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Results of a study of stimulated Raman scattering (SRS) in liquids excited by the second harmonic of 
a mode-locked (picosecond) neodymium laser are reported. The SRS phenomenon becomes signifi
cantly nonstationary with pumping pulses 10-11 -10-1 sec long. The nonstationary state may be due to 
group retardation (wave nonstationarity) and to the finite relaxation time of the molecules (local non
stationarity). The SRS indicatrix is fairly sensitive to group retardation, particularly in the case of 
a forward-backward scattering asymmetry. Measurements of this asymmetry in benzene and carbon 
bisulfide yielded values > 5 X 104 which exceed the values obtained with nanosecond pulses by at least 
three orders. The investigation of SRS spectra and conversion coefficients revealed a number of ef
fects that are not observed in the nanosecond pulse field. An asymmetric broadening of the pumping 
line and Stokes components in carbon bisulfide, and the fine structure of SRS Stokes lines in benzene 
were recorded. The high-power radiation of the nanosecond generator excited SRS in water, a phe
nomenon not observed before in the field of the usual giant pulses. 

1. INTRODUCTION 

THE availability of picosecond pulse generators af
fords the opportunity to study a number of new SRS ef
fects. This opportunity arises in (a) the study of non
stationary phenomena accompanying SRS, and (b) the s 
study of SRS in strong optical fields that significantly 
exceed those obtained from conventional Q-switched la
sers. The nonstationary SRS phenomena are due to two 
factors. When the pumping pulse T "" T r• where T r is 
the relaxation time of molecular oscillations, gain is 
reduced and the spectral characteristics of SRS areal
tered. The other important factor is the effect of group 
retardation of pumping pulses and scattered radiation 
that sharply changes the scattering indicatrix and the 
shape of the spectral lines of SRS. 

Strong optical fields achieved in picosecond pulses 
allow us to study higher order SRS effects and to at
tempt an experimental investigation of SRS in media 
characterized by broad lines and small cross sections 
of spontaneous scattering. 

Important is also the fact that SRS excitation by pico
second pulses significantly changes the role of other 
nonlinear processes: the stimulated Mandel'shtam
Brillouin scattering (SMBS) is practically eliminated 
and the role of self-focusing is considerably altered. 
The last effect was studied in [ 11 where the effective
ness of SRS was investigated in typical self-focusing 
liquids subject to picosecond pumping. 

The aim of the present work is the study of the indi
catrix and spectra of SRS with picosecond pumping. 
Along with liquids typical of SRS (benzene and carbon 
bisulfide) we observed SRS in water having a fairly 
broad line of spontaneous Raman scattering. Some re
sults of the experiments described below were pub
lished earlier.[ 2 l 

2. THE EXPERIMENTAL SETUP 

SRS was investigated in benzene, carbon bisulfide, 
and in water, excited by the second harmonic (A= 0. 53 f.J.) 

of a mode-locked neodymium laser. Figure 1 shows the 
diagram of the experimental setup. The generator en
ergy measured with a thermocouple calorimeter was 
W 1 Rl 0.1 J. The number of generation pulses N was 
recorded with a coaxial FEK-15 photocell matched to 
an I2-7 oscilloscope. In our experiments N = 23-25. 
Pulse length T was measured by the method of "col
liding" light pulses in a medium that luminesced in two
photon absorption. [3 - 51 For this purpose the laser beam 
was split into two beams of the same intensity by a 
transparent glass plate. Both beams reflected from 
mirrors were sent into the opposite ends of a cell with 
a solution of rhodamine 6G in ethyl alcohol. The con
trast of the luminous region at the intersection of the 
pulses was ""2 relative to the luminescent trail. The 
intensity of luminescence from both beams passing 
through the cell was twice as high as in the case of a 
single beam. The value of T Rl 3 x 10-12 sec was com
puted from the measured length of the luminous region. 
Thus the generator peak power P Rl 1.3 GW. The emis
sion of the generator was converted to the second har
monic in a KDP crystal. The KDP crystal cut at a phase 
matching angle was 3 em long. The measured second 
harmonic energy was Wp Rj 0.01 J. It is estimated that 
the peak power at the frequency 2w is Pp Rl 100 MW. 
To increase pumping radiation density either a focus
ing lens with a focal length of 40 mm or a 5x telescope 
were placed in front of the cell with the investigated liq-

FIG. 1. Experimental setup: !-neodymium mode-locked laser; 2-
KDP crystal; 3-cells with the investigated liquid; 4-ISP-51 spectro
graph with UF-89 camera; 5-mirror; 6-glass plate; ?-optical fllter; 8-
telescope. 
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uid. The radiation density behind the telescope was Sp 
~ 100 GW/cm2 • The SRS spectrum propagating both 
along the pumping beam and in the opposite direction 
was recorded with the ISP-51 spectrograph with aUF-
89 camera. Both beams were separated in space and 
allowed to fall on different regions of the spectrograph 
slit to investigate the SRS asymmetry. 

3. INDICATRIX AND EFFICIENCY OF SCATTERING 
IN BENZENE AND CARBON BISULFIDE 

In the study of the scattering indicatrix particular at
tention was paid to the measurement of the energy ratio 
of the forward-backward SRS Stokes components 
W + /W _. In the case of the investigated liquids W + /W _ 
> 5 x 104 when the telescope was used. This ratio ex
ceeded by 3-4 orders the corresponding ratio recorded 
in experiments with the conventional giant pulses. We 
attempted to observe SMBS with picosecond pumping; 
measurements of conversion efficiency yielded values 
lower than 10-4. The absolute values of stimulated scat
tering efficiency in benzene and carbon bisulfide for 
experimental runs with the telescope are given in the 
table. The conversion efficiencies obtained in these 
runs appear sufficiently high. It should also be noted 
that scattering in cs2 is less effective than that in ben
zene in the case of picosecond pumping. The observed 
situation is radically different from that of SRS excited 
by nanosecond optical pulses. In the latter case scatter
ing in C~ is more effective because of the larger static 
gain and more effective self-focusing of pumping. The 
data given here emphasize the importance of nonsta
tionary phenomena. 

According to (BJ the principal factor determining the 
indicatrix in picosecond pumping is the effect of group 
retardation of pumping pulses and the scattered radia
tion. If the coherent interaction lengths are z+ for for
ward scattering and z_ for backward scattering, 

(1) 

where Vp and cs are group velocities of pumping and 
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Stokes radiation, the forward-backward scattering en
ergy asymmetry is expressed by 

(2) 

where g is the effective gain and Sp is the peak power 
density of pumping. We note that (2) pertains to the case 
when we can neglect nonstationarity due to the finite re
laxation time of molecular oscillations. Consequently 
(2) gives an excessive value of asymmetry when the 
wave and local nonstationarities appear simultaneously. 
Although exact theoretical results accounting for both 
types of nonstationarity are difficult to obtain, as shown 
in r 61 , the following relation is valid for the estimate of 
minimal asymmetry when T r >> T, and Z+ >> l_: 

(2a) 

Considering that the conversion efficiency for CS2 

where T r >> T reached several percent in our experi
ments, the forward-backward asymmetry W + /W _ 
"'106 (we assume that g"' 10-3 cm/MW, Sp ~ 105 MW/cm 
cm2, l+ ~ 3.6 em, and L/Z+ "'10-2). 

The relation between the absolute values of SRS con
version efficiencies in cs2 and in benzene is due appar
ently to the different role of the relaxation processes. 
Indeed in the case of pumping pulse length (T :::::J 3 
x 10-12 sec) used in our experiments, the nonquasista
tionarity of gain due to the total line width of spontane
ous scattering should be more pronounced in carbon bi
sulfide; for benzene Tr "'10-11 sec and in carbon bisul
fide T r "'5 X 10-11 sec. CS2 is known to have a strong 
inequality T r >> T which according to r 61 renders the 
Stokes component energy W s = W sp exp ,; gS+Z+, where 
W sp is the spontaneous scattering energy. 

4. SRS IN WATER 

The conversion coefficient of pumping radiation into 
the Stokes band in water was of the order of 1%. Fig
ure 2 shows an SRS spectrogram that was decoded with 
the MF-4 microphotometer. We can clearly see maxi
ma at 3240 cm-1 and 3440 cm-1 corresponding to the 
symmetric oscillations of water molecules with "nor
mal" and "defective" hydrogen bonds.r 71 Furthermore 
we see a series of maxima in the region of 3350 cm-1 
which are apparently due to anti -symmetric oscillations 
of molecules with "normal" bonds. 

As it was pointed out in r 81 we can assume that the 
selection rules that prohibit these oscillations in the 
Raman spectra of vapors are less rigid in liquids es
pecially when the liquid molecules are at the nodes of a 
quasi-crystalline lattice and are subject to a strong 
perturbing effect from the neighboring molecules. We 
did not observe maxima in the region of 3620 cm-1 ap-

FIG. 2. Microphotographs of SRS 
in water. 
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parently because there are much fewer free water mol
ecules than bound molecules in the liquid and the avail
able pumping is insufficient to excite SRS at this fre
quency. 

It was shown in ( 9 J that the spontaneous Raman scat
tering band in water can be regarded as a superposition 
of four lines with a half-width of >::J 200 em -I and of 
Gaussian shape. The width of these lines corresponds 
to a relaxation time of molecular oscillations of ~ 2 
x 10-13 sec which is much shorter than the laser pulse 
length. Therefore the absolute values of SRS intensities 
in water can be estimated by using a theory that takes 
only the group retardation effect into account. In this 
case the most important property of picosecond pulses 
is their high peak intensity. 

In statistical approximation for lengths shorter than 
l+ the efficiency of the Stokes component in water is 
given by 

W, W,pexp[g.,Spl+] 
Wp =--·wP-- (3) 

w here g0 is the static gain. If according to [ 9 l the 
width of the spontaneous Raman scattering line in water 
is taken as 200 em-\ then even with a maximum esti
mate of pump peak power the SRS gain would not ex
ceed e5 (g0 ~ 10-5 cm/MW, Bp >::J 105 MW/cm2, and l+ 
~ 5 em), which is in disagreement with the obtained 
conversion coefficient. The cause of this disagreement 
can be an additional increase of the light field intensity 
due to self-action effects of cubic nonlinearity (this 
cause seems to have a low probability although these 
effects should not be completely discounted in a strong 
field of picosecond pulses (see [IOJ)). Another source 
of possible explanation is based on the fact that the Ra
man scattering band for water consists of a series of 
sufficiently narrow ( ~ 30 em - 1) lines that are independ
ently excited; in this case however T r ~ 10-12 sec and 
the condition T r < T remains valid. 

5. SRS SPECTRAL LINE SHAPE IN BENZENE AND 
CARBON BISULFIDE 

As it was noted above SRS in benzene and carbon bi
sulfide was studied with focused and parallel (passed 
through a telescope) beams using an ISP-51 spectro
graph with a UF-89 camera. Normal density of photo
graphic emulsion was obtained by a selection of neutral 
and color filters. The resulting spectrograms were 
measured with an MF-4 microphotometer and were 
analyzed according to the standard method. Typical mi
crophotographs of the exciting radiation and SRS compo
nent lines in carbon bisulfide and benzene are given in 
Fig. 3. We note the difference in the structure of carbon 
bisulfide lines in focused and collimated pumping beams 
(Figs. 3a and 3b). In both cases we observe asymmetric 
broadening of the pumping and SRS stokes component 
lines. The prevalent line distortion is in the direction 
of the Stokes region.1> In the case of focused pumping 
the line broadening of the exciting radiation is consid
erably weaker. In the telescope-collimated beam the 
pumping line broadens into the low -frequency region to 

0 The asymmetric broadening of pumping and SRS spectra in CS2 

excited by a single-mode generator was reported in [ 11 ]. 

·J;~ 11 u 
FIG. 3. Microphotographs of SRS • 

in carbon bisulfide and in benzene; a-~15 A 
in carbon bisulfide, focusing radiation 
into the cell; band c-in carbon bisul-
fide and benzene respectively, using a -~w::x._P _ __:::w~p~-.:::.9:__ __ 

parallel pumping beam. 

such an extent that its wing covers the frequency inter
val down to the first stokes line and beyond. The wing 
intensity was so high in the Stokes component region 
that we could not determine the shape of the latter. 

This difference in the nature of spectral lines ex
cited under different conditions shows that the distance
dependent cumulative effect is significant in line broad
ening mechanisms. We note that the mechanisms dis
cussed below develop under comparable electric field 
intensities of the light wave and that therefore the 
broadening and deformation of spectral lines observed 
in the experiments are the result of their joint action. 
We now consider a few of these mechanisms. 

A strong deformation of the amplitude profile up to 
the formation of shock waves is possible in media 
whose index of refraction depends on the incident wave 
intensity (n = n0 + n2 IE 12). [l2J The characteristic length 
necessary to effect a significant deformation of the am
plitude profile is z >::J 0.2Tv0 no/on, where v0 is the 
group velocity of the pulse, and on= n2IE 12 is the non
linear portion of the index of refraction. We note that 
this mechanism seems to be possible only for picosec
ond pulses since for the usual giant pulses of light 
(T ~ 10-8 sec) and for values of on ~0.1 close to satu
ration (in thin self -focusing filaments) the value of z 
amounts to several meters. In our case the process of 
a shock wave formation can proceed over the entire 
cross section of the beam, since for T >::J 3 x 10-12 sec 
and on/n0 ~ 4 X 10-3 (for CS2 the value n2 = 9 X 10-12 
CGSE; Sp >::J 105 MW/cm2) the length z ~ 3 em. 

According to estimates given in [ 12l, taking the an
isotropy relaxation time into account, the formation of 
a shock wave results in an asymmetric broadening of 
the spectrum with ~v ~ 1000 em -1. 

Another possible broadening mechanism can be the 
stimulated scattering of the Raleigh line wing. [ 13 l This 
type of scattering also results in a significant asym
metry of the spectrum. In strong optical fields of pico
second generators there is a possibility of an appreci
able strengthening of the far regions of the wing that 
are related to the fast oscillations of anisotropic mole
cules with a quasistatic amplification process (fast re
laxation time in C~: T r ~ 0. 2 x 10-12 sec, and condition 
T r << T p holds). 

Media whose refraction index depends on the light 
intensity may have self-action effects leading to phase 
modulation of the waves. [l4, 15 l Such effects can cause 
a significant broadening of the spectrum which in
creases with the strength of the time modulation of the 
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original wave (the richness of its spectrum). In this 
sense the phase modulation mechanism is not a unique 
feature of picosecond pulses since a similar situation 
also occurs when nanosecond laser pulses in multimode 
operation are used to excite the medium. [16 ' 17 l In this 
case the instantaneous frequency shift ~ w 
...., (on/n)kzaF/az, where F is the initial amplitude mod
ulation of the wave.[lSJ Specific of picosecond pulses is 
the appearance of nonlinearity relaxation that causes 
phase modulation of the wave. According to rough cal
culations, without taking the relaxation of the nonlinear 
susceptibility of the medium into account, the spectral 
broadening due to phase modulation can amount in our 
case to ~~~ ...., 103 em - 1 • This is undoubtedly an exag
gerated value and an exact calculation is difficult be
cause of the absence of an analytic solution of the prob
lem in the region T...., Tr· Consideration of relaxation 
also leads to an asymmetric picture of the spectrum. 
In conclusion we note that in the experiments with cs2 
the most interesting are the extremely large absolute 
values of ~~~...., 1000 em -l in work with telescope-colli
mated beams, and a sharp decrease of the gain of the 
SRS stokes component. The latter effect can be due to 
the phase mismatch of the molecular oscillations by the 
components of the broadened pumping spectrum. The 
possibility of such a mechanism was first noted by 
Brewer and others.[lBJ 

In the experiments with benzene we note the appear
ance of a fine structure of SRS stokes components 
(Fig. 3c). At the same time the pumping line spectrum 
emerging from the cell remains symmetric and un
broadened. Such a structure was observed earlier in 
CS2 excited with a ruby laser that was Q-switched with 
a rotating prism. [l7 J The observed structure of SRS 
lines is apparently determined by the characteristics of 
the Raman scattering process itself rather than by the 
mechanisms described above. It can be due either to 
the saturation of the lower vibrational levels or to the 
excitation of isotronic molecules, or else to a number 
of other effects. In our experiments the observed shifts 
of the fine components of SRS lines amount to ~ 3.5A 
towards the Stokes and ~ 1.8 A towards the anti -Stokes 
region. These shifts are in agreement with the fine 
structure of the spontaneous Raman scattering lines 
due to the presence of C~2C13 H6 isotopes. [l9 J 

In conclusion we note that the use of a powerful pico
second generator of light as an SRS excitation source 
permits us to widen the range of investigated liquids 
and to study a number of new effects due to nonstation
ary phenomena in SRS. Moreover the nature of SRS phe
nomena itself (such as a strong asymmetry of forward
backward scattering) can serve as an indicator of the 
picosecond regime of laser operation. 

We sincerely thank S. A. Akhmanov and R. V. Khokh
lov for the discussion of results, D. N. Klyshko for a 
number of useful remarks, and K. V. Ka:rmenyan for 
help with the experiment with SRS excitation in water. 
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