
SOVIET PHYSICS JETP VOLUME 24, NUMBER 1 JANUARY, 1967 

INTENSITY DISTRIBUTION IN STIMULATED RAMAN SCATTERING SPECTRA 

N. V. ZUBOVA, N. P. KUZ'MINA, V. A. ZUBOV, M. M. SUSHCHINSKil, and I. K. SHUVALOV, 

P. N. Lebedev Physics Institute, Academy of Sciences, U.S.S.R. 

Submitted to JETP editor February 21, 1966 

J. Theoret. Phys. (U.S.S.R.), 51, 101-107 (July, 1966) 

The line intensity of stimulated Raman scattering spectra (SRS) is investigated as a function of 
the exciting light intensity. The measurements are carried out in intensity regions above and 
below the experimental threshold for a single flash. The intensity distribution in SRS spectra 
is investigated for several Stokes and anti-Stokes components. The existence of a considerable 
wing accompanying each component is detected. A structure of the first Stokes component of 
SRS is found and is investigated in the "threshold" region and below the "threshold. " 

STIMULATED Raman scattering of light (SRS) is 
a typically nonlinear optical phenomenon occurring 
when high -power radiation acts on a substance. 
While it is undoubtedly related to ordinary Raman 
scattering of light, SRS has many distinguishing 
features, which are usually considered character­
istic of radiation from lasers (small line width, 
sharply pronounced directivity along the beam of 
the exciting light, etc.). In view of its distinguish­
ing properties, great interest attaches to the study 
of the characteristics of SRS and to an elucidation 
of factors that lead to the transition from ordinary 
Raman scattering to SRS. 

We present in this paper the results of an in­
vestigation of the distribution of the intensity in 
SRS spectra (the main results pertain to the first 
Stokes component). These results were obtained 
for different exciting radiation intensities. We also 
consider in this connection the question of the na­
ture of the SRS threshold. 

LINE INTENSITY IN THE SPECTRUM OF 
STIMULATED RAMAN SCATTERING 

According to the general theory of Raman scat­
tering of light, [ 11 the probability W of Raman 
scattering is given by the expression 

(1) 

where J is the intensity of the Raman scattering 
lines, I the intensity of the exciting radiation, k1 
characterizes the stimulated Raman scattering, 
and k2 the spontaneous scattering. It must be 
borne in mind that k1 and k2 are functions of the 
frequency and are determined by the convolution 
of the line contour of the exciting radiation and the 
contour of the Raman line proper. This convolution 

characterizes the observed contour of the Raman 
line.[ 21 

We consider a simplified model of the phenom­
enon. [ 3 1 Let the exciting radiation and the Raman 
line be for the time being monochromatic (with 
frequencies v and v' respectively). The exciting 
radiation, which has an intensity Io at the entrance 
window of the cell, propagates along the cell axis 
in the form of a plane wave. We assume that only 
a small fraction of the incident radiation is scat­
tered in this case. The medium is characterized 
by an absorption coefficient a, which is the same 
for the exciting radiation and for the Raman scat­
tering. We confine ourselves to consideration of 
only the first Stokes component, and assume that 
the intensity of the remaining components is neg­
ligibly small. Then the intensity of the scattered 
radiation J at the exit window of a cell of length 
l is determined by the expression (see [31 ) 

1 = {k2/k1)r{exp[lk1(k2/k1 + lo}] -1} e-al. 

1 + (k2/kdo} exp [lk1 (k2/k1 + lo}] 
(2) 

We denote by 1r the exciting light intensity cor­
responding to the threshold of experimental obser­
vation of SRS during one flash, and by J 0 the in­
tensity of the SRS line under these conditions. Ex­
pression (2) can be represented in the form 

ln[1+ ::(1-lo}]=kil(lo-n}. (3) 

This expression is convenient for comparison with 
experiment, since it contains quantities that can be 
readily obtained experimentally, namely J- J0, 

which is the registered SRS intensity, and Io - 1r, 

which is the excess of the intensity of the exciting 
radiation over the threshold value. The solid lines 
in Fig. 1 indicate the approximate dependence of 
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the intensity of spontaneous and stimulated Raman 
scattering on the intensity of the exciting light. 
The spontaneous radiation varies linearly and the 
stimulated one exponentially. 

In the case of negligibly small absorption we 
can speak only of an experimental observation 
threshold corresponding to the intensity of the ex­
citing light 1r, i.e., the threshold due to the sensi­
tivity of the recording apparatus. In the presence 
of absorption, the picture does not change in prin­
ciple. The intensity of Raman scattering, whether 
stimulated or spontaneous, decreases in a cell of 
fixed length by a factor e-al. Figure 1 shows 
(dashed) approximate plots of the spontaneous and 
stimulated scattering intensities in the presence 
of absorption. 

The threshold is usually defined in the litera­
ture[ 4• 51 as the exciting light intensity at which 
the loss or decrease in Raman-scattering intensity 
is compensated by the increase in intensity due to 
the stimulated emission. In other words, the 
threshold is assumed to be the exciting light in­
tensity at which the total intensity of the stimu­
lated and spontaneous Raman scattering is equal 
to the intensity that would be possessed by the 
spontaneous Raman scattering in the absence of 
absorption. This point is designated in Fig. 1 by 
an asterisk. We emphasize that in experimental 
studies of the dependence of the Raman-scattering 
intensity on the exciting light intensity this point 
is not distinguished in any way. 1> 

J 
FIG. 1. Character of 

the dependence of the in­
tensity of spontaneous 
and stimulated Raman 
scattering on the inten­
sity of exciting radiation. 

To obtain the SRS spectra we used an ordinary 
setup with a ruby laser Q-switched by a rotating 
prism. The method of measuring the SRS line 
intensity was described in detail in earlier 
papers. [ 6• 71 For control purposes, the total en­
ergy of the exciting radiation was registered in 
several series of experiments by means of a vac­
uum photocell, the measurements being based on 

1 )The authors are grateful to V. N. Lugovoi for a useful 
discussion of this question. 

the discharge of a capacitor with the aid of the 
photocurrent. [ 8 1 

In the registration of the spectrum, we confined 
ourselves in most cases, as is customary, to a 
single flash. The terms "threshold" and "thresh­
old value'' will pertain from now on to a single 
flash. In the case when several flashes were used 
for registration, we succeeded in recording SRS 
at exciting light intensity below the ''threshold 
value." For example, after 30 flashes the inten­
sity of the exciting light could be five times lower 
than the ''threshold'' (the main results obtained by 
us pertain to an intensity smaller than "threshold" 
by a factor 2 -3). 

We note that "ordinary" Raman scattering 
could not be registered even after 40 flashes of 
the laser. 

We proceed to quantitative results. For a de­
pendence of the intensity of the first Stokes SRS 
line on the intensity of the exciting radiation, in 
accord with formula ( 3), a direct proportionality 
should exist between the logarithm of the regis­
tered SRS intensity and the excess of exciting­
light intensity over the "threshold value." An ex­
perimental study of this dependence was reported 
in [ 31 • The agreement between the calculation and 
the experiment turned out to be perfectly satisfac­
tory. The results obtained for the relation in ques­
tion in the region below "threshold" are given for 
nitrobenzene in Fig. 2 (the intensities are given in 
arbitrary units). The "threshold value" corre­
sponds in the figure to the null point. The experi­
mental results are represented by the circles, and 
the calculation results by the straight line. It is 
seen that agreement between the calculation and 
the experiment is perfectly satisfactory. 
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FIG. 2. Intensity of stim­
ulated Raman scattering vs. 
intensity of the exciting 
light for nitrobenzene 
(!\v = 1365 em-') below the 
"threshold" (a, b-constants, 
c[l]). 

The data clearly demonstrate the arbitrary na­
ture of the SRS "threshold." The "threshold" in­
tensity of the exciting radiation is a purely experi­
mental quantity, due only to the sensitivity of the 
recording part of the apparatus. It can also be 
concluded that the simplified model of the phenom-
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enon presented above describes sufficiently well 
the observed dependence of the SRS line intensity 
in the region below the ''threshold.'' 

LINE STRUCTURE IN SRS SPECTRA 

It is of great interest to determine the distribu­
tion of the intensity in the SRS spectra. The ratio 
of the intensities of the different Stokes and anti­
Stokes components and the distribution of the in­
tensity within these components have a complicated 
character and depend on the intensity of the excit­
ing light. 

An investigation of the structure of the spectra 
of several Stokes and anti-Stokes components, us­
ing an instrument with relatively small dispersion, 
has shown that the spectral line is accompanied by 
a relatively strong background. This intensity dis­
tribution, which can be called the "coarse struc­
ture of the line," was investigated in greater de­
tail by us in carbon disulfide. Examples of micro­
photograms of the intensity distribution of the 
background, with a sharp line superimposed on it, 
are shown in Fig. 3 for different components. In 
the Stokes region of the spectrum, the background 
has the form of a wing on one side of the corre­
sponding component. This wing is shifted aside 
from the exciting line. The intensity of the wing 
relative to the intensity of the line increases with 
increasing number of the harmonic. The width of 
the wing, measured from the center of the line, is 
approximately 30 em - 1• 

In the anti -Stokes region, the lines are also ac­
companied by wings, but the picture is in this case 
much more complicated. For the first anti-Stokes 
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component, the background is located on the side 
remote from the exciting line. For the second, 
third, and fourth components the background is 
located on the side close to the exciting line, is 
much more clearly pronounced, and has a higher 
intensity relative to the line than in the Stokes re­
gion. Under certain conditions one observes a 
clearly pronounced maximum of the background, 
shifted relative to the maximum of the line. The 
shift increases on going from the second component 
to the third and fourth, reaching 30-35 em - 1 for 
the third component and 50-60 em - 1 for the fourth. 
The band width of the background increases in the 
same direction. 

The intensity of both the Stokes and the anti­
Stokes components of the background changes little 
with change of the exciting light intensity, whereas 
the intensity of the lines themselves changes very 
strongly. Therefore the best conditions for dis­
closing the indicated background occur at a slight 
excess over threshold. There are indications in 
the literature that certain SRS lines have a ten­
dency to smear and that the background near them 
has a complicated structure. [ 9 J This, however, 
does not pertain to the first Stokes component, 
whose sharpness is usually emphasized. It must 
be noted, to be sure, that the observation of the 
background in the case of the first Stokes compo­
nent is greatly hindered by the fact that the inten­
sity of this background is much lower than the in­
tensity of the line. The origin of this background 
still seems unclear to us. 

Let us proceed to the intensity distribution 
within the limits of the SRS line proper. 

FIG. 3. Distribution of the intensity of the background 
near the stimulated Raman scattering lines: a-for Stokes 
components, b-for anti-Stokes components. 
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The foregoing analysis has pertained to the case 
of monochromatic exciting radiation and a mono­
chromatic Raman line. Allowance for the finite 
line width of the exciting radiation and the finite 
width of the proper Raman line makes it possible 
to obtain the contour of the radiation line. In this 
case we must use in place of the frequency-inde­
pendent k1 and k2 (see [ 21 ) 

+oo 
kt = kt0 S p (v'- v) p0 (v) dv, 

-00 

+<» 
kz = kz0 ~ p ( v' - v) po ( v) dv. (4) 

-oo 

Here k~ and k~ are constants, p0(v) is the contour 
of the exciting line, and p(v') the proper contour 
of the Raman line. Taking these expressions into 
account, we can evaluate the expected narrowing 
of the Raman line with increase in intensity of the 
exciting radiation. We assume dispersion equa­
tions for p(v') and p 0(v), and then for an intensity 
Jsp of the spontaneous Raman scattering the con­
tour will have a dispersion shape 

l sp = lolkz0 1 + ( 1 ') 2 . v- Vo (5) 

with half width v - v~ == 6 == 1. 
In the case of SRS, the contour is described by 

the complicated function (2). For large excess 
above ''threshold,'' taking into consideration the 
smallness of the ratio kdk1 compared with I 0 and 
the smallness of the absorption, expression (2) can 
be written in the form 

l = (kz I kt} ex,p (lktlo}. (6) 

where k1 and k2 are given in (4). The half-width 
of this distribution can be represented in the form 

6 = v- vo' = (· ln 2 )'/• ~ (~)''• 
lolkt0 -ln 2 Iolk1° · 

(7) 

This expression determines the dependence of the 
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FIG. 4. Samples of microphotograms of lines in spectra of 
stimulated Raman scattering for nitrobenzene: a, b-near the 
excitation "threshold," c-below threshold by a factor of 3. 

SRS line width on the exciting light intensity within 
the framework of the model under consideration. 

Experiment yields the following results. At an 
exciting-radiation power exceeding the "threshold" 
by a factor 2-4, a single narrow line is observed 
with approximate half -width 1. 5 em - 1, due to the 
width of the apparatus function of the employed 
spectral instrument. These results confirm the 
narrowing of the SRS line compared with the ordi­
nary line. In investigating the line structure near 
the ''threshold value'' and for a small excess of 
"threshold," one observes a unique splitting of the 
lines into several components. [ 101 The splitting 
has an irregular character: the number of the com­
ponents changes from one or two to five or six, and 
the distance between the extreme components 
changes from 2-3 to 10-12 cm-1. Sample micro­
photograms for this case are shown in Fig. 4. 

The results of the investigation of the line 
structure at an exciting light intensity 2-3 times 
smaller than "threshold" turns out to be quite un­
expected. Measurements were carried out with the 
nitrobenzene line Av == 1365 em - 1, the width of 
which in ordinary Raman scattering is quite large­
approximately 8 em - 1• Since the registration was 
carried out in this case by superimposing on one 
place scattered lines due to many flashes, we can 
expect a single sufficiently broad line to be ob­
served. The nature of the width of this line could 
be connected with the line width in ordinary Raman 
scattering, or else with averaging, over many pho­
tographs, of the structure observed at exciting­
line intensities close to "threshold." Experiment 
has shown, however, that the line structure is con­
served, and the spectrum displays several compo­
nents. A sample microphotogram is shown in 
Fig. 4. The reason for the occurrence of this 
structure is unclear to us. To explain many ques­
tions connected with the distribution of intensity in 
SRS spectra it is apparently necessary to develop 
a more complete and rigorous SRS theory. 
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