectrum-excitation source—the comparison signal-
is also modulated, but either at a different frequency (separation by
frequency), or in counterphase to the measured signal (separation
by phase, Fig. 1). The comparison signal strikes the same photo-
multiplier, but bypasses the monochromator. The line used for ex-
citation of the scattering spectrum is separated by a filter placed
in the light beam of the comparison signal. The signal picked off
the photomultiplier load is the sum of the two voltages and is am-
plified. The frequency characteristic of the amplifier in the first
circuit variant should ensure identical amplification of both signals.
This is followed by a device which separates the signals. In the
case of frequency separation, such a device may be, for example,
two synchronized detectors to separate the signals modulated at
different frequencies. In the case of phase separation a commuta-
tor is used, which feeds the signal to one channel during one half
of the cycle and to the other channel during the second half. The
operation of the synchronous detectors and of the commutator is
controlled by synchronizing electric signals obtained from spe-
cial pickups. To this end, the light from an incandescent lamp is
modulated by the same chopper as the working signals, and
strikes a photocell (in the first case two photocells are used,
each for its own frequency). The signal from the photocell is am-
plified and is fed to a synchronous detector or commutator. The
synchronization phase is usually set by moving the photocell
modulator along a circle. In both systems the comparison signal
is fed after separation, rectification, and smoothing further to
a helipot and the measured signal is fed to the input of an elec-
tronic potentiometer. This separates the signals. The pen of the
automatic recorder, which is coupled to the helipot, records the
ratio of the working-beam signal to that of the comparison beam.
Since the signals are proportional to the light intensities, the
chart produced gives the ratio of the intensities of the measured
line and the comparison line.

The quality of stabilization afforded by such systems
is characterized by the following data: the ratio of the
voltages of the measured and comparison signals re-
mains constant when the signal from the photomulti-
plier changes by a factor more than two.
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FIG. 1. Electric separation system in which the sig-
nals are separated by phase.

b) Optical division system [S>61. A block diagram of the setup
is shown in Fig. 2. Light scattered by the investigated substance,
placed in cell C, is aimed by condenser lens h1 into the input
slit Slt of monochromator M. In front of the slit is located the disc
of the chopper Ch. The light of the comparison beam is fed directly
from the spectrum excitation source S through an optical wedge to
slit Sl3. Lens L2 acts as a condenser, that is, it produces an
image of the source S on the slit Sl3. This beam is modulated in
counterphase to the main beam, The measured beam from the mon-
ochromator exit slit Sl2 strikes the photomultiplier PM. The com-
parison beam, bypassing the monochromator, strikes the same
photomultiplier. The exciting line is separated in this beam by fil-
ter F. The obtained electric signal is amplified by preamplifier PA
and by the main selective amplifier A, tuned to the modulation fre-
quency, and is then fed to the synchronous detector SD. The refer-
ence signal for the detector is taken from a photoresistor PR il-
luminated by a small incandescent lamp, and is amplified by the
synchronizing signal amplifier SSA. The system operates in the
following manner. If the light intensities in the main beam and in
the comparison beam are equal, then the electric signal across the
photomultiplier output load contains no ac compoment and conse-
quently is not passed by the selective amplifier to the synchron-
ous detector. But if one of the signals has changed, then an ac
component is produced across the photomultiplier load, and is
then amplified and fed to the synchronous detector whose output,
with appropriate polarity, is fed to the block controlling the re-
versible motor (Cont). The reversible motor rotates the optical
wedge OW, which is coupled to it, in a direction such as to
change the intensity of the comparison beam until it becomes
equal to the intensity of the measured beam. The pen of the plot-
ter P, which is coupled to the optical wedge, records in this
case the ratio of the intensity of the main beam to the intensity
of the comparison beam.

The quality of stabilization afforded by this system
is illustrated by Fig. 3. The upper series of curves
was obtained with a single-beam system, using an ac
amplifier. The lower series of pictures was obtained
with a two-beam system, using the described system.
We see that a change in the intensity of the spectrum-
exciting source by a factor of 2, which leads to a
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change in the recorded signal in the single-beam
scheme by a factor of 2, has hardly any effect on the
registered intensity in the two-beam system. In both
systems, the signals are received by the same photo-
multiplier, and the same amplifier channel is used for
both signals. Inasmuch as the ratio of two signals is
recorded, the instabilities in either the receiver and
the amplifier circuit, and the instability in the incan-
descence of the spectrum-excitation source are auto-
matically eliminated.

Let us examine the noise characteristics of these
systems. As is well known, the photomultiplier noise
consists of dark-current noise and photocurrent noise,
the rms noise being proportional to the total current.
Under ordinary conditions, the photocurrent from in-
tense Raman lines is several times larger (by up to
~ 100 times) than the dark current or the photocurrent
of the light background (in the case of a well purified
sample). If a good specially-selected photomultiplier
is used, the photocurrent due to the light background
also exceeds the dark current. Thus, the principal
role is played by the photocurrent noise, which we
shall henceforth call the light noise. The rms light
noise of the photomultiplier is proportional at the
same time to the photocurrent. The latter, on the
other hand, is proportional to the light flux incident
on the photocathode. Comparison, on the basis of this
parameter, of the optical-division scheme with the
usual single-beam system with signal modulation and
with ac amplification shows that the rms light noise of
the photomultiplier is twice as large in the optical-
division system, since two light fluxes of equal magni-
tude (measured and comparison) are incident on the
photocathode. In the electric-division system with fre-
quency separation, the influence of the light flux in the
comparison channel should be equal in magnitude to
the largest recorded light flux, that is, to the light flux

PM'

FIG. 2. Diagram of optical separation system.



348 ZUBOV, SUSHCHINSKII, and SHUVALOV

FIG. 3. Illustration of the quality of stabilization ensured by
the optical separation system.

which produces a full-scale signal. Only in this case
is it possible to equalize by means of the helipot the
electric signals of the measured beam and of the com-
parison beam. When small signals are recorded, this
circumstance is quite unfavorable, since the compari-
son signal may exceed by several times (n times) the
measured signal. The rms light noise will in this case
be n+1 times larger than in the case of the single-
beam system with modulation and with ac amplification,
and consequently larger by a factor (n + l ) /2 than in
the case of a system with optical division.

In the system using electric division with phase
separation of the signals, the light flux in the com-
parison channel should also be equal in magnitude to
the largest recorded light flux. In this case, however,
the commutator that separates the measured and com-
parison signals makes the noise connected with these
signals entirely independent. Thus, the rms light noise
of the photomultiplier for the measured signal is the
same as in the case of the single-beam system with
modulation and ac amplification. The noise connected
with the comparison signal can be made arbitrarily
small by suitable choice of the comparison signal.
Consequently, from the point of view of noise char-
acteristics, preference must be given first to the
system using electric division with phase separation
of the signals, and then to the optical-division system.
At the present time, a commercial spectrophotometer
based on the electric-division system with phase sep-
aration of the signal is being developed jointly by the
Leningrad Joint Organization of Optical-mechanical
Enterprises and by the Academy of Sciences Commis-
sion on Spectroscopy ^ .

Notice should be taken of the advantages of optical
division from the point of view of construction of the
amplifier for the recording unit. In the electric -
division system, the electric signal passing through

the amplifier is proportional to the registered light
flux. Therefore the amplifier must have a sufficiently
large range of linearity, covering the largest obtained
signals. In the optical-division system this is not re-
quired, since the amplifier carriers only the difference
signal which is merely required to actuate the revers -
ible motor.

In conclusion, let us consider the system for auto-
matic regulation of the voltage on the dynodes of the
photomultiplier, used to increase the operating stabil-
ity of the photomultiplier and the amplifier circuit ^ .
Just as in the system described above, the measured
and comparison signals are fed to a photomultiplier,
amplified, and then separated. In this case the com-
parison signal is used to regulate the operation of the
system that controls the supply to the photomultiplier.

It should be pointed out that the system operates
over a wide range of sensitivity variation. The ratio
of the measured signal to the comparison signal is
maintained accurate to 3—7% as the sensitivity changes
by a factor of 100. Another advantage of this system
is that it can readily be used simultaneously with any
other system in which a comparison signal is sepa-
rated, for additional stabilization of the operating
conditions.

A remark should be made concerning the operating
range of all the systems considered above. Stabiliza-
tion is assured only if the variation of the operating
conditions occurs at frequencies lower than the modu-
lation frequency.

The use of two different receivers and of two am-
plifier channels for the comparison and measured sig-
nals can hardly be advantageous, although this variant
is frequently used both in laboratory apparatus C8"1»]
and in the factory instruments (for example, in the
"Cary" instrument, and the instrument of the "Hilger"
firm^11^). In this variant, variations of the photomul-
tiplier sensitivity may not be eliminated at all when
the supply voltage changes, especially since the vari-
ation of the sensitivity to different signals is frequently
different for different photomultipliers.

2. Photoelectric Registration of Raman Spectra in the
Pulsed Mode

The method of pulsed excitation of Raman spectra,
proposed in C12~143, has in principle definite advantages
over other methods. Its realization, however, entails
certain difficulties, principal among which is the rapid
degeneration of the the mercury-vapor spectrum (line
broadening, relative increase in the continuous back-
ground ) in the lamp used for the excitation.

Comparison of the operation of the recording sys-
tem in the continuous and pulsed modes shows clearly
the advantages of pulsed recording. Let us assume
that the same light source is used, that the power sup-
ply has identical average power, the same receiver
with the same dark-noise spectrum is used, and the
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spectra are recorded by the same method at the same
time constant. Let T be the discharge repetition pe-
riod, т the duration of the discharge, Фо the light flux
incident on the photomultiplier in the continuous oper-
ating mode, and Ф the flux incident during the continu-
ation of the discharge, averaged over the time т; we
then have Ф = Ф0Т/т. Consequently, in the pulsed mode
the signal at the photomultiplier output, meaning also
at the amplifier input, is Т/т times larger than in the
case of the continuous mode.

The increase of the signal at the amplifier input
alone affords certain advantages. First, an amplifier
with smaller gain is required, and second, the role of
inductive interference is greatly reduced. This makes
it possible to operate at 50 cps, which in turn greatly
facilitates the construction of the generator feeding the
exciting-light source.

The noise at the output of the photomultiplier is due
to two main causes: the dark current of the photomul-
tiplier (dark-current noise) and the photocurrent
(light noise). Since it is precisely the comparison of
the noise in the two cases under consideration which
is essential, it can be assumed that the average power
density of the dark current at the output of the photo-
multiplier, cr2, is the quantity characterizing the em-
ployed photomultiplier under the given conditions (tem-
perature, supply voltage, etc.), and which we assume
to be the same in both cases. Since the signal at the
photomultiplier output is increased in the pulsed mode
by a factor Т/т, the relative magnitude of the dark
noise increases by the same factor, that is, the ratio
of the signal to the dark noise at the photomultiplier
output improves by a factor Т/т. This is the main
advantage of the described method.

When the exciting-radiation source is fed by differ-
ent methods but at constant average power, no change
takes place in the total number of photons. Pulsed ex-
citation of the spectrum is tantamount to emitting the
photons of the exciting radiation only during the time
intervals т. The noise due to the photocurrent de-
pends only on the total number of photons and cannot
be changed by any means.

In order to conserve the gain in the ratio of the sig-
nal to the dark noise, it is necessary to make rational
use of the constructed amplifier circuit. The circuit
must contain an element which turns the amplifier on
in the presence of a signal for a time т, and shuts it
off during the remainder of the time. A circuit with
such an element makes it possible to retain the gain
in the ratio of the signal to the dark noise at the input
of the amplifier when using the broadband needed for
pulse registration. A block diagram of a recording
unit of this type is shown in Fig. 4.

The exciting-radiation source is a low-pressure mercury lamp
fed with direct current. The mercury itself serves as the elec-
trodes. This is essential, since metallic electrodes are rapidly
evaporated by pulsed discharges. The lamp was not filled with
an inert gas, since the presence of gas in the discharge gives

rise to the large number of interfering lines. The lamp was ig-
nited, after preliminary heating, by continuously feeding it at
low power, on which the pulses were superimposed. The meas-
ured ratio of the peak intensity in the pulsed mode to the inten-
sity of the light in the normal continuous mode was 104 at a sup-
ply voltage up to 10 kV and a flash duration of approximately 40
fisec; this ratio increased more slowly when the voltage was in-
creased to 100 kV, probably because of faults in the technique
used to produce discharges at 100 kV (energy lost in the dis-
charge gaps etc.).

The spectrum of the described source, obtained at 7—10 kV,
contains all the arc-discharge lines of mercury; in addition,
spark-discharge lines which are missing from photographs of spec-
tra taken in the continuous mode, are observed. In the region
where Raman scattering of light is usually investigated (4358-
4916 A), three lines of rather low intensity are observed at 4401,
4556, and 4812 A. In the pulsed mode, a continuous background
is observed in the spectrum, extending from 2800 A to the visible
region. However, the intensity of the background, relative to the
intensity of the lines, is much smaller than in the case of high-
pressure lamps, and it does not interfere with the study of Raman
lines. The self-inversion of the 2537 A resonance line is much

larger than in the continuous mode. Some lines are broadened,
. о

but a study of the 4358 and 4047 A lines has shown that their
broadening is negligible.

The discharge spectrum at 100 kV differs appreciably not
only from the arc spectrum but also from the discharge spectrum
at 10 kV. The relative intensities of the lines change, and the
widths of some of them increase appreciably. These changes oc-
cur essentially in the ultraviolet region. A noticeable attenuation
at wavelengths shorter than 2700 A also takes place.

The most favorable conditions for the investigation of Raman
scattering in the pulsed mode occur at 7-10 kV. Nonetheless,
discharges at 100 kV can also be used for excitation, since no
noticeable continuous background is observed in the entire oper-
ating region of the spectrum, and the blue line at 4358 A is per-
fectly acceptable for excitation. Discharge at 100 kV is of in-
terest in that respect that at the same average power it is pos-
sible to use shorter pulses and by the same token increase still
further the ratio of the signal to the dark noise.

The described method, as estimated by the author,
affords a gain of approximately 500 times at a voltage
10 kV and a duration т = 40 jusec, that is, it is equiva-
lent to a decrease of the dark noise by a factor of 500.
By way of illustration, Fig. 5 shows a sample spec-
trum of toluene.

The most promising is the use of this method in
high-speed Raman spectroscopy'-15"17-'.

3. Difference Method of Registration of Raman Spectra

The use of photoelectric registration with an ac am-
plifier having a sufficiently narrow bandwidth uncovers
additional possibilities of investigating Raman spectra.
It becomes possible to use a difference method, that
is, a method in which only a certain fraction of the r a -
diation is recorded, after subtraction of a second defi-
nite fr action'-18^.

The optical system and a block diagram of the recording part of
such an installation are shown in Fig. 6. Here St and S2 are two
exciting-light sources, C, and C2 are two cells with scattering sub-
stances, which produce two light fluxes-the investigated one and
the "subtracted" one. These two fluxes are directed to the input
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I L ЛЛ f] (1
FIG. 4. Block diagram of recording unit. 1— Photomul-

tiplier, 2—integrator, 3—amplifier, 4—chopper to switch
the element, 5-second integrator, 6—recorder integrator,
7—recorder with pen, 8—photocell producing synchron-
ization signal, 9—shaping unit for synchronization signals.

FIG. 5. Raman spectrum of toulene.

slit SI, of the spectrometer with the aid of a modulator M (a rotat-
ing mirror with slots). The investigated light passes through the
slot to the slit, while the "subtracted" light is reflected from the
mirror. When the mirror is rotated, the investigated light flux and
the "subtracted" flux are alternately incident on the input slit.
After passing through spectral instrument, the light is fed to a
photomultiplier with the aid of lens L,. The recording system op-
erates in standard fashion. In the case when the light fluxes of
the investigated and "subtracted" signals are equal, the result-
ant photocurrent of the photomultiplier is unmodulated and is not
passed by the selective amplifier SA, which is tuned to the modu-
lation frequency. On the other hand, if one of the light fluxes pre-
vails, then the resultant photocurrent contains an ac component,
which is amplified and recorded in the automatic recorder AR. The
dc component which is present does not pass in this case through
the filter of the selective amplifier. Thus, the recorded spectro-
gram is the difference of the two signals. To regulate the magni-
tude of the "subtracted" light flux, diaphragm D is used, which
can be an optical attenuator that does not change the quality of the

FIG. 6. Optical system and block diagram of recording
section of the difference method. G—Diffraction grating;
0, and O2—objectives of spectrometer, SI, and Sl2—slits,
Lt—lens; S, and S2—spectrum excitation sources; Ct and
C2—cells with scattering substances; L3, L4, and L s ,
L,-telescopic systems, which produce intermediate im-
ages of the cells; L2—condenser lens; D—diaphragm to reg-
ulate the intensity of the "subtracted" light flux; M-modu-
lator, near which are installed a photoresistor and an incan-
descent lamp, used to obtain the synchronization signal;
PM—photomultiplier; PA-preamplifier; SA—selective ampli-
fier; SD-synchronous detector; CF—cathode follower, AR—
automatic recorder.

optical image. This may be a set of wedges, a wedge made of neu-
tral dark glass, etc. To obtain a good difference spectrum, it is
very important to adjust the illuminating system very carefully.
Even a small angle difference during the illumination of slit by
the different sources will prevent production of a high grade
difference spectrogram. Therefore, strictly identical telescopic
systems (L3, L4 and L 5, L6) are installed in the two channels.
These produce intermediate images of the cells, which are care-
fully made to coincide during the adjustment of the system.

It must be noted that difference methods are widely
used in infrared spectroscopy. However, they have not
yet found extensive application in Raman scattering.

We can point to several possible applications of the
difference method. Initially such a method was used in
simpler form^ 1 9]. Light flux from one vessel was mod-
ulated with a polaroid disc. This modulated only the
polarized light. Therefore only the difference between
the ordinary spectrum and the depolarized component
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was recorded, i.e., the polarization component. No
other method of registration of Raman spectra yields
this component. This method makes it easy to register
and separate the polarized lines of the spectrum. An
example of such a recording is shown in Fig. 7, which
contains spectra of the CH group of n-hexane. It can
also be used to measure the degree of depolarization'-20-'.

Another application of the difference method is
based on its ability to eliminate the interfering back-
ground in the region close to the exciting line'-18-'. In
this case one "subtracts" from the Raman spectrum
of one substance the Rayleigh-scattering line of a sub-
stance which is close in structure to the first sub-
stance, but which has no line in the investigated region.
This is essential because it makes it possible to attain
better compensation of the wing of the Rayleigh-scat-
tering line. This method permits the study of lines of
small frequencies, which are difficult to investigate by
other methods. To be sure, one stipulation must be
made. In this case, both the investigated and the "sub-
tracted" spectrum represent light of high intensity. A
large light flux is incident on the photomultiplier at all
times. This causes a noticeable increase in the photo-
multiplier noise, since noise connected with the light
flux incident on the cathode increases in proportion to
the square root of the light flux. Nonetheless, this
method may turn out to be very useful. Figure 8 shows
a sample of the recorded spectra.

We can point to two other possible applications of
the difference method: 1) Investigation of mixtures,
where the lines of interest in the analysis are sup-
pressed by the lines of the other component. In this
case one can "subtract" from the mixture spectrum
the spectrum of the interfering component with suit-
ably chosen intensity. 2) Study of small changes in
the width and intensity of the lines, and also of the line
shifts under the influence of a solvent, temperature,
and other effects. In this case, if total cancellation of
the spectra is attained under identical conditions (the
"difference" is equal to zero), then only the change
in the spectrum will be recorded when the conditions
change. Examples of such an application of the differ-
ence method in infrared spectroscopy can be found

in : " :

4. Registration of Spectra Differentiated with Respect
to Frequency

A rather unique method was used in several inves-
tigations^22"24^ of the infrared region of the spectrum,
but the procedure used in them may turn out to be use-
ful also in the investigation of Raman lines. The ad-
vantage of the method is demonstrated in Figs. 9 and
10. The former shows a dispersion line contour and its
first, second, and fourth derivatives. What is striking
is that the even derivatives are similar to the investi-
gated line, but are much narrower (only the width of
the positive part is considered). The second figure is
a real spectrogram of the 4.25 and 4.28 д bands of car-

FIG. 7. Line spectrum of the CH group of n-hexane. 1-Spec-
trum recorded with an ordinary sample; 2—difference spectrum-
polarized component; 3—depolarized ("subtracted") component.

bon dioxide. This example is taken from infrared
spectroscopy. The appreciable narrowing of the ob-
served lines facilitates further reduction of the spec-
trum. Estimates show that the resolution is also im-
proved. [ 2 51

The spectra obtained in this manner are used for
qualitative and quantitative analysis. The possibility
of carrying out an analysis by means of spectra dif-
ferentiated an even number of times is obvious. The

FIG. 8. Spectrum of germanium dimethyldibromate (CH3)2GBr2.
a) Ordinary spectrum; b) difference spectrum (the spectrum of
carbon tetrachloride is "subtracted").
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frequency maximum of the even derivative coincides
in position with the maximum of the line. The magni-
tude of the derivative is proportional to the concentra-
tion if the magnitude of the intensity is proportional to
the concentration, inasmuch as the concentration is in-
dependent of the frequency. Moreover, for a qualitative
analysis one can use also other derivatives, if the po- .
sition of the maximum of the investigated line is de-
termined from the vanishing of the first or third de-
r i v a t i v e ^ .

The technique of registration of the differentiated spectra,
as shown by further analysis, is quite simple. To obtain the
second derivative it is sufficient to use two differentiating RC
networks of the usual type. It must be borne in mind here that the
use of differentiating elements greatly attenuates the signal. Con-
sequently, additional amplification stages are necessary. The
use of complicated circuits, which give the exact value of the
derivative [s>] in instruments intended for measurements of this
type, is hardly justified, as will be shown in the subsequent analy-
sis.

Let us now consider several complicating circum-
stances which accompany the registration of deriva-
tives of spectra, thereby limiting their extensive use.

As seen from Figs. 9 and 10, certain "satellites,"
located on the other side of the null line relative to the
central maximum, appear in the spectra of the second
or fourth derivative of a single band. The picture be-
comes even more complicated if we consider a band
consisting of several lines. The presence of such
"satellites" may lead to the appearance of an apparent
structure of the investigated band, to the appearance of
spurious lines, or, to the contrary, to the vanishing of
certain real lines. Therefore in the analysis of the de-
rivatives of the spectra, it is necessary to use addi-
tional information in their preliminary interpretation,
viz., to use a direct recording of the spectrum, to use
comparison of the spectrum with known spectra of sim-
ilar compounds, and to use, finally, numerical calcula-
tions of the frequency. In quantitative analysis, when
the frequency of the line used for the analysis is known,
these difficulties are eliminated to a considerable de-
gree.

Another circumstance which is of fundamental char-
acter, in the sense of a limitation on the possibilities
of the considered method, is the influence of random
errors, since it is obvious that differentiation leads to

FIG. 10. Example of spectrum
recording (4.25 and 4.28 ц of CO,).
1—logarithm of intensity; 2—first
derivative of logarithm of intensity;
3—second derivative of logarithm of
intensity (with minus sign).

a sharp increase of these errors. This circumstance
can be clearly understood and considered by the spec-
tral approach.'-27'28^. An illustration of the influence
of random errors in shown in Fig. 11.

Figure 11 shows that double differentiation leads, on
the one hand, to a broadening of the spectrum of the in-
vestigated line, that is, to a narrowing of the observed
line, and on the other to a considerable increase in the
rms random error. If the differentiation is carried
out exactly in the entire spectral interval, and the
spectrum of the investigated line and of the random
errors is not bounded in any way, then \Hw)w4 in-
creases to infinity. To avoid this, it is necessary to
introduce a certain limitation of the Fourier spectrum.
In real instruments this limitation is brought about by
the inertia of the recording system. In addition, it is
clear that is meaningless to attempt to carry the dif-
ferentiation exactly in a wide interval of the Fourier

FIG. 9. Dispersion line and first, second, and fourth deriva-
tives with respect to frequency.

FIG. 11. Effect of random error on the spectrum of a signal
and on the spectrum of a twice-differentiated signal.
Ф(<и)—Fourier transform of the investigated line; Ф(й>)—Fourier
transform of the rms random error; со1— Fourier transform of the
operation of double differentiation (with minus sign); Ф(со)со2-
Fourier transform of the twice-differentiated investigated line;
Ф(й))<ц4—Fourier transform of the rms random error after double
differentiation.
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spectrum. This circumstance allows us, as mentioned
earlier, to confine ourselves to the use of simple dif-
ferentiating networks in the registration circuits.

It is clear from the foregoing that to estimate the
gain resulting from differentiation it is necessary to
compare the line widths obtained when working without
and with differentiation, and also to compare the ran-
dom errors in the measurements of the line intensity
and of the derivative (we have in mind the intensities
at the maximum and the extremal value of the even
derivative). A similar analysis for the case of double
differentiation is given in E29H under the following sim-
plifying assumptions: 1) the investigated line has a
dispersion form; 2) the apparatus function has a Gauss-
ian form; 3) the random errors do not depend on the
magnitude of the signal and have a uniform spectrum;
4) approximate differentiation is used, with sharp limi-
tation on the side of the high Fourier frequencies at
the frequency a>0. The observed line widths were cal-
culated without and with differentiation at identical
value of the random error. When differentiation was
used, the random error was decreased by widening the
slits; it was assumed here that the rms random error
decreases in proportion to the square of the slit width.
The widening of the slits leads, of course, to a broad-
ening of the observed line. The results of the calcula-
tions are plotted in Fig. 12, showing the widths of the
observed lines 6 against the limiting frequency o)0 for
values of S/y equal to 0.5, 1.0, 3.0, 4.0, and 5.0, where
S is the width of the slit without differentiation and у
is the width of the observed line. The results of the
calculation show that the smallest width is obtained at
w0 = 4/y in the case of double differentiation and at
w0 и 10/у without differentiation. In this case, differ-
entiation and use of w0 = 4/y yielded a gain of 1.25—1.5
times in the observed width, together with a gain of
я 1.6 times is obtained for the level of the random er-
ror, due to the narrowing of the bandwidth of the re-
cording equipment. When operating with w0 = 4/y, the
gain in the width of the observed line may reach a fac-
tor of 2.

With regards to the foregoing estimates, we must
make the following remarks. First, in the case of
registration of Raman spectra with the aid of a photo-
multiplier, the average spectral density of the fluctu-
ation intensity, or the random error, depends on the
magnitude of the light signal. This circumstance re-
duces somewhat the obtained advantage. Second, a de-
crease in the random error, inversely proportional to
the square of the slit width, takes place only when
working with slits whose spectral width is smaller
than the width of the investigated line, that is, when
working with broad lines.

In conclusion it must be stated that the use of the
foregoing procedure is apparently of greatest interest
when investigating bands consisting of several broad
strongly overlapping lines. Such objects, for example,
are the vibrational bands of CH groups in the region
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FIG. 12. Widths of observed lines, 5, as functions of the lim-
iting frequency &j0 for different values of S/y. S-width of slit
when working without differentiation; y—width of investigated
line. Solid curves-double differentiation, dashed—without dif-
ferentiation.

near 2800—3000 cm"1. In this case, to reduce the ran-
dom error one can greatly widen the slit without fear
of broadening the individual lines. At the same time,
narrowing of the lines as a result of differentiation
may help disclose certain additional details of the
spectrum.

5. Use of Lasers in Raman Spectroscopy

The recently developed new sources of monochro-
matic light—lasers—are of great interest from the
point of view of their use in Raman spectroscopy. The
question of the advantages of lasers for the excitation
of Raman spectra began to be discussed in the litera-
ture immediately after their appearance. The pres-
ence of a narrow single line and the large radiation
power make sources of this type nearly ideal for the
excitation of Raman spectra. The first experiments
with lasers used for the excitation of Raman scatter-
ing have shown, however, that they possess their own
specific difficulties.

In the first applications to the excitation of Raman
spectra, ruby lasers were usedL30"32^.

Figure 13 shows the diagram of a setup intended for the pro-
duction of Raman spectra of liquid samples. A helical flash lamp
illuminates ruby R, which is cooled with nitrogen. The liquid
sample is in a cylindrical vessel coated with a layer of BaSO4.
The radiation excited in the ruby passes through filer F and is fo-
cused inside the cell by lens L t. The scattered light is focused
with lens L2 on the slit of a spectrograph. The spectra were re-
corded photographically, the number of flashes required for this
purpose ranging from 16 to 100. A somewhat modified cell was
described by Stoicheff ["], who used total internal reflection of
light by the cell walls. The laser beam enters the cell (Fig. 14)
through a small window on the side, and is multiply reflected
from the mirror-finish walls until it reaches a light trap at the end
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of the cell. The scattered light experiences total internal reflec-
tion from the cell walls and, after leaving through the front window
of the cell, is focused on the spectrograph slit.

The described apparatus yielded only rather weak spectra of sub-
stances such as CS2, benzene, and CC14. Some shortcomings of
the ruby laser as a source of exciting light were also disclosed.
It turned out that the exciting line shifts noticeably with chang-
ing temperature, and therefore, when several flashes are pro-
duced during the photography of the spectrum, it is necessary to
see to it that the temperature of the ruby laser remains constant.
It turned out further that the spectrum of the ruby laser is con-
taminated by extraneous lines of different origin, the intensity of
which is comparable with the intensity of the Raman lines. To
attenuate these lines it is necessary to move the cell away from
the laser. Then the intensity of the laser beam, which is highly
parallel, remains practically unchanged, whereas the intensity
of the extraneous lines is attenuated in proportion to the square
of the distance.

The scanty material available on the use of ruby
lasers for the excitation of Raman scattering demon-
strates that such lasers are not suitable for liquids that
are transparent in the blue-green region of the spec-
trum. Much better results can be obtained with such
substances with the aid of a mercury lamp, using the
standard well-developed procedure. The situation
changes if it necessary to investigate colored objects.
Thus, for example, in our earlier investigation^331 we
obtained Raman spectra of green or red powders which
could not be investigated with other sources (such as
a cadmium lamp). We note that in the investigation of
powders (and other strongly scattering objects) the
problem of rational utilization of the laser-beam en-
ergy becomes much simpler. In the cited investiga-
tion"-3^ the cell with the powder was mounted directly
ahead of the slit of a high-transmission spectrograph.
The spectrograph aperture was uniformly filled even
when the thickness of the cell with the powder was only

Laser , Л \ \—eg _:3й
* V- \

Sample

FIG. 13. Diagram of apparatus for obtaining Raman spectra
with the aid of a ruby laser.

Reflecting layer

'Gas laser Cell

Ch

-Vl-Sl

FIG. 15. Diagram of setup for obtaining Raman spectra with
the aid of a ruby laser.

1 mm. The laser radiation was focused on the cell
with a simple lens.

The use of lasers for Raman spectroscopy pro-
gressed after continuous-operation gas lasers were
perfected. In 1964 several papers [ 3 4 '3 5^ reported suc-
cessful registration of the Raman spectra of CS2, C6H6,
and CC14 by a photoelectric method using an He-Ne
gas laser (6328 A line) for the excitation of the spectra.

In ["], the cell with the investigated substance was placed,
inside the laser cavity (Fig. 15). The gas laser operated with a
5:1 mixture of He and Ne. The windows of the laser and of the
cell were inclined at the Brewster angle in order to improve the
conditions for reflection in multiple passage of the beam through
the system. The external mirrors, M, and M2 were dielectric with
high reflection coefficients. A mechanical chopper Ch was placed
in the path of the beam to obtain a modulated signal. The scattered
light was focused by lens L on the spectrometer slit. The laser
power (without the cell) was 18 MW. The diameter laser beam in-
side the cell was 0.5 mm.

Figure 16 shows the CC14 spectrum obtained with this appara-
tus. During the photography, the monochromator slit was 12 cm"1.
The scanning rate was 2 cm"1/sec, and the time constant 3 sec.
We note that in the experiments the dark current of the photomulti-
plier, which was cooled with dry ice, was 2 x Ю"11 A, whereas the
signal for the 459 cm"1 line of CC14 was 1.5 x Ю"4 A.

In ["] the cell was mounted outside the cavity. Such an ar-
rangement is more convenient in practice, although it leads to an
approximately 50-fold loss in intensity. At a laser power of 40
MW, it was possible to obtain satisfactory spectra of CS , CC1 ,
and benzene, and by recording at a sufficiently slow rate it was
possible to resolve the isotopic structure of the 459 cm"1 line of
CC14. Figure 17 shows the CC14 spectra obtained in this invest-
igation. The spectra were registered with a spectrometer with
diffraction grating of 600 lines per mm, having a relative aper-

731762 M ffl 218318 456

FIG. 14. Cell for liquid samples.
FIG. 16. CC14 spectrum obtained by excitation with gas-

laser radiation (cell inside resonator).
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FIG. 17. CC14 spectrum obtained with the aid of a gas laser
(cell outside resonator).

ture 1:8.6 at a focal distance of 1 meter. The photomultiplier
was cooled with nitrogen gas that had passed first through li-
quid nitrogen.

Thus, even the first experiments on the excitation
of Raman spectra with gas lasers have yielded spectra
close in quality to those obtained with a mercury lamp.
If it is recognized that the laser radiation has, in com-
parison with the mercury lamp, the advantages of
1) very low width of the exciting line, 2) being com-
pletely polarized, and 3) being located in a spectral
region with specific advantages for many substances,
then it becomes obvious that the use of gas lasers is
most promising in Raman spectroscopy. There are in-
dications E35J that the gas laser power can be raised to
1W; then this source will also be superior to the mer-
cury lamp even with respect to power.

Of special interest is the use of gas lasers for the
investigation of the angular dependence of Raman line
intensity (scattering indicatrix). In such research, in
view of the smallness of the divergence angle of the
light beam from the laser, it becomes unnecessary to
install special diaphragms to reduce the aperture of
the exciting radiation.

A successful attempt at investigating the scattering
indicatrix with a gas laser as an exciting source is re-
ported in t36^.

The experimental setup i s shown in Fig. 18. The monochroma-
tor was mounted on a rotating frame whose center of rotation co-
incided with the center of the spherical vessel with the scat-

FIG. 18. Diagram of setup for the investigation of the scatter-
ing indicatrix. LT—gas laser, M—mirror, A—diaphragms, L—lenses,
SC—vessel for scattering substance, ВТ—light trap, CH—chopper,
TL—indicandescent lamp, T-thermocouple, F-light filter, Mo—
monochromator, TM—photomultiplier, D—cooling mixture, PA-pre-
amplifier, PSA—synchronous phase amplifier, Me-meter.

В' ?^г 4 6 8 }

1
IBB'

ar

FIG. 19. Intensity indicatrix for benzene lines: a) 992 cm"'
(strongly polarized); b) 1586—1606 cm"1 (depolarized).

tering substance. The measurements were made in a scattering-
angle interval from 20 to 160°, the registered light beam having
an aperture of approximately 5°. The spectrum was recorded
photoelectrically. Several lines of benzene were investigated.

The results of the measurements of the indicatrix
for the benzene 992 cm"1 line (strongly polarized) and
the 1586—1606 cm"1 lines (depolarized) as shown in
Fig. 19. When the electric vector E of the exciting
light beam was perpendicular to the scattering plane,
the intensity was independent of the observation angle
0. When E was in the plane of the incident and scat-
tered rays, the intensity was proportional to cos2 в
for the 992 cm"1 line and to l + VgCos2 в for the 1586—
1606 cm"1 lines, in agreement with the theory. It is in-
teresting to note that the "front-back" asymmetry re-
ported by the authors of earlier investigations of the
scattering indicatrix^3T"39^ was not observed in the
angular dependence.

Reference '-36-' gives also data on the ratio of the
scattering cross sections of the Rayleigh line in ben-
zene 60 and of the Raman lines of benzene 6R (Table I).
Using data on the cross section for Rayleigh scattering
in benzene'-40-', the authors of ^3 6^ calculated the abso-
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TABLE

Av, cm"1

992
1586—1606
3049—3062

во/8 R

220
1980
250

I

«,.-1028,
cm"2

0.56
0 062
0.50

lute scattering cross section of the benzene Raman

lines investigated by them (last column of Table I).

The measurements errors amount to approximately

20%.

For investigations of the line intensity in stimulated

Raman scattering, the data on the scattering cross sec-

tion in ordinary Raman scattering, obtained in C 4 1 ^, are

of interest. Table II lists the data obtained in that ref-

erence for the quantity

л ~~ dX dQ dV'

which is the differential scattering cross section
divided by the wavelength interval d\, the volume of
the scattering substance dV, and the solid angle dfi.
The measurements were made with a ruby laser the
source, but under conditions when only ordinary Raman
scattering was excited; the scattered light was observed
in a direction perpendicular to the laser beam.

TABLE П

Substance

Nitroben-
zene

Benzene

Av, cm'1

1345

991.6

V 2

л, cm

2.3

3.9

Substance

Benzene
Toluene
Toluene

Av, cm"»

1179
1002
1212

K, cm*

0.13
1.1
0.24

II. STIMULATED RAMAN SCATTERING

6. Excitation Methods

The phenomenon of stimulated Raman scattering
(SRS), discovered more or less accidently^, has
been attracting the interest of an increasing number
of experimentors and theoreticians. Whereas in 1962—
1963 work on SRS was devoted essentially to a qualita-
tive investigation of the phenomenon, greater attention
is being paid now to its quantitative study.

It is important to note that of principal significance
for the excitation of stimulated Raman scattering
spectra is not the energy of the exciting radiation,
but its power. The required power can be obtained
from "giant pulse" lasers (usually called Q-switched
lasers). The operation of such a laser can be de-
scribed approximately as follows.

It is known from the general theory of quantum
generators that the generation intensity is determined
essentially by the extent to which the population of the
upper level can be raised relative to the minimum pop-

ulation that determines the start (threshold) of the
generation. The generation threshold is determined
by the resonator loss. Under ordinary conditions,
however, it is impossible to produce a large popula-
tion in excess of threshold, for as soon as the popula-
tion of the upper level reaches the threshold value,
generation sets in and lowers the population rapidly to
a value below threshold, stopping the generation. If
the pump pulse is sufficiently powerful and long, then
several relatively weak radiation pulses are produced.
An increase in the pump power leads essentially to an
increase in the number of these pulses, so that the
generation energy increases but the radiation power
increases little. It follows therefore that to increase
the population of the upper level it is necessary to
raise the generation threshold, that is, to increase
the resonator loss. But this is not all. In order for
the generation power to be maximal, a device is nec-
essary to turn off the loss as soon as the population
reaches maximum. Such devices are constructed at
present essentially by three methods: electro-optical,
opticomechanical, and nntical.

In the electro-optical method a Kerr cell, placed between
crossed polarizers acting as a shutter, is introduced in the sys-
tem. A high voltage applied to the cell rotates the plane of polar-
ization through the required angle, and allows the light to pass
unhindered through the polarizers. Equipment of this kind calls
for a complicated high-voltage device. In addition, this method
is not convenient in SRS, since the substances used in the cell
produce as a rule parasitic lines in the spectrum.

An example of an optomechanical shutter is one with a rotat-
ing mirror (total internal reflection prism). This calls for very
large rotational velocities, but this method is simpler and more
convenient than the preceding one.

Optical shutters have been finding increasing use recently. If
radiation of sufficiently high power is incident on the absorbing
medium, then all the molecules are excited and the substance be-
comes transparent. It remains transparent so long as the mole-
cules are in the excited state. Shutters of this type are made, for
example, of cryptocyanine or KS-19 glass. Powers on the order of
a gigawatt were obtained with them.

The character of the SRS phenomenon depends es-
sentially on the position of the active medium relative
to the resonator ^ . Attempts were made recently to
produce for SRS a resonator which is not connected
with the resonator of the master generator. Thus, for
example, Takuma and Jennings t 4 4 ) 4 5 ] investigated SRS
in a resonator whose axis made a certain angle with
the axis of the resonator for the ruby.

The master generator was a Q-switched ruby laser pulsed of
approximately 20 MW output power. The effective cross section of
the exciting beam in the cell was approximately 0.5 cm2. The mir-
rors of the SRS resonator (Fig. 20) were parallel within 20". The
mirror M, reflected 99% of the light both at the frequency of the
exciting radiation and at the Raman frequency. The reflection co-
efficients of the mirror M2 were 2 and 18% for the exciting and
Raman radiations respectively. The angle a between the axis of
the SRS resonator and the axis of the master generator was ap-
proximately 2.5°. Under these conditions, lasing action was pro-
duced at the first Stokes frequency of benzene. As indicated by
the authors, the least deviation mirrors M, and M2 from parallel-
ism stopped the generation. The loss of generation at the Raman
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FIG. 20. Equipment for the investigation of SRS in an off-axis
resonator (Mt and M2—mirrors).

frequency when the angle a lies in the plane of polarization of
the master radiation is of independent physical interest.

The authors of ^4 5^ confine themselves to an inves-
tigation at a small angle between the axes of the reso-
nators. Dennis and Tannenwald^46] obtained SRS under
essentially different conditions—an a resonator whose
axis was perpendicular to the axis of the master gen-
erator.

In this investigation they used a Q-switched ruby laser, which
produced a power on the order of 5 MW at the pulse duration 30
nsec. Its radiation was focused by a cylindrical lens of 10 cm
focal length onto a cell whose four walls were made of optically
plane glass. No spherical lens was used because the very high en-
ergy densities produced in its focus disturbed the optical homo-
geneity of the medium and consequently decreased the resonator Q.
The resonator consisted of two identical plane dielectric mirrors
with transmission and absorption coefficients 0.3 and 0.6% at the
first two Stokes frequencies of nitrobenzene (0.765 /x and 0.853 ц,
respectively). The spectrum was registered photoelectrically with
a double monochromator. The minimum power of the master genera-
tor necessary to excitate SRS in the "perpendicular" direction was
approximately 2 MW. When the maximum power of the master laser
was used (- 5 MW), the radiation power at the first Stokes fre-
quency was 150 and 10 kW in the forward and perpendicular direc-
tions, respectively.

Besides the radiation at the first Stokes frequency
in the perpendicular direction, radiation was observed
also at the second Stokes harmonic (0.853pi). The in-
tensity of this radiation was ~ 1% of the intensity at the
first Stokes frequency in the same direction. The au-
thors believe that the second-harmonic radiation is due
to a repetition process, that is, it is generated by the
first Stokes frequency produced in the resonator.

The relatively simple geometry of the experiment
has enabled the authors to obtain some numerical es-
timates of the gain at the first Stokes frequency. As-
suming that at threshold the loss per pass should be
compensated by the gain, they obtained a lower esti-
mate

a = i = ^ = 0,02 cm-1;

here a is the gain, R the reflection coefficient (R
= 1 - 0.003—0.006 = 0.991), and I the length of the
light path in the active zone (width of the exciting-
radiation beam), equal to ~ 0.5 cm. Dennis and Tan-
nerwald assume correctly that the obtained value of
the gain is indeed the minimum, for no account is
taken of either the loss in the medium (for example,
scattering) or the fiberlike structure of the exciting

radiation beam, which certainly reduces the dimen-
sions of the active zone. They assume that the ob-
tained value of the gain is in good agreement with theo-
retical estimates of the gain in the forward direction
(0.1—1 cm"'). It must be noted, however, that the
reasoning in ^4 6^ concerning the gain is not very well
founded, since it is perfectly applicable also to the
second harmonic, for which it yields the same value
of the gain, which is somewhat doubtful. In addition,
the gain, as will be shown below, depends both on the
exciting-radiation power and on the radiation intensity
at the investigated frequency.

The experiment described above is of interest from
a different point of view. It has been customarily as-
summed that the Stokes components of SRS can be
emitted only in the longitudinal direction with rela-
tively low divergence (4—5°). Moreover, Stoicheff'-47-'
has shown experimentally that beyond this angle the
radiation intensity at the first Stokes frequency is
practically equal to zero. Therefore SRS generation
at 90° to.the main beam makes it necessary to consider
SRS somewhat differently, although from the point of
view of the general theory of Raman scattering there
is nothing extraordinary about it.

From the point of view of using the new source of exciting rad-
iation, interest attaches to the work of Akhmanov et al. ["] They
used as the exciting line the second harmonic of a glass laser
activated with neodymium (wavelength - 0.5 ц). They compared the
thresholds of SRS of various substances excited with ruby radia-
tion and with radiation at this second harmonic. It turned out that
in excitation with the second harmonic the thresholds are lower,
and the authors note that the lowering of the thresholds can ap-
parently not be uniquely attributed to the increase in the intensity
of the Raman scattering, which corresponds to a factor И.

7. Investigations of SRS of Substances in Different
Aggregate States

In the first investigations, SRS was observed essen-
tially in organic liquids. The development of experi-
mental techniques and the great interest in the phe-
nomenon have caused, first, an appreciable extension
of the number of liquids active in SRS; second, stimu-
lated Raman scattering of light was obtained in solids
and with gases at different pressures and tempera-
tures.

From among the investigations devoted to liquids,
we shall mention two on SRS of styrene'-49'50-'. It has
been assumed prior to these investigations that only
some vibrational frequency of the molecule and its
harmonics are active in SRS. In styrene, SRS was ob-
served at two different vibrational frequencies. More-
over, in addition to the fundamental frequencies vx

= 999 cm"1 and v2 = 1626 cm"1, the combination fre-
quencies 2^1-^2. P"2 ~ ̂ l' a n d 31^-1^ were observed
in the SRS spectrum.

Somewhat more complicated from the experimental
point of view are inorganic crystals. As a rule, the
intensity of the lines of substances of this type is lower
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in ordinary Raman scattering than that of organic
liquids, calling for an increase in the power of the
master generator.

The development of quantum generator techniques
and a suitable choice of crystals have enabled Eckhardt,
Bortfeld, and Geller^51^ to obtain SRS of single crys-
tals of diamond, calcite, and sulfur.

Crystal vibrations are customarily classified as
external and internal. By external vibrations are
meant vibrations of individual molecules, or groups
of molecules occupying different positions in the lat-
tice. Internal vibrations take place inside the molecule
or the molecule group.

The chosen object with strong external interaction was
single-crystal diamond, the vibrational frequency of which is
1331.8 cm"1 and corresponds to the triply degenerate vibrations
of two cubic sublattices relative to one another. A diamond crys-
tal of type IIA was used, in the form of a disc of approximately 9
mm diameter and 2.95 mm thickness, cut perpendicular to the
[111] axis. The authors observed in the SRS spectrum of diamond
two Stokes lines (1325 and 2661 cm'1) and one anti-Stokes line
(1335 cm"1).

Single crystals of calcite and a sulfur are characterized by
strong internal vibrations. In particular, the spectrum of ordi-
nary Raman scattering of calcite contains a strong and rather nar-
row (width 5.5 cm"1) line of frequency 1085.6 cm"1, pertaining to
the fully-symmetrical vibration of the CO" ion. The orthorombic
crystal of a sulfur is molecular, made up of S, molecules. It is
characterized by two fully-symmetrical molecule vibrations, which
give in ordinary Raman scattering two intense lines with frequen-
cies 216 and 468 cm"1. The SRS spectra of these two crystals,
reveal Stokes lines 1075 and 2171 cm"1 for calcite and 216, 472,
and 946 cm"1 for sulfur, as well as anti-Stokes lines 1092 and
472 cm"1 for CaCO3 and S respectively. (The authors note the
relatively low accuracy of the measurements.) The work was car-
ried out by the standard technique with the substance outside the
resonator. Somewhat later, SRS of calcite was obtained by Chiao
and Stoicheff ["]. Their results will be discussed separately.

Almost simultaneously with the work on SRS of
crystals, Minck, Terhune, and Rado^53^ reported an
investigation of SRS spectra of gases. They obtained
SRS of hydrogen, deuterium, and methane.

The excitation of the SRS spectra was produced, as above, in
a setup with the substance outside the resonator. The power of
the exciting radiation was of the order of 5 MW at a pulse dura-
tion 30 nsec. The investigated gas was placed in a specially con-
structed cell 15 cm long, capable of withstanding a pressure up
to 100 atmospheres when cooled to 77°K.

The authors observed stimulated radiation at the
Stokes and anti-Stokes frequencies in the spectral r e -
gion 6000—30950 cm" 1 . In the case of hydrogen, they
measured the relative intensities of different harmon-
ics. The results obtained in that investigation are
listed in Table III.

Somewhat later, Dumartin, Oksengorn, and
Vodar^54^ reported an investigation of SRS in gases
at high pressures. The experimental setup was the
same as in l-53^. They obtained SRS of hydrogen and
nitrogen at pressures 50—500 atm. Apparently, owing
to the use of a master generator power larger than
in '-53-̂  (10 MW), they were able to observe six har-

monics in the anti-Stokes region of hydrogen com-
pressed to 100 atm. Thus, they obtained stimulated
emission with approximate wavelength 2500 A. In the
same work they investigated the dependence of the in-
tensity of the SRS lines of nitrogen on the pressure.
Experiment has shown that the scattering intensity in-
creases with increasing pressure. An interesting r e -
sult was obtained by the authors in a study of SRS of
hydrogen mixed with argon, helium, and deuterium. In
this case, at definite pressure ratios of the hydrogen
and the impurity gas, the spectrum consists of an in-
tense continuum on which weak SRS lines are super-
imposed. The short-wave boundary of the continuum
lies in the region of 2300 A (the authors believe that
it is determined by the transparency of the corundum
windows ). A further increase of the hydrogen pressure
leads to the occurrence of SRS lines and to the disap-
pearance of the background. This phenomenon is r e -
lated by the authors with processes similar to ioniza-
tion.

Summarizing the foregoing, we can state that the
present development of experiment techniques makes
it possible to obtain SRS of practically any substance
in any aggregate state.

8. Spatial Distribution of SRS Radiation

The least understood effect which experimenters
have encountered in the investigation of SRS was the
somewhat unusual character of the spatial distribution
of the radiation at the anti-Stokes frequencies (see,
for example, C23). Whereas the spatial distribution of
radiation at the first Stokes frequency has a sharp min-
imum in the propagation direction of the exciting radi-
ation, the directions of the maximum intensity of radi-
ation at the anti-Stokes and Stokes frequencies of order
higher than the first make a certain angle with this di-
rection; this angle is characteristic of the given sub-
stance and of the number of the harmonic. This pecu-
liarity of SRS was first explained more or less satis-
factorily by Townest-55^. An analysis of this theory is
given in sufficient detail in ^l so that we present here
only the fundamental relations.

It is shown in I-65!! that the rates of energy exchange
between the field of the exciting radiation and the radi-
ation at the first Stokes and first anti-Stokes frequen-
cies are described respectively by

P-, = ^r- ^

X cos [(2k0 — к, — к.,) г + <pt + ф_41},

X cos [(2k0 - k t - k_i) г + ф 1

(la)

(lb)

Here w0 is the frequency of the exciting light, w r the
vibration frequency of the molecule, Ro a phenomeno-
logical damping constant, da/dx the derivative of the
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Substance and experi-
mental conditions

Hydrogen, H2:
v4 = 4155,21 cm-l,
7 = 300° K,
P = 3 5 atm

Deuterium, D2:
v ( = 2991 cm"1 ,

a) 140° K, 70.0 atm ,
b) 155° K, 38.7 atm.

Methane, CH4:v ( = 2915 cm"1

г=.зоо°к,
P = 98,4 atm

Observed frequency, cm"1

^ 6 000
10 251±4 (9755 A)
14 404.1±0;2(6943 A)
18 559,1^-0.2 (5388 A)
22 714.4±0.2 (4402 A)
26 8694-3(3721 A)

ягЗО 950

a) U415±3
14 405,3±0.4

0) 17 218±1
b) 17 305±3
a) 17 396.4±0.3
a) 20 386.9±0.2

11488.94-0.5
11404.4±0.2
17 319.5±0.4
20 234.3±0.3

Intensity,

0,3
25

100
2
2

0.2

Identification

v0 —2v4v0—v4v 0 (laser)

Vo —vi
v0 (laser)

v0 — v4
v0 (laser)

polarizability, Eo, E_i, and Et the amplitudes of the
fields at the frequencies w0,

 ш-1 = ш о~ ш г> а ш ^ Ш1
= O>Q + шг of the exciting, first Stokes, and first anti-
Stokes radiations, respectively, and kg, k_t, and kj
are the wave vectors of the radiation at the same fre-
quencies.

Thus, in order for the field at the frequency wj
(first anti-Stokes component) to become amplified
(Pi > 0), it is necessary to have | E_ | > | Ej |; as a
rule, this is satisfied. In addition, the conditions 21^
= kt + k_j and cos (cpi + <p_i) < 0 should be satisfied
(cpi and (/?_! are the phases of the fields at the fre-
quencies a>! and w_t). In this case Pj > 0, but then
(la), (lb), and the relation 2Ц, = kt + k_x determine the
directions in which the field will be amplified at the
frequency wi, and the amplification at the frequency
a>_i decreases ("absorption" at frequency w_i).

Further development of the theory^55^ yields for the
calculation of the angles more general relations, con-
stituting the momentum conservation law:

(2a)

> (2b)

where Ц are the wave vectors of the light waves with
frequencies OJJ = w0 ± ia) r, i = 1, 2, 3, . . . (the minus
sign corresponds to Stokes frequencies). These rela-
tions are quite simple for calculation, and no compli-
cated equipment is necessary to verify them experi-
mentally. All this has made it possible to carry out
many experimental verifications of these relations.

Garmire^ 5 6 ! investigated the angular dependence of
SRS at anti-Stokes frequencies in several organic li-
quids placed in an unfocused beam of a Q-switched
ruby laser. According to her measurements, the
angles agree well with relations (2a) and (2b).

Chiao and Stoicheff C523 confirmed the correctness
of (2a) and (2b) for crystals.

These authors worked with calcite, whose refractive index
has been thoroughly studied in a broad region of the spectrum.
The investigated samples were calcite single crystals 5-10 cm
long, oriented in such a way that the beam of the exciting radia-
tion passed through the crystal as the ordinary ray. The excita-
tion was with a Q-switched ruby laser whose power reached 10
MW at a pulse duration 30 nsec. Under these conditions, fully
symmetrical oscillation of the ion CO," was excited, with fre-
quency 1088.6 cm"1. Five harmonics of this frequency were ob-
tained. A set of filters was used to separate different wave-
lengths.

The angles were measured by a simple reliable method. The
scattered radiation was photographed directly on a photographic
plate placed in the path of the beam emerging from the crystal.
When the exciting-radiation beam was perpendicular to the entrance
and exit faces of the crystal, the anti-Stokes components produced
on the plate dark concentric rings. The Stokes radiation produced
a central dark spot with light rings on it, corresponding to the ab-
sorption of light at the first Stokes frequency (see Table IV). By
varying the distance from the photographic plate to the crystal and
by measuring the diameters of the rings produced on the plate, they
could calculate not only the angles at which the radiation of dif-
ferent wavelengths diverge, but also the position of the vertices
of the cones. Measurements of this kind have shown that when the
beam of the exciting radiation is focused inside the crystal, the
vertex coincides with the focus of the focusing lens. On the other
hand, if the focus of the lens lies behind the crystal, then the apex
of the cone is in the direct vicinity of the exit surface of the crys-
tal.

A symmetrical picture was observed only when the
exciting-radiation beam was perpendicular to the crys-
tal faces. A slight tilt of the crystal caused the distri-
bution of the intensity over the periphery of the rings
to become inhomogeneous. The sections of the rings on
which the maxima of the anti-Stokes radiation intensity
fell were radially disposed on one side of the center,
while the sections corresponding to the Stokes compo-
nents of order higher than the first and to absorption
of the first Stokes component were disposed along the
radius on the opposite side of the center.
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Analyzing the results obtained in the experiments
with oblique incidence, the authors have concluded that
the wave vectors of the Stokes and anti-Stokes radia-
tions k_j and k4 lie in one plane, on opposite sides of
the wave vector к,, of the exciting radiation. Further,
it follows from (2a) and (2b) that the ring of the second
Stokes component should be produced only in the pres-
ence of the second anti-Stokes ring, as was also con-
firmed by experiment. From the theory developed
in l-553 it follows that the gain of the radiation at the
second Stokes frequency is accompanied by "absorp-
tion" of energy from the radiation at the first Stokes
frequency in a direction governed by relations (2a) and
(2b). In this case the emission of the second Stokes
component and the absorption of the first Stokes com-
ponent are observed on the photographic plate to one
side of the exciting beam. This was also confirmed
experimentally.

Investigations of the dependence of the angular dis-
tribution in SRS on different factors have shown that
the angles are determined essentially by the scatter-
ing medium. The angles do not depend on the length
of the scattering sample and depend very little on the
temperature («3% at ДТ = 100°C). They do, however,
depend strongly on the focal length of the focusing lens.
Chiao and Stoicheff attribute this effect to the fact that
к,, is somewhat smaller at the focus of the lens than
for a plane wave. At the same time, the values of the
angles are very sensitive to change in k0. In this con-
nection, lenses with different focal distances were
used in the investigation (8, 20, 30, 50 and 127 cm).
The results obtained were extrapolated to f = °° (plane
wave).

The theoretical calculation was based on the rela-
tions

(3)

where

kr

(in the case of calcite, шг = 1088.6 c m " 1 ) . The angles
determining the direction of the absorption at the first
Stokes frequency were calculated from the formula

• (4)
k-i

The results of the measurements and of the calcula-
tions by formulas (3) and (4) are given in Table IV.

The good agreement between their theoretical cal-
culations and experiment had enabled these authors
to state that SRS proceeds in accordance with the step-
wise scheme proposed in E65J, and contradicts the four-
photon scheme (see, for example, C57]) in which two
photons of frequency ш0 are annihilated simultaneously

with the production of two photons of frequency o>j and
w_j. This process also leads to the condition 2kg = k_j
+ kj (which is obtained from (2a) at n = 1), but in this
case the radiation at both the first anti-Stokes and the
first Stokes frequencies should propagate at an angle
to the direction of the exciting radiation, something
not observed in the experiment. This was pointed out
earlier by Zeiger, Tannenwald et al.^5 8^. The experi-
mental results of '-S2-' disagree likewise with calcula-
tions by the Szoke formula^5 8], obtained by taking into
account, besides volume effects, also processes on the
surface. Calculation by the latter formula gives for the
angles values much larger than those observed in ex-
periment.

In spite of the good agreement obtained by Chaio and
Stoicheff, between experiment and the theory of '-S5^> no
final conclusions can apparently be drawn concerning
the processes that lead to the somewhat unusual spatial
distribution of the SRS radiation. Hellwarth et a l . [ 6 o ; i ,
investigating the spatial distribution of IRS of nitro-
benzene, found a considerable discrepancy between the
experimental results and calculations based on rela-
tions (2a) and (2b). We note that Chiao and Stoicheff
chose calcite for the investigation because its disper-
sion is well known in a wide spectral range. In '-60^,
the refractive index of nitrobenzene was measured
precisely. Calculation of the angles by the formulas
given in CS8J yields the following values: 0_! = 2.5
± 0.2°, 0_2 = 12.4 ± 1°, and 0_3 = 16 or 12 ± 1°*. Ex-
periment yields essentially different results: 3.1 ± 0.1,
3.9 ± 0.1, and 3.8 ± 0.1 respectively.

Summarizing the foregoing the results on the spatial
distribution of stimulated Raman scattering, it can be
stated that the qualitative picture of the phenomenon is
more or less clear. It is also clear that the angles are
determined by a macroscopic parameter of the inves-
tigated substance—dispersion. An exact quantitative
theory of this process, however, calls for further de-
velopment.

9. Some Energy Characteristics of SRS

We have already noted above a certain dependence
of the SRS parameters on intensity of the exciting r a -
diation. In this section we shall analyze this question
in greater detail.

At the present time there are many theoretical
papers devoted to a study of the dependence of SRS in-
tensities and line widths on the power of the exciting
radiation. We shall stop to discuss our own paper E61J,
where we presented an elementary theory of SRS and
a comparison of the obtained theoretical results with
experiment.

Let us consider a simplified model of SRS. Let a
light pulse propagate along the axis of a cylindrical
cell of finite length. The substance in the cell has ab-

*In different variants of the calculation.
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TABLE IV
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Frequency

<o0 — 2(or

( 0 0 + ( 0 r

(00 + 2шг

Юо + Зюг

*The values
to f - <*>.

Wavelength,
A

8174.9
6456.0
6033.2
5662.3
5334.4

Radiation angles

experiment

5.2±0.1»)
2.50±0.03
5.03±0.08
7.64±0.2
10.2±0.4

were obtained at f ~ 20 cm.

theory

5.57
2.49
4.91
7.29
9.61

Absorption angle for the
first Stokes component

experiment'

1.8±0.1*)
2.90±0.03
3.26 tO.06
3.50±0.06
3.77±0.06

All the remaining results were

theory

2.22
2.90
3.21
3.55
3.86

extrapolated

sorption coefficients a and a' for the exciting radia-
tion and for the scattered radiation, whose frequencies
are v and v' respectively. In this case the change in
the number of photons n and n' of the exciting and
scattered radiations, following the passage of a pulse
through a layer dx, is given by the equations

—~ = — an — коп —

dx

—,— = — a'n' + k2n + к
dx

(5a)

(5b)

The first terms in (5a) and (5b) describe the radia-
tion loss in the medium (absorption, scattering, etc.),
the second terms characterize ordinary Raman scat-
tering, and the third are responsible for the induced
Raman scattering.

We shall solve this system for the case of greatest
practical interest—that of small absorption. We shall
assume further that a = a' and that the number of
quanta n£ with frequency v' at the input of the cell
(x = 0) is equal to zero. These conditions are as a
rule satisfied in practice; then we obtain from (5a) and
(5b)

n + n' — ще~ах, (6)

where n0 is the number of quanta with frequency v at
the input of the cuvette (x = 0). Substituting (6) in (5b)
we obtain after putting n' = v ( x ) e ~ a x an equation of
the form

dv
dx

= v[q(no—v) — k2\ + k2n0. (7)

where q = kje~ a x . At relatively small values of ax
(that is, when the absorption over the cell length I is
small) we have q ^ k j and v(x) и n'; then integration
of (7) yields

(8)

Recognizing that n '(0) = 0 on the boundary and putting
k 2/k t = b and kjZ = a, we obtain

hence
n' = b[eain°+b)—1] ,

^ «0

(9)

(10)

Let n'v be the threshold observation of the stimulated
Raman scattering, determined by the experimental con-
ditions and attained at an exciting-light intensity n0 = ж.
For the threshold value n' = n̂ - we obtain from (9)

(ID

(12)

Subtracting (11) from (9) and discarding n'/n0,
and n^/b,we obtain the approximate formula

In

This formula is convenient for comparison with exper-
iment, since it contains the quantities n' - n^ and n0

-тт. which are directly measured in the experiments,
but it must be borne in mind that formula (12) is valid
for a small excess of intensity of the exciting light
above the threshold, since at large values of n0 the
value of n' may reach 25% of n0.

Formulas (10) and (12) contain two parameters,
a and b, the dependence of which on the properties
of the scattering substance and the employed apparatus
is essentially different. From the general formula for
the scattering probabilityC623 it follows that

a = IoclA, (13)

where с is the volume concentration of the scattering
substance, A a constant, and Io a coefficient charac-
terizing the intensity of the scattering relative to one
(isolated) molecule. It must be noted that Io in (13)
does not coincide with the intensity of the analogous
line in the spectrum of ordinary Raman scattering (we
shall return to a discussion of this question later) .

It follows from (10) or (12) that the dependence of
the Raman scattering lines on the values of Io> c, I,
and n0 is approximately exponential and only at low
exciting-light intensity do we obtain a linear depen-
dence of n' on the indicated variables, such as is char-
acteristic for ordinary Raman scattering.

The meaning of the parameter b is such that it
should not depend on Io, c, or I. Therefore, compar-
ing two scattering media that differ in concentration
or type of scattering molecules, we obtain from (11)
(again neglecting In (1 - n .̂ A ) )

b) = a2 (я 2 + b), (14)
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hence

Щ Щ (15)

We choose the threshold of the first substance vt

as the standard; Then r = Ъ/тгх and is constant under
the given experimental conditions (assuming that the
spectral sensitivity of the plate is the same for the
compared lines).

In the case of mixtures, putting Cj = 1 and c2 = c,
we have a 2/aj = с and we obtain in lieu of (15)

-с)

к,
(16)

In comparing different substances, taking I o l as the
comparison unit, we obtain

_Д2=1 + Г(1-/ Г )^ ( 1 7 )

In the investigations cited, the stimulated Raman scattering
was excited with a ruby laser Q-switched by a rotating prism. The
experimental setup is shown in Fig. 21. The laser radiation was
focused on a cell with the investigated substance by means of a
lens of focal length 250 mm. Particular attention was paid in the
measurements to strict standardization of all the experimental
conditions. Consequently no easily-spoiled mirrors or other
parts were used in the apparatus.

M L

FIG. 21. Experimental setup. R—ruby crystal; F—flash lamp;
P-Rotating prism; M-mirror; L-lens with 25 cm focus; C-cell
with investigated substance; SI—spectrograph slit.

To measure the threshold, the beam of exciting radiation was
attenuated with a stack of glass plates placed ahead of the cell
with the investigated liquid. By varying the number of plates, it
was possible to change the intensity of the incident radiation
in small steps, the "threshold" being defined as that minimal in-
tensity at which Raman scattering was still observed (following
a single flash). This method, having the advantage of great sim-
plicity, gave a sufficient measurement accuracy (approximately
10%).

The SRS spectra were registered photographically with the
aid of the spectrograph with diffraction grating and with disper-
sion of approximately 13 A/mm. Several series of experiments
were carried out for each substance.

The parameters of the lines in the spectra of ordinary Raman
scattering (integral intensity 1^, width 8, degree of depolariza-
tion p) were measured with a photoelectric spectrometer with ap-
proximate dispersion 5 A/mm with the spectra excited by the
4358 A mercury line.

The photographic photometry method was used for the intensity
measurements. Density markers were produced with the aid of a
stepwise attenuator. The source of light in this case was the laser
flash, to avoid the influence of the Schwarzschild factor. In pro-
cessing and measuring the spectrograms, standard methods were
used, with all possible precautions. To broaden the range of the
measured intensities, neutral filters were used, the transmission
of which were measured with the same apparatus. It should be

2 3 4 5 S
а(по-Я)

FIG. 22. Dependence of SRS intensity on the excess of inten-
sity of the exciting light over the threshold for CS2 and mixtures
of CS2 with benzene.

noted that the transmissivity of the optical filters for high-
power pulsed radiation turns out to be much higher than when or-
dinary radiation of the same wavelength is used.

To vary the intensity of the exciting light, a stack of glass
plates was used, just as in the measurements of the threshold.

The apparatus described above yielded SRS spectra of twelve
different substances (benzene, bromo-benzene, chlorobenzene,
toluene, pyrydine, o-xylol, styrene, pentadiene-1,3, 2-methylbuta-
diene-1,3, carbon disulfide, carbon tetrachloride, nitrobenzene).

Principal attention was paid in the investigation of the spec-
tra to quantitative measurements of the excitation threshold and
of the SRS line intensity. The study was devoted essentially to
the first Stokes component; all the data that follow pertain to
this component.

To clarify the question of the ratio of the intensity
of the exciting radiation to the stimulated Raman scat-
tering, we measured the line intensities as functions of
the excess of the exciting-light intensity over the
threshold. The data obtained for carbon disulfide, ben-
zene, and toluene are shown in Figs. 22 and 23. The
straight lines on these figures are the theoretical line
intensities in accord with (12). The constants a and
b in this formula were determined in the following
manner. From the experimentally obtained points for
carbon disulfide (Fig. 22) or for benzene (Fig. 23), a
plot of In (1 + n'/b) against n0 -ir was prepared, with
n' measured in a certain arbitrary scale (that depended
on the sensitivity of the plate in the region of the given
spectral line), and n0 — ж in a second arbitrary scale.

Benzene, 100%

Benzene, 60%

Toluene

0 1 2 3 4 3 6 7 8
aflb*Ji

FIG. 23. Dependence of SRS intensity on the excess of in-
tensity of the exciting light over the threshold for benzene, tolu-
ene, and mixtures of benzene with CS_.
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TABLE V

Substance

Carbon
disulfide

Av,
cm"1

656

с

1.0
0.6
0.5

a

" 0

1.0
0,6
0,41

Substance

Benzene

Toluene

Av,
cm"1

992

1004

с

1.0
0.6
1.0

a

ao

1,0
0,5
0,40

I

benz

1.0

0.42

By varying b it was possible to make this dependence
linear. For the obtained value of b, the constant a
was determined from the condition that the indicated
line have a slope of 45°.

For the intensity of the same line in the mixture, or
for some other substance with closely-lying Raman
line, the constant b was assumed to be the same as
before, and the constant a was determined from the
slope of the experimental line. The data obtained from
the constant a are listed in Table V. It must be noted
that the measurement conditions were such that only
comparisons of the relative values of these quantities
are meaningful.

V
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FIG. 24. General plot of SRS intensity against the exciting-
radiation intensity in accord with formula (10) for a = 0.1 and
b - 0.1. The initial section of the curve is shown enlarged on
the right.

On the basis of Figs. 22 and 23 we can conclude that
the approximate formula (12) describes quite well the
observed dependence of the Raman line intensity on the
excess of intensity of exciting light above threshold.

The values obtained for toluene agree quite well with
the ratio of its intensity to the intensity of benzene in
ordinary Raman scattering.

Formula (10) was used to plot the Raman line inten-
sities against the exciting-line intensity. The plot ob-
tained (Fig. 24) describes the phenomenon qualitatively
at different values of excess excitation above thresh-
old.

Table VI gives the data obtained for the excitation
thresholds of different substances relative to the
threshold for benzene. The parameters of ordinary
Raman scattering lines are also given.

The data obtained lead to the following conclusions:
1. In SRS spectra with sufficiently low threshold,

lines of compounds with conjugated C=C bonds are
excited in the 1600 cm" 1 region. The group of sub-
stances investigated by us constitutes a new class of
compounds active in stimulated Raman scattering and
possessing 7г electrons not in ring systems. We note
that the lines investigated by us have considerable in-
tensity both in ordinary Raman spectra and in infrared
spectra.

2. The SRS threshold is determined essentially by
the intensity of the lines in ordinary Raman scattering,
whereas the degree of depolarization plays apparently
an insignificant role. As a rough approximation, the
reciprocal of the threshold is determined by the line
intensity per unit width, but no strict proportionality
is observed between these quantities. This may be
connected with the fact that our data on the intensities
pertain to a 4358 A exciting line, whereas in SRS was
excited with the 6943 A line. However, as is well
known, the dependence of the Raman line intensity on
the exciting wavelength differs somewhat for different
substances (see, for example ^ 6 3 ^). Nor can we ignore
the influence of differences in the shapes of the com-
pared lines.

TABLE VI

Substance

Benzene
Toluene
Pentadiene-1,3
2-methylbutadiene-l,3
Carbon disulfide
Styrene

Av, c m -i

992
1004
1655
1638

656
998

1602
1634

6, cm"1

2.8
1.6
15

7
1
2
3
3

0

0.06
0.07
0.31
0.21
0.25

—
—
—

1
0.38
1.6
1.3
1.6
0.7
0.9
1.6

1
0.42
0.2
0.3
3
0.6
0.6
0.9

1/Я

1
0.40
0.5
0.5
1.4
0.5

0.9



364 Z U B O V , S U S H C H I N S K I I , a n d SHUVALOV

Measurements of the dependence of the SRS line in-
tensity on the intensity of the exciting light were made
also by Bret and Mayer. E64^ Starting from Placzek's
general formula for the transition probability in Raman
s c a t t e r i n g ^ , they derived the dependence of the SRS
intensity on the intensity of the exciting light and on
the ratio n0 /n'o, where nj is the intensity of radiation
with frequency v' at the input of the cell. Neglecting
in Placzek's formula the term which determines the
ordinary Raman scattering, we can write

•g—ftn'n, (18)

hence, taking into account the boundary conditions, we
obtain at the output of the cell

(19)

From (19), assuming that n0 does not depend on I, we
obtain for the gain G

G = - (20)
Jj n\ (t) dt

Equation (20) contains integrals with respect to the
time. The reason for it is that the widths of the ex-
citing-radiation pulses and of the SRS pulses differ by
a factor 2—3. The integration in CMH was carried out
graphically. Experiments of two types were carried
out.

In the experiments of the first type, G was mea-
sured as a function of n0 at the entrance to the cell;
nj remained unchanged. To this end, type RG Schott
filters were placed ahead of the cell. Plots of In G
against a quantity proportional to n0 showed a clearly
pronounced linear character, thus confirming the fore-
going theoretical reasoning.

In the experiments of the second type, In G was
measured as a function of the ratio f = пЦ/по at the
entrance to the cell, with n0 kept constant. This was
done by placing neodymium glass in front of the cell.
The results presented in the paper show that In G de-
creases with increasing f. The authors do not stop to
interpret this result theoretically. Polarization mea-
surements, carried out at the same time, have shown
that the gain is zero when the polarizations of n0 and
a'o at the entrance to the cell are orthogonal. This r e -
sult confirms the coherence of the SRS.

The experiments described above were made with
the apparatus illustrated in Fig. 25, which is essen-
tially a combination of the method in which the sub-
stance is placed inside the cavity with the method in
which the substance is outside the cavity.

Mirrors M, and M2 had respective transmissions 95 and 30%.
Apparently to increase the ruby laser power, use was made of
two rubies in tandem, illuminated by a straight flash lamp. A
calorimeter was used to measure n0. Pulsed Q-switching was
by means of an optical shutter. A semitransparent plate diverted
part of the radiation to a photomultiplier PM,, with which nj was
measured. Photomultiplier PM2 was used to measure n' at the
exit from the cell. Filters F t and F 2 shielded both photomulti-
pliers against the 6943 A radiation (ruby). The telescopic sys-
tem of lenses L, and L2 decreased the cross section of the ex-
citing beam to 0.075 cm2, but approximately doubled the diverg-
ence at the same time. The time resolution of the radio apparatus
was not worse than 3 x 10"' sec. Birefringent plate D was used
which made the polarizations at the frequencies v and u' ortho-
gonal, and analyzer A, were used in the polarization measurements.
Cells C, and C2 were filled with nitrobenzene in experiments of
the first type, and with benzene in the second case.

So far we have been dealing with amplification of
SRS at the first Stokes frequency. Recently Tang and
Deutsch^65^ demonstrated the feasibility of gain at the
anti-Stokes frequency. Unfocused radiation from a
Q-switched ruby laser passed through the active liquid
parallel to two mirrors , the distance between which
was — 6 mm. The typical concentric ring of anti-
Stokes components were observed in the absence of
these mirrors . The photographs obtained with the
mirrors , show a strong increase in the intensity of
the sections of the rings lying on the intersection with
the plane passing through the exciting beam perpen-
dicular to the mirrors . Such an experimental setup
is equivalent to increasing the optical length of the
beam path in the active medium.

We have discussed above the question of the depen-
dence of the SRS intensity on the intensity of the inci-
dent radiation. The dependence of SRS on the concen-
tration of the scattering molecules was investigated

in [61,67]

The results of the measurements (see Fig. 23) show
that the intensities of the SRS lines at constant con-
centration depend exponentially on the excess of ex-
citing-light intensity above threshold. On the other
hand, the dependence of the intensities of these lines
on the concentration in mixtures deviates somewhat
from theoretical, owing to a certain decrease in the
scattering intensity in the mixtures as a result of
intermolecular interactions. Similar changes in the
intensity were observed many times in ordinary Raman
scattering of light. In addition, the dependence of the
excitation threshold on the concentration was measured
in mixtures of CS2 and benzene with concentrations 80,
60, 50, and 40%, and in pure CS2 and benzene.

The results of measurements of the excitation

FIG. 25. Diagram of the apparatus of Bret and Mayer ["].
R-Ruby, L-flash lamp, M, and M2-mirrors; Cal-calorimeter;
M-obstacle shutter; Cl and C2-cells with investigated sub-
stance; L, and L2-telescopic system of lenses; P-semitrans-
parent plate; D-birefringent plate; A-analyzer; F, and F2—fil-
ters; PM, and PM2—photomultipliers.

Cal
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1,0

FIG. 26. Threshold of SRS excitation vs. concentration of the
scattering molecules for mixtures of benzene and carbon disulfide.
Left curve-656 cm"1 line of CS2; right curve-992 cm"1 line of ben-
zene; c—volume concentration of CS2 in the mixture.

threshold of the 656 cm" 1 line are shown in Fig. 26
(left-hand scale). This line could be excited at a
volume concentration in the mixture ranging from 100
to 50%. At 40% concentration, excitation of the
992 cm" 1 of benzene started (Fig. 26, right-hand
scale).

The data show that the dependence of the excitation
threshold on the concentration is not linear. For the
656 cm" 1 line of CS2, this dependence is sufficiently
well described by an empirical quadratic formula'-67-'
(dashed curve on Fig. 26). The solid lines in Fig. 26
show the curves obtained by formula (16) at r = 1
(656 cm" 1 line of CS2) and r = 0.7 (992 cm" 1 line of
benzene). A change in r corresponds to a change in
the excitation threshold for these lines.

Kaiser, Maier, and Giordmaine'-66-^ also investigated
the variation of the line intensities of benzene and ni-
trobenzene in mixtures. They reached the conclusion
that an important role for SRS scattering in mixtures
is played by intermolecular interaction. According to
their data, SRS lines of benzene were observed in a
benzene-heptane mixture up to 75% heptane concentra-
tion. The intensity of the first Stokes line of benzene
remained constant with varying concentration, in first
approximation, at heptane contents in the mixture up
to 50% (Fig. 27). With further increase of the heptane
concentration, the intensity of this line decreased
rapidly. A characteristic feature is that no SRS lines
of heptane were observed in the experiment at all. An
entirely different picture was obtained when working
with a mixture of benzene and nitrobenzene. Here the
intensity of the SRS lines of benzene (or nitrobenzene)
decreased somewhat with decreasing concentration.
At concentrations of approximately 50%, the intensity
decreased rapidly (by several orders of magnitude).
At this concentration, there were observed the benzene
line У}, that of nitrobenzene vit and also lines with
combination frequencies of the type v - vu

± (kj^j + k2v2 ). where к = ± 1 , ±2, . . . At a benzene
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FIG. 27. SRS line intensity vs. concentration of the scattering
molecules (from ["]). a) Benzene-heptane mixture; b) benzene-ni-
trobenzene mixture.

(nitrobenzene) concentration of 40%, the SRS lines of
benzene (nitrobenzene) vanished.

The dependence of the SRS intensity on the concen-
tration, investigated by the authors of I-66}, differs es-
sentially from the theoretical dependence. They at-
tribute this discrepancy between theory and experiment
to intermolecular interactions. They refer to the work
reported in '-55-', where the possibility is indicated of
a certain increase in the intensity of the SRS lines of
benzene in mixtures containing polarized molecules.
However, we do not regard this explanation as suffi-
ciently convincing, all the more since we have obtained
sufficiently good agreement between experiment and
theory in our own work.

As is well known, Raman scattering of light is ac-
companied by absorption of the exciting radiation
(more accurately speaking, by the transfer of energy
from the exciting radiation to the Raman radiation).
In ordinary Raman scattering, when the fraction of the
scattered light is too small, it is practically impossible
to measure absorption of this type. The situation is
different with SRS, where the line intensity reaches in
some cases 30% of the intensity of the exciting radia-
tion. Brewer ^69^ succeeded in experimentally proving
the transfer of energy from the exciting radiation to
the SRS.

A Q-switched laser was used in this investigation. Its radia-
tion passed through semitransparent mirror SM, (Fig. 28), which
reflected part of the exciting radiation to the first photomultiplier
PM,, and transmitted the rest to cell С with the investigated sub-
stance. The radiation from the cell was split by a second semi-
transparent mirror, the reflected and transmitted parts going to
multipliers PM2 and PM5. Filters F, and F 2, placed ahead of the
first two photomultipliers, transmitted only the ruby radiation. A
filter F3 placed ahead of the third photomultiplier separated the
first Stokes frequency of the benzene, the substance investigated
in the experiment. The signals of the first two photomultipliers
were fed to a differential amplifier, whose output signal was pro-
portional to the difference between the signals from PM, and PM2,
that is, proportional to the energy absorbed in the cell. The sig-
nals from the differential amplifier and from PM3 were registered
by a two-beam oscilloscope. Such a system has enabled the
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Two-beam
oscilloscope

FIG. 28. Setup for investigating the "absorption" accompany-
ing SRS. SM,, SM2—Semitransparent mirrors; C—cell with investi-
gated substance; PM, PM2PMs-photomultipliers; F,, F 2 , F3-fil-
ters; DA—differential amplifier.

author to avoid the uncertainty connected with the fact that during
the giant pulse there can be produced several pulses of unequal
power, one of which may produce SRS and the others not.

Measurements made with the apparatus described
above have shown that in the case of benzene 90% of
the absorbed energy is pumped over into SRS.

The author has measured incidentally the distribu-
tion of the SRS intensity by components. If the entire
SRS is taken to be 100%, then under the given experi-
mental conditions 85% is transferred to the first Stokes
line, 9.8% to the second, 0.1% to the third, 0.8% to the
first anti-Stokes line, 0.7% to the second, and ~ 0.002%
to the third. 3.5% of the energy goes to radiation at the
first Stokes frequency in the opposite direction.

10. Some Nonlinear Effects Connected with SRS

It was shown above that Raman scattering of light
is connected with the transfer of energy from one
spectral region to the other. But it follows from the
general theory that this process is reversible. Indeed,
the probability of annihilation of a quantum with fre-
quency v0 and creation of a quantum with frequency
v\ = VU T vr (where vT is the natural frequency of the
molecule) is given by the formula

(21)

Here | /it | 2 is the square of the matrix element of the
two-photon process, p 0 the density of radiation with
frequency vu> pt the density of radiation with frequency
Px, and the remaining symbols are standard. The
probability of the inverse process (absorption of a
quantum v^ and emission of a quantum ua = v^ ± vv)
is given by the same formula, except that i>0 and p 0

are replaced by v± and pj. It is essential that the
matrix element |/x| is the same in both cases. Thus,
if radiation with a continuous spectrum is incident on
the system, then, generally speaking, some redistribu-
tion of the energy will take place, but the spectrum will
remain continuous. On the other hand, if the continu-
ous spectrum does not contain radiation at some par-
ticular frequency (for concreteness—at the frequency

v0), then the process will be only unilateral—energy
will be transferred from the radiation with frequency
vl = vo T vr to the radiation with frequency v0. An
"absorption" band will appear in place of the frequency
v\-

The first to perform an experiment of this type
were Landsberg and Baryshanskaya^70^. In their ex-
periment, light from a source with a continuous spec-
trum (1,000 W incandescent lamp) was transmitted
through a praseodymium-neodymium filter, which
gave a sharp absorption band. This light was used to
irradiate a quartz crystal. The radiation scattered by
the quartz showed, in addition to the main band, also
an absorption band whose frequency shift relative to
the " m a i n " absorption band coincided with the natural
frequency of quartz («465 c m " 1 ) . KastlerC71^ later
proposed to use this phenomenon in astrophysics, but,
insofar as we known, nobody succeeded in repeating
the experiment of Landsberg and Baryshanskaya, al-
though, for example, Stoicheff did make such an at-
tempt E7 2].

It is obvious that the presence of the term рйр0 in
(21) is not essential for the existence of inverted
Raman scattering. However, the presence of the term
gives rise to one more effect, characteristic only for
the stimulated processes. A study of this effect is the
subject of a paper by Jones and Stoicheff ^ 7 2 3. The r a -
diation of an ordinary Q-switched laser* was trans-
mitted through two cells arranged in tandem, the focus
being in the second cell. When the same substance
(benzene) was poured in both cells, then self-inversion
of the first anti-Stokes benzene line was observed.
Even more interesting results were obtained when
working with different substances in the cell. We note
that under certain conditions of excitation, the anti-
Stokes lines can have an appreciable width (up to
100 c m " 1 ) ^ . Thus, it is possible to apply to the
second cell radiation consisting of a powerful mono-
chromatic line u0 and a quasicontinuous background
v\ - ô + vx * 5- b1 t n i s c a s e a sharp («2 cm" 1 ) ab-
sorption band was observed at the exit from the sec-
ond cell in the region of the background, shifted rela-
tive to the "exciting" line u0 by exactly the natural
frequency of the molecules of the substance in the sec-
ond cell. The first cell was filled with toluene and the
second with benzene or nitromethane. One flash was
sufficient to observe the "absorption band" of the ben-
zene, whereas registration of the "absorption band"
of nitromethane necessitated ten flashes. This is easily
explained by the fact that the nitromethane line is
shifted relative to the toluene line by almost 85 cm" 1,
whereas the same shift for the toluene-benzene sys-
tem amounts to 11 cm""1.

*It is interesting that the second mirror (R = 20%) was a plane-
parallel plate of "Corning 2-58" glass, which operated simultane-
ously as a mirror, as a filter, and as a mode selector.
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The observed effect can be explained in the follow-
ing manner. It is perfectly obvious that the transitions
u0 — vi and i>i —• VQ (1̂ 1 = PQ + vv ) proceeds simulta-
neously, and at sufficiently high intensities of the "ex-
citing" radiation with frequency ua their probabilities
are more or less the same. However, the intensity of
the transition is proportional in first approximation to
the number of particles that are in the initial state.
For the transition v^ —• v0 the initial state is the
ground state, while for vQ —- vx it is the first excited
state. Under ordinary conditions, practically all the
molecules are in the ground state and thus the vi —- v§
transition is much more intense than vu —» vx. Conse-
quently, a somewhat paradoxical energy transfer takes
place from the relatively weak radiation at vt ("ab-
sorption" at frequency vi) into powerful radiation at
frequency v0. It is easy to see that in order to observe
this effect the product рфХ in (21) should be sufficiently
large, and at the same time the quantity p0 should not
be very large. When the density of the "exciting" r a -
diation p0 is large, an important role is assumed by
the stimulated transition г̂ 0 —• ^0 — vx, which transfers
the molecules to the excited state and by the same
token increases the intensity of the transition. vu -— v^
+ vv. This was observed in the experiment. An in-
crease in the output power (p 0) of the master genera-
tor caused the absorption to vanish, and the absorption
band gave way to the SRS line of the substance in the
second cell. The reasoning presented above can be
used also to explain the "self-inversion" of the anti-
Stokes SRS line.

One of the interesting questions of nonlinear optics
is that of optical mixing of frequencies. This phenom-
enon makes it possible to extend the spectral region
in which stimulated emission appears. Martin,
Thomas, and Wright'-73-' obtained optical mixing of the
Raman and the exciting-radiation frequencies. Radia-
tion at three Stokes frequencies was observed at the
exit of a cell with benzene at the ruby-laser powers
which they employed. All this radiation and the so to
speak residual radiation of the ruby were aimed at an
optically-nonlinear ADP single crystal, which was used
as a mixer. The result was a frequency spectrum
ranging from 29000 to 11300 cm" 1 . The authors pro-
pose the following frequency assignment: Vq-V-p, Vo,
(u0 -2vv) + (u0 -3vr), (VQ — VV) + {vu -3VV), or
2(uo-2vr), (vu-vv ) + (y0 -2vv ), or v0 + (v0 -3i^ r ),
îD + (vo-2ur), or 2(vu-vT), P0 + {vu -vv), 2v0. Here
P0 R3 14404 cm" 1 is the ruby emission frequency and
vv as 991 cm" 1 is the natural frequency of the benzene
molecule.

The results of this investigation, together with the
results obtained by other authors, show that stimulated
Raman scattering of light makes it possible to extend
greatly the spectral region in which stimulated emis-
sion can be used. Akanaev, Akhmanov, and KhokhlovE74^
called attention to the fact that SRS can be used also for
amplification of an external signal. Here, as is well

known from general radio engineerings, the signal gain,
say, at the first Stokes frequency should be larger by
at least one order of magnitude than the gain of the
signal at the ruby frequency when a ruby amplifier is
used. The reason is that the widths of the typical
Raman lines are one order of magnitude smaller than
the spectral band amplified by the ruby amplifier. It
is shown in L 7 4 ] that the amplification of the signal at
the first Stokes frequency of benzene can reach an or-
der of ten. If two different lasers are used for ampli-
fication of the radiation at the combination frequency,
then it is necessary to solve a very complicated tech-
nical problem, that of synchronizing two pulses with
accuracy of the order of 10 nsec. Therefore the same
laser was used in C74] as the master generator and the
amplifier. A Q-switched ruby laser with dead-end
resonator, whose axis passed through one of the arms
of a cruciform cell half-filled with benzene, was used
in the investigation. The beam emerging from the r e s -
onator, which contained the radiation at the first Stokes
frequency, was split into two beams with the aid of
semitransparent and fully reflecting mirrors and fed
to the second arm of the same cell. One beam trav-
eled in air, and the other through the active zone of
the cell. Both beams were then incident on the upper
and lower halves of the spectrograph slit. By measur-
ing the ratio of the line intensities of the exciting r a -
diation and the radiation at the combination frequen-
cies, it was possible to estimate the gain. These
measurements have shown that radiation at the first
Stokes frequency of benzene is amplified by a factor
3—8 per passage through the cell.

Thus, new possibilities are uncovered for practical
utilization of stimulated Raman scattering of light for
amplification of light signals in a wide spectral region.
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