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Quantitative Investigations of the Stimulated Raman Effect
Using Subnanosecond Light Pulses

D. von der Linde, M. Maier, and W. Kaiser
I'by sik-Department des Technischen Hochschule Mu'nchen, Germany
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Stimulated Raman emission of high conversion efficiency was observed in a traveling-wave
system. Using laser pulses of shorter duration than the lifetime of the acoustic phonons,
stimulated Brillouin scattering could be eliminated as a competing nonlinear process. Good
quantitative agreement was found between existing theory (which was extended to real light
beams) and experimental observations.

A, INTRODUCTION

During the past years extensive literature has
been accumulated dealing with the stimulated
Raman effect' in gases, liquids, and solids. In
spite of these extensive studies, a quantitative
analysis of the saturation range is still lacking for
the simple traveling-w'ave situation. For instance,
the conversion efficiency of laser into Raman light
for most organic liquids was found' to be consis-
tently below 10-', while —at the high powers used
—much higher values were expected on theoretical
grounds. '~4 It has been recognized for some time
that the occurrence of other competing nonlinear
processes is responsible for the poor quantitative
agreement'~ '~ ' between theory and experiment.
There are two nonlinear processes which appear
f requently together with the stimulated Raman
scattering (SRS): the self-focusing and self-
trapping'~" of the incident laser beam, and the
generation of stimulated Brillouin scattering. '

When an intense laser pulse traverses a liquid,
self-focusing and self-trapping occurs (at the end
of the cell) if athresholdpower level of Pth is ex-
ceeded (e. g. , approximately 20 kW has been mea-
sured'~ ' in CS,). The value of Pth is frequently
considerably below the magnitude necessary for
the observation of stimulated Brillouin and Raman
scattering. '~ ' The enhanced light intensity within
the filament produces intense Raman emission, "
but our limited knowledge of the light filaments
(formation, duration, and intensity distribution)
prevents a quantitative analysis of the generated
stimulated Raman light. It should be noted that,
in most cases, only part of the laser light is
trapped in filaments.

Quantitative investigations of the stimulated
Brillouin scattering (SBS) have clearly shown that
the steady-state gain factors of liquids" "are
frequently one order of magnitude larger than the
gain factors for SRS. It is not surprising, there-
fore, that SBS competes successfully with SRS
in many substances. In fact, SRS is strongly sup-
pressed or even extinguished during most of the
laser pulse while laser light is quantitatively con-
verted into Brillouin light. " It has been shown in
recent investigations that a time approximately
equal to the phonon life time vg is required for
the steady-state gain factor of SBS to reach its
full value. " For times smaller than 7g, the
generation of SBS is greatly reduced, "and SRS
can freely develop. "
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In this paper we wish to report on experimental
investigations in CS, with very high incident laser
intensities; stimulated Raman scattering was
generated well in the saturation region, and as a
result, Raman emission was observed over the
whole cross section of the laser beam. In addi-
tion, the pulse duration of the incident light was
short enough to inhibit the production of SBS. On
the other hand, our pulses were sufficiently long
to operate in the steady-state region of SRS. Un-
der these conditions, our experimental observa-
tions are in excellent agreement with theoretical
predictions for the stimulated Raman effect. In
Sec. B the theoretical results of Shen and Bloem-
bergen4 will be briefly reviewed, and extended in
such a way that a direct comparison with our ex-
perimental situation is made possible. In the
following sections new experimental observations
are reported, and finally, in Sec. G, the quanti-
tative agreement between theory and experiment
is discussed.

B. THEORY

When a light wave of frequency &L is incident on
a Raman active medium, a small amount of energy
(—10 '/cm) is spontaneously scattered at a Stokes
shifted frequency ~1=+I -co~, where &~ repre-
sents the Raman vibrational frequency under con-
sideration. At very high intensities (& 10 MW/cm')
stimulated Raman scattering (SRS) occurs, i. e. ,
the Stokes wave is strongly amplified through non-
linear coupling with the laser wave. The energy
transfer from the laser to the Stokes wave can
become so large that the Stokes wave reaches
intensity levels approaching those of the incident
laser beam; the laser beam is depleted accord-
ingly. If the Stokes wave is sufficiently powerful,
it acts as a source for the amplification of a light
wave at zg2 = ~I —2~~. This process might be
iterated generating higher-order Stokes waves
with frequencies cos3, &g4, etc.

Shen and Bloembergen4 have presented a theory
for SRS, and derived a set of coupled nonlinear
differential equations which describes the inter-
actions of the laser wave of intensity IJ with
higher Stokes waves of intensity I~1, I~2, etc. ,
all propagating in the z direction. Neglecting
dispersion and assuming a wavelength independent
extinction coefficient z„we can write
11
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dKs2(Z)
dz =&2'Ks2{z) s 1"'

dIs1
dz ~SI SA, Sl S2

dI~2
='~s2{fs2'sl fs2fs3) ois2, "

The gain coefficients are gS. —-g0|dS. /v&,
where

P = o'-0/Z01~ (o),

and g. =gs./g0.

With the laser transmission

K {z)=f {z)/I (0)

and the Stokes conversion efficiencies

Ks. (z) =is. (z)/f~(0),

Eqs. (1) have now the form

dK~(z)
=-K (z)K (z)-PK (z)

dK (z)
[ () ()

—K (z)K (z)] —PK (z)
(5)

with N the number of molecules per cm', do/dA
the spontaneous scattering cross section for the
Raman line under consideration and hF its width,
n the index of refraction, and c the velocity of
light in vacuum.

Eqs. (1) were derived under the following as-
sumptions. First, the generation and inter-
action with anti-Stokes waves was neglected.
Second, terms producing {phasematched) off-
axis higher Stokes components were omitted.
These assumptions are well fulfilled in our ex-
perimental system, where narrow laser and

Stokes beams of small divergence provide very
little gain for anti-Stokes and off-axis Stokes emis-
sion (occurring usually in cones of several de-
grees). In fact, the observed anti-Stokes emission
was several orders of magnitude below the values
of the on-axis Stokes waves. Third~ plane waves
of infinite lateral extent were assumed in Eqs. (1).
Since in real experimental situations, the light
beams have a finite cross section with a definite
radial intensity distribution, we have extended the
theory for a direct comparison with our experi-
mental results. It is convenient to introduce
dimensionless parameters

(Z)K (Z)] pK (Z), etc.

In order to solve Eqs. {5), we require the t»ti»
conditions KSf (0). The KS1(0) and the initial con-
ditions for the higher Stokes components were
estimated from the spontaneous Raman scattering
at +g1 and from the zero-point fluctuations at
&uS respectively. A constant value of KSf(0) = 10-"
was used in our calculations for all Stokes com-
ponents since a variation of KSf(0) by two orders
of ten did not alter significantly our results in the
satul ation range.

Machine calculations were performed for CS„
where the Raman frequency is m~ = 1.24 & 10" sec '
and the Ra»an gain coefficient is g0 = 0. 01 cm/MW.
This latter value has been found in previous ex-
periments, ' and is in good a,greement with that
calculated from Eq. (2) using the following num-
bers'~ "1":

%=10"cm ' ~ =2. 7~10" secI
dp'/dQ=3. '7&10 "cm', nP=O. 5 cm '.

It can be seen from Eq. (3), that Z and P are
functions of II, (0); i. e. , Z is not the only param-
eter for the calculation of our intensity ratios Kl.
and &gz. In Fig. 1, we present the results of our
machine calculations (up to the fourth Stokes com-
ponent) for the following two situations:
Fig. 1(a): The laser transmission Kl and the con-
version efficiencies for the different Stokes waves
Kgq are calculated fox a constant incident laser in-
tensity II, (0) = 300 MW/cm' as a, function of the cell

,length z (path length travelled by incident light).
The broken and solid curves represent results for
linear extinction coefficients n, = 10 ' cm ' and

0
——~ ~ 10 ' cm ', respectively

KS;»e ca
lated for a constant cell length so=30 cm as a
function of the incident laser intensity IL (0). The
two sets of curves refer again to the linear ex-
tinction coefficients @0=10-' cm ' (broken line)
and n, = 3x10-' cm ' (solid line).

It is seen from Figs. 1(a) and (b) that high con-
version efficiencies are predicted for SRS. Dis-
regarding linear losses, all the incident laser
photons are converted into photons of first Stokes
frequency (&uSI/+l. = 0. 95) and subsequently into
higher Stokes components. The effect of the lin-
ear losses as a function of distance is readily seen
in Fig. 1(a). It should be noted that the two Figs.
l(a) and 1(b) have the same upper scale Z.

We now extend our calculations to consider more
realistic light beams. Since the photoelectric de-
tection systems provide us with power values PI.
and Pg~ for the laser and Stokes beams, respec-
tively, we are interested in calculating the power
ratios. "

ft. =s. (z)/pz(0)
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The integrals rise (for all Si) to a maximum withi

the intensity range, where K& has substantial values
[see Fig. 1(b)]; for intensitxes beyond this range

8& is inversely proportional toIJ (0, 0). U
' the

solutions of K obtained for a cell len th f
cm, the power ratios Rj were calculated; they

are plotted as a function of laser intensit Il, (0, 0)
in Fig. 2. It is interesting to point out that for
high laser intensities the strongly depleted laser
and several Stokes components appear simulta-
neously at the exit window of the cell. This result
is in contrast with the calculations of Fig. 1(b),
where —after complete conversion —onl one
Stokes ccomponent (in the overlapping range at most

—on y one

two) is present in the Raman active medium. lt
will be shown in the subsequent sections that the
experimental results agree very well with the
calculated results depicted in Fig. 2.

EXPERIMENTAL
D
~~ 0.5-
lK

l00 200 300 400 500-
LASER INTENSITY I„(0) [MWcm ]

FIG. 1. Cal
li h.

culated intensity ratios of laser a d St kn oes
ig t. Linear extinction coefficient e = 3 & 10 30= cm
(solid curve) and e =10 4 cm ~ (b kcm ro en curve).
a Plane wave situation consta t '

n lncomlng aser ln

tensity I (0) =300 Mt '
y I ) = 00 MW/cm . Intensity ratios KI =IL (a)/

IZ(0), Z&1---I&1(~)/IL {0), and It.&2=I&2(z)/IL (0), etc. ,
e en rance window.as a function of the distance ~ from th t

(b) Plane wave situation, constant cell length so= 30 cm.
T e intensity ratios KL =I (s )/I (0) K =I (

I {0. The
, e c. , as a function of the incident las ' tasel lIltenslty

). The uppel" scale ln +lg ~ 1 (a) and ~lg
to the dimensionless variable Z== zgoII (oj.

As light source for our investigations, a ruby
laser (length of the crystal 7 cm) was used which
was Q switched and mode locked by a cryptocyp ocyanlne

ye solution. The output consisted of a train of
light pulses, separated by a time t, = 2I /c = 10 ns-ec

(corresponding to a length of the cavity of I = 150
cm). The duration of the pulses is determined by
the number of modes coupled together. By using
several resonant reflectors with different re-
flectivity characteristics as the front mirror, the
pulse duration could be varied between a
mately 0. 5 and 3.0 nsec. These laser pulses have
the advantage that their duration could be measured
with a fast photoelectric detector and 'lloscope
having an overall time constant of 0. 3 nsec. The

fl (0, x)K& [ff (0, x)]~d~
0

f f~(0, r)~d~
0

where x is the radial coordinate. Kith a Gaussian
intensity distribution for the laser beam, enter-
ing the cell at position z = 0,

I~(0, x) =I~(0, 0) exp[- (x/~, )']

and by changing the variable of integration, the
power ratios can be rewritten

g 05-
C)

K
K
LU

I W I l
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FIG. 2. Calculated power ratios 8 =P 4' )/P (0)

{~)s o0
~

L ( ), Rg2, and Bg3 as a function of the
L LI 0 I

laser intensit I (0 0 in'
y I, in the center of the Gaussian beam.

G.'0=3 && 10 ' cm (solid curve), 0,0=10 cm (broken

curve), so=30 cm.
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spectral width of the laser output measured with
a high resolution Fabry- Perot interferometer was
found to be consistent with the pulse duration mea-
sured with our fast photoelectrj. c detectors. .

A detailed investigation of the output beam, using
a fast image converter camera, showed for each
spike a smooth intensity distribution. With an in-
tegrating photographic plate, a Gaussian profile
with a diameter of 0. 15 cm (full width at 1/e
points) and a beam divergence of 10-' rad was
measured.

With the same fast camera, we have studied the
intensity distribution and the divergence of the
Stokes beam. It was found from near field pictures
that the Stokes emission extended over the whole
cross section of the incoming beam. Frequently,
a granular structure of the intensity distribution
was observed, due to the presence of several
bright filaments. With rising laser intensity, the
intensity distribution of the Stokes beam became
increasingly uniform, the bright spots disappear-
ing in the intense over-all emission. The Stokes
intensity profile was again approximately Gaussian
with a diameter similar to that of the incoming
beam. Measurements of the divergence of the
Stokes beam gave for the full angle approximately
10 ' rad, a value which is also estimated from the
geometry of the beam (length 30 cm and diameter
0. 15 cm). This agreement was expected for the
highly saturated Raman emission present in our
experiments. We have measured the transmission
of our CS, sample, and found z, values between 3
and 4~10 ' cm '. These linear losses result fromm
scattering particles in our liquid.

The over-all accuracy of our data is estimated- to
be 20%, mainly due to uncertainties in the cali-
bration of the photocells and the various filters,
and to errors in the determination of the pulse
heights on the oscilloscope traces.

Very early during our investigations, a high
conversion of laser into Raman light and a dis-
appearance of SBS was observed when the pulse
duration T decreased below 1 nsec. For a de-
tailed analysis, an experimental system depicted
schematically in Fig. 3 was used. With the help
of two photocells (and using appropriate filters)
the following four signals were measured simulta-
neously: the incoming laser power I'yl, "the
laser light transmitted by the liquid cell I'yl, the
total stimulated Raman light generated in tne for-
ward direction I'g, and the Brillouin emission
leaving the liquid in the backward direction PB.
The light beams I'Il. and I'g were optically delayed
by 4 nsec with respect to the signals I'yl. and I'p
in order to make two pulse trains observable on
each oscilloscope. By properly triggering the two
oscilloscopes, the corresponding pulses on the two
traces were readily recognized. As an example,
two oscilloscope pictures with together four-pulse
trains are shown in Fig. 4. The following points
should be noted: (a) For intense incoming pulses,
the transmitted signals are substantially reduced, '»

suggesting a large conversion of laser light into

DETECTOR
TO OSCILLOSCOPE

P J( ii ~P

FILTER F ILTER ~ DELAY

LIaUID CELL )i LASER BEAM

FILTER

PiL

DELAY

DETECTOR
TO OSCILLOSCOPE

light of other frequencies and/or other directions
(b) Raman and Brillouin light (of high-power
values) are only observed when the laser power
exceeds a critical value, indicating a nonlinear
process with a strong dependence on pump inten-
sity. (c) The results of Fig. 4 were obtained
with laser pulses of T =2. 0 nsec (full width at half
maximum intensity). For pulses with 7 between
0. 6 and 1 nsec, no Brillouin signals I'8 could be
detected (P~/Pf1 & 10-').

In Fig. 5, the power ratios P~/Pfr, and P~/Pf1.
are=presented=as-8; fenetLon of the pulse duration T.
The peak values of the various pulses were used to
evaluate PIt/PIL, and Pg/Pfi, . The data were ob-
tained for approximately the same value of inci-
dent laser power I'IL. It is clearly seen from
Fig. 5 that for a pulse duration between 0. 6 and
1.5 nsec, the Raman conversion efficiency is very
large reaching values of PIt/Pf1, = 0. 6. With in-
creasing pulse duration, the Raman conversion
decreases quite drastically. It is interesting to
see in Fig. 5 that the decrease of PIf/Pfi, is ac-
companied by the appearance of strong Brillouin
emission.

10 nsec p
I 1 IL
I I I

t' 1 I
I I I~p

4 nsec

I I
I I I
L j

'R

TIME

FIG. 4. Oscilloscope traces showing the incident and
transmitted laser power I'~& and P&& (upper trace) and
the total Haman power P&, and the Brillouin power Pg
(lower trace) .

FIG. 3. Schematic of the experimental system for the
investigation of stimulated Raman and Brillouin scattering.
The laser beam enters from the right.
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FIG. 5. Plot of the Haman (open symbols) and Brillouin
(full syInbols) conversion efficiencies as a function of the
pulse dul ation T of the pUMp light. Circles' „Conversion
efficiencies obtained in the present investigation. Fox the
other symbols see text. (There are no data in the range
indicated by broken lines. )

At the right of Fig. 5, we have added results
from previous investigations with conventional
giant laser pulses of 14 nsec pulse duration. "
For such pulses, a Brillouin conversion efficiency
of 0. 90 has been reported, while the Raman con-
version —occurring in a short spike' prior to the
development of the Brillouin emission —is rather
small. We have, furthermore, included in Fig. 5
a point (triangle at. the very left) taken from the
literature, '-' where stimulated Raman scattering
was investigated by very short light pulses of ap-
proximately 10-"sec duration. For these light
pulses, the gain constant for the stimulated Raman
effect has not yet reached the steady-state value;
in fact, a small power conversion of PR/Pyl
&4~10 ' mas reported.

We wish to conclude from the results depicted in
Fig. 5 that for pulses with 0.6 & T & 1 nsec, our
investigations of SRS in CS2 are not influenced by
SBS. A steady-state theory for SRS appeaxs to be
appr Opriate.

With the expel lIQentRl system discussed 1D Flg. 3,
me measured the power ratios for the total Raman
emission and for the transmitted laser light,
Prt/Pll and PTg/PyJ, respectively, as a function
of the incident laser pomex Pyr . Experimental
dRtR —obtR1Iled fl oIQ pu18e tx'R1Qs 81IQllRx' to tho8e
depicted in Fig. 4 —are presented in Fig. 6, where
a pulse duration of 0, 6 nsec and a cell length of
30 cIQ wRs Used. The st1ODg decx'eRse of trRIls-
mitted laser light, and the rapid increase in Raman
power is quite apparent from Fig. 6. It should be
emphasized that I'g includes the emission of all the
Stokes-shifted Raman light, i.e. , PIt =QPSt ~ The
lines dx'Rmn through oui expex'1IQentRl polIlts Rx'e
obtained from computer calculations discussed in
Sec. 8; the following parameters, appropriate for
our experimental system, mexe used: go=10 '

I'IG. 6. Plot of the ratios transInitted laser power/
incident laser power PZI /Py~ and total Raman Stokes
power/incident laser power Pg/PII as a function of the
incident laser intensity II (0, 0). The circles and rec-
tangles represent the expel IInental points. The solid
curves were calculated for a Gaussian intensity
distribution of the laser beam (no=3 & 10 cm ).

cm/MW, so=30 cm and o,=sx10 ' cm '. The ex-
cellent agreement between theory and experiment
should be noted. The normalized total Raxnan
emission Rnd the tranSIQitted laser light do not add
up to unity, because of linear losses ot the system
and the energy transfer to molecular vibrations.

We have measured the backward-scattered Raman
pomex" fox' pulses with 7 —0. 6 D8ec„The x'Rtlo of
backward to forward Raman power mas less than
10 '; this observation is not surprising, since the
gain of the backward-travelling Raman pulse is
seriously limited by an effective length of appx'ox-
imately cT/2n =5 cm; the forward-emitted Raman
light is amplified over the full length of the cell of
30 cm. '~

F. FIRST- AND SECOND-ORDER STOKES RADIATION

Fox' R better undex'stRDdlng of the stimulated
RRIQRQ process, and fox' R IQol e detailed compar-
ison with theory, the first- and second-order
Stokes radiation mere investigated simultaneously
as a function of the incident lasex' power. The ex-
perimental systeIQ 18 depleted in Fig. 7.

It mas first ascertained by photographic tech-
niques that the Raman emission occurred as meg,
defined frequencies, which were Stokes shifted
from the i.ncident xuby line vI = j.4, 400 cm-' by
multiples of 656 em-'. lt should be emphasized
that our spectral pattern is completely different
from the broad, xather continuous Raman emission
obsex'ved ln sIQRll scRle fllRmeDts. As pointed
out above, in our system the Raman emission
occurs over the whole cross section of the in-
cident 1Rsex' beRIQ.

Fox' R quantitative 1DvestlgRtlon of the eIQlssloIl
power of the first and second Stokes component
I'8~ and I'g2, tmo fast photodetectors mere placed
behind a three-prism spectrometer (25 A/mm).
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&IG. 7, Schematic setup for measuring first- and
second-order Stokes power. Second-order Stokes and
incident laser light are recorded by photodetector 01;
first-order Stokes and transmitted laser light are
recorded by photodetector. 02.

The positions of the photodetectox s mere adjusted
according to the line spectra obtained on photo-
graphic plates. Each of the photodetectors mea-
sured, 1n add1t1on, a second pulse tra1n, PII. or
I'yI, both being optically delayed by approxi-
mately 4 nsec. After properly calibrating the
spectrometer, the ratios PS1/Pfg, PS2/PfL„and
Pyl, /Pfl were determined and plotted as a «no-
tion of the incident peak laser intensity If (0, 0).

A typical result is presented in Fig. 8 for
T =0. 6 nsee. The three curves are calculated
withg, =10 ' cm/MW, z, =30 cm, and o.,=3x10-'
cm '; they are equivalent to those of Fig. 2.
There is rexnarkable agreement between the theo-
retical curves and our experimental points. For
dlffex'ent pulse tx'alns, there wel" e soIQe variations 1n
the onset of the second Stokes emission; the early
appearance of P~2 is believed to be caused by
some l1ght filaments.

, (
1.0

+ 05-
Ql

K

0 I

100 200 300 IOO 500
LASER INTENSITY IL(0,0) [MWcm2]

FIG. 8. Normalized transmitted laser (BL), first
(B~~) and. second Stokes (Ag2) power as a function of the
incident laser intensity I~(0, 0). The circles, rectangles,
and diamonds represent the experimental values of
BJ, Bgy, and Ag2, respectively. The solid curves are
calculated according to the theory discussed in the text.

(y, MSCUSSION

In the preceding sections, we have presented
experimental observations of the stimulated Raman
effect obtained with light pulses of O. 6 nsec dura-
tion. The application of these short pulses has
sevex'al advantages.
(a) The pulse duration is short compared to the
acoustic phonon lifetime of CS, of 7'= 2. 5 nsec», 24

as a result, the conditions for stimulated Brillouin
scatter1ng are far from the steady-state situation.
In fact, SBS has not been observed with these short
pulses. Competing and disturbing effects due to
SBS are eliminated in our investigations.
(b) The pulse duration is long compared to the
Raman time constant 7p = 1/(2mchp) =10 "sec,
i. e. , we can compare our results with a steady-
state theory, using the known gain coefficient for
stimulated Raman scattering.
(c) Short pulses are available at high-peak in-
tensities. In our expex'iments, peak power values
of close to 20 MW and peak intensities approach-
ing 10' MW/cm' were used. With these pulses,
me worked far in the saturation range of SHS with
high gain over the total beam cross section. In
this way, the effect of individual filaments was
essentially eliminated.
(d) At the high laser intensities, collimated beams
could be used which made a quantitative compar-
ison with theory possible. The small beam angle
avoided t e generat1on of signific t amounts of
anti-Stokes and off-axis Stokes radiation.
Some words should be said why CS, was chosen in
our investigations.

The reason for selecting CS, is twofold. CS, has
a long acoust1c-phonoIl llfetlme Tg~ and a high gain
coefficient for stimulated Raman scattering. Both
properties ax'e important for a quantitative analysis
as discussed above under points (a) and (c). To
emphasize this fact, some preliminary results
with CCl, (sf' = 0. 25 nsec and gS~ &

—3. 5 x 10-~
cm/MW) should be reported. W17h the same short
pulses, we found substantial conversion of laser
into Haman light (Pff/Pfl —-30%); but the appear-
ance of SBS (—20/o) made a quantitative compari-
son with theory very difficult. It is obvious that
stiQ shorter light pulses are required for the in-
vestigation of this material.

In Fig. 8, the intensity dependence of the trans-
mitted laser light and the first and second Stokes
components agreed mell with theoretical predic-
tions for a Gaussian laser beam. In particular,
the high convex'sion efficiencies and the strong
monotonic decrease of the transmitted laser light
with i~creasing incident intensity mere well estab-
lished. In addition, the successive maxima of the
various Stokes components are clearly seen in
Fig. 8. It should be noted that the emission of the
different Stokes components depends very strongly
upon the incident laser intensity and the length of
the amplifying medium. As an example, the
power ratios at a definite laser intensity mill be
discussed. For Il (0, 0) = 320 MW/cm' and
z, = 30 cm, the transmitted laser power RI and
the first and second Stokes emission Rgy and
AS2 are of approximately equal value (—30/o),
while the third and fourth Stokes coxnponent is
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smaller by a factor of 10' and 10", respectively.
It can be stated more generally that at high in-
cident laser intensities, the lower Stokes com-
ponents are of approximately equal intensity,
while the higher Stokes waves have rapidly de-
creasing intensity values.

In conclusion, we wish to say that the theoreti-
cally predicted high Raman conversion efficiency
has been confirmed experimentally. The good

agreement between theory and experiment allows
the determination of steady-state gain coefficients
in substances where this value is still unknown.
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