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Stimulated rotational and vibrational Raman scattering by elliptical polarized pump radiation

F. De Tomasi, D. Diso, M. R. Perrone,* and M. L. Protopapa
Dipartimento di Fisica, INFM, Instituto Nazionale di Fisica della Materia, Universita’ di Lecce, 73100 Lecce, Italy

~Received 11 August 2000; revised manuscript received 20 March 2001; published 13 July 2001!

Stimulated rotational and vibrational Raman scattering is investigated with a XeCl excimer laser by varying
either the ellipticity degree of the pump radiation polarization and the pump beam quality factor (M2) and
divergence~u!. It is shown that the dependence of stimulated rotational Raman scattering upon pump radiation
polarization is substantially influenced by the optical properties~M2 andu! of the pump beam. Gain suppres-
sion effects on stimulated vibrational Raman scattering and their dependence on pump beam optical properties
have been evaluated to support experimental results. Introducing the effective vibrational Raman gain provides
a good understanding of the experimental results.
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I. INTRODUCTION

Stimulated Raman scattering@1# in gases may occur fo
both stimulated vibrational Raman scattering~SVRS! and
stimulated rotational Raman scattering~SRRS! transitions
and has been widely used as a method of generating tune
radiation. A large amount of research has mainly been
voted to SVRS since the threshold is generally more ea
reached, SRRS being more difficult to observe@2#. At high
pressures, vibrational Raman scattering, for whom
threshold falls with rising pressure, suppresses SR
whereas the threshold for rotational scattering is not pres
dependent above one bar. Moreover, rotational energy le
are degenerate in angular momentum, and therefore, the
tering is sensitive to pump polarization and circularly pol
ized pump beams are generally used to eliminate Sto
anti-Stokes interactions and observe SRRS. The SVRS
is polarization independent.

A growing interest toward SRRS has been observed in
last years@3–7# in view of extending the tuning range o
several laser sources. Single-pass conversion efficiencie
the first rotational Stokes as high as 80% have been repo
in @7# by pumping H2 with a Q switched, frequency double
Nd-YAG laser. Nevertheless, few theoretical treatments
still less experimental verification have been reported
SRRS, and the conditions that favor the Raman conver
to rotational lines with respect to vibrational lines are s
not well defined. We have recently reported@8,9# on SRRS in
H2 pumped by XeCl excimer lasers to investigate the dep
dence of rotational scattering on pump polarization and
cusing geometry. It was shown in@8# that, with a circularly
polarized pump beam, a high-angle focusing geometry
lows us to get only rotational Raman scattering, wherea
low-angle focusing geometry provides only vibrational R
man scattering for gain suppression effects. Moreover, it
shown in@9# that the dependence of SRRS on pump rad
tion polarization is affected by the focusing geometry, i.
whether low- or high-angle focusing is applied. Experime
tal results were in accordance with theory mainly at hig
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angle focusing geometries and it was shown that gain s
pression effects on SVRS have to be considered
understanding the experimental results.

Further experimental investigations are reported in t
paper to gain a better understanding of theory. In particu
SRRS has been investigated by varying the optical prope
of the pump radiation and the ellipticity degree of the pum
radiation polarization. SRRS is sensitive to the pump rad
tion polarization, whereas gain suppression on SVRS is
fected by the diffraction angle propagating within the pum
focal zone that depends on the pump beam optical proper
When a pump beam is focused in the Raman medium, ga
expected to be suppressed if the phase-matched angles o
Stokes and anti-Stokes waves are well contained within
diffraction angle occurring in the pump focal zone.

This systematic study may provide a better knowledge
the main conditions favoring rotational scattering with r
spect to vibrational scattering when high-power, broadba
multimode laser beams are focused in a Raman medi
Information taken both from the literature and in the cou
of our work has been collected to provide a good understa
ing of theory and experiments. The main points of the the
on vibrational and rotational Raman scattering are review
in Sec. II. Experimental details and results are given in S
III. Discussion and conclusion are reported in Sec. IV.

II. THEORY

A detailed account of the steady-state theory of stimula
vibrational Raman scattering has been given in 1965 by S
and Bloembergen@10#. They showed that the stimulated R
man radiation would grow as a mixed mode containing b
Stokes and anti-Stokes components in the presence
Stokes/anti-Stokes coupling. In particular, they have sho
that for nonzero values of the linear momentum misma
Dk in the direction of beam propagationz, the Stokes and
anti-Stokes field amplitude have exponential growth of
form exp(Gz), where the Raman gain coefficient per un
lengthG is given by@11#

G5Re$~1/2!~K32K1!uApu22~ i /2!@Dk2

12iDk~K31K1!uApu22~K12K3!2uApu4#1/2%. ~1!
©2001 The American Physical Society12-1
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Ap is the pump field amplitude;K152 iK ASxAS and K35
2 iK SxS* , wherexS and xAS are the nonlinear susceptibil
ties for stimulated growth of the Stokes and anti-Stok
waves, respectively;KS(AS)52pNvS(AS) /(nS(AS)c), where
N is the number density,vS(AS) is the Stokes~anti-Stokes!
frequency, andnS(AS) is the linear index of refraction a
vS(AS).

Equation~1! leads to the quite surprising result that t
coupled gainG vanishes in the limit of perfect phase matc
ing (Dk50), condition under which the Stokes and an
Stokes waves grow nonexponentially. Indeed, the growth
the Stokes and anti-Stokes amplitudesAS andAAS, respec-
tively, is initially linear inz at phase matching. Then, it slow
down asz increases until the condition

AS~z!52~K1 /K2!AAS~z! ~2!

is asymptotically approached at largez, in which limit nei-
ther the Stokes nor the anti-Stokes wave grows further~gain
suppression!, whereK252 iK AS(xASxS* )1/2.

Experimental evidence of gain suppression effects
taken the form of unexpectedly high thresholds, of dark
gions in the Stokes emission, of anti-Stokes emission
angles offset from the phase-matching direction, and
Stokes amplification below theoretical expectations. It
worth noting that the conditions allowing perfect pha
matching between pump, Stokes, and anti-Stokes fields
then gain suppression effects are affected by focusing ge
etry and pump beam optical characteristics. When a pu
beam is focused in the Raman medium, gain is expecte
be suppressed if the phase-matched angles of Stokes
anti-Stokes waves are well contained within the diffracti
angled propagating within the pump focal zone. The pha
matched angles of Stokes and anti-Stokes waves ma
computed for the simple angle phase-matching diagram
Fig. 1 of @12#, and one getswS55.15 mrad andwAS
53.98 mrad for the phase-matched angles of the vibratio
Stokes and anti-Stokes wave, respectively, by using p
lished measurements of H2 refractive indexes@13# and 15 bar
of H2. Whereas, the diffraction angle may be computed
the following relation@8#

d>lpM2/~A2p f u!, ~3!

wheref is the focal length of the focusing lens, andM2 and
u are the beam quality factor and the full-angle divergence
the pump radiation of wavelengthlp . The optical beam pa
rametersM2 andu are linked by the following relation@14#

uwp5~2lp /p!M2, ~4!

wherewp is the pump beam radius. As it has previously be
mentioned, gain on vibrational scattering is expected to
suppressed ifd>wS and as a consequence, the optical be
parametersM2 and u, besidesf, affect gain suppression o
SVRS.

Let us mention that in absence of anti-Stokes emissio
Eq. ~1! provides the steady-state gain per unit length of p
Stokes generationGV that is given by
02381
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GV5Re@2 i ~2pNvS /nSc!xs* uApu2# ~5!

In the presence of anti-Stokes emission, the Stokes amp
cation approaches its unsuppressedGV value as the wave-
vector mismatch becomes large enough to allow the Sto
and anti-Stokes waves to decouple, and this is predicte
occur whenDk>2GV .

Let us introduce the more commonly used steady-s
Raman gain coefficientgV that for a laser pulse of energyEp
and time widthDt is given by

gV5GV~Dt/Ep!. ~6!

It can be shown@8# that at H2 pressures larger than 10 ba
and at the XeCl laser wavelength (lp5308 nm) it takes the
valuegV57.631029 cm/W.

A detailed theoretical account of the influence of the an
Stokes radiation on the rotational Raman gain coefficientgR
has been given by Venkin, Ilinskii, and Mikheev@15#. Let us
mention that the largest gain results from counter rotat
circularly polarized beams for pure rotational transitions.
a consequence, the generation of anti-Stokes lines is no
pected to occur, since the transfer of angular momentum
plies that the four-wave-mixing processes disappear w
pump and Stokes photons copropagate and are circularly
larized in opposite senses. However, elliptical polariz
pump radiation allows the anti-Stokes line to occur and, a
consequence, gain suppression effects on rotational St
are also expected. The wave mismatch is rather small
rotational scattering, as a result of the small frequency s
and then, the perfect phase-matching condition can be ea
reached. Following the work of Venkin, Ilinskii, an
Mikheev one gets for a zero wave mismatch that the ro
tional Raman gain coefficient of theS01 line is given by

gR5$DN@8p3C~J!~gn ,J;n,J12!2#/@15cnSlShDn#%

3~6 sin 2c!, ~7!

where

C~J!5@~J11!~J12!#/@~2J11!~2J13!#. ~8!

FIG. 1. Rotational Raman gaingR versus the ellipticity angle
~solid line!. The noncontinuous lines representgV and different val-
ues of the effective vibrational gaingV eff .
2-2
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FIG. 2. Layout of the experimental setup.
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gn ,J;n,J12 is the off-diagonal element of the molecular a
isotropic polarizability;lS is the wavelength of the Stoke
beam;Dn is the Raman line width@half width at half maxi-
mum ~HWHM!#; DN is the number density difference be
tween the initial stateJ and the final stateJ85J12; c is the
ellipticity angle that varies between645 and 0°, as the pump
radiation polarization changes from circular (ucu545°) to
linear (ucu50°). Figure 1 showsgR ~solid line! versusc.
We have used published data to calculategR at 15 bar of H2.
Indeed, we have set the number density differenceDN
52.131020cm23, the linewidth Dn50.75 GHz and
(gn ,J;n,J12)2515.7310250cm6 according to @8,16#, and
@17#. One observes from Fig. 1 thatgR reaches its maximum
value of 2.8631029 cm/W for circularly polarized pump
beams (c545°) whereas, it reaches a null value for linea
polarized beams (c50°). Thevibrational Raman gaingV ,
which isc independent is also shown for comparison on F
1 and one observes thatgV>2.6gR at c545° and that the
ratio gR /gV increases withc. Hence, the competition be
tween rotational and vibrational scattering is expected to
pend uponc.

III. EXPERIMENTAL SETUP AND RESULTS

The layout of the experimental apparatus is shown in F
2. A locally made, discharge-excited XeCl laser is used
radiation source. The laser is fitted with unstable cavities
get low-divergence laser radiation as required in SRS s
ies. Indeed, three different unstable cavities~Fig. 3! are ap-
plied to the XeCl laser to get laser beams characterized
different beam quality factor (M2) and divergence~u! val-
ues. The laser beam with lowest divergence andM2 param-
eter is obtained by an unstable cavity~A! of magnification
factor FM54.7 made of an aluminised convex mirror wi
100 cm radius of curvature (M1) and a flat phase-unifying
~PU! mirror set 73 cm apart (M2). The PU mirror is charac-
terized by a high reflectivity (R050.67) central spot of 3.5
mm diameter@Fig. 3~a!#. A discussion on the benefits of P
output couplers in unstable cavities is reported in@18#. The
largest divergence andM2 laser beam is delivered by cavit
C that is obtained by replacing the PU mirror with a fl
quartz@Fig. 3~c!#. The third unstable cavity~B! of magnifi-
cation factorFM53.65 is obtained by replacingM1 with a
convex mirror of 150 cm radius of curvature@Fig. 3~b!#. The
randomly polarized laser beam with a cross section of ab
20 mm310 mm is collimated and demagnified by two lens
L1 andL2 and is elliptical polarized by means of a polarizin
beam splitter cubeP and al/4 plate~Fig. 2!. The degree of
ellipticity of the pump radiation is varied smoothly betwe
circular (ucu545°) and linear (ucu50°) by rotating thel/4
plate whose optical axis is perpendicular to the incident
diation and then, by changing the ellipticity anglec. All laser
02381
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beams are focused by a lens of 21-cm focal length (L3) in a
27-cm long Raman cell filled with H2 at a total pressure o
15 bar. Full-angle beam divergenceu and beam quality factor
values of all tested laser beams are reported on Table I
sides the corresponding diffraction angle values computed
Eq. ~3!. All laser pulses are characterized by a time wid
Dt513 ns duration~FWHM, full width at half maximum!.
The XeCl laser spectrum@19# mainly consists of two rela-
tively narrow isolated lines due to the two strongest 0–1 a
0–2 electronic transitions at 3079.9 Å and at 3082.1 Å h
ing a spectral width of 0.4 Å (DV5126 GHz) and of 0.2 Å,
respectively. So, SRS is investigated in this work by a m
timode pump beam with a bandwidth much larger than
bandwidth of the rotational and vibrational transition@8#.

Neutral density filters~Nd! are used to vary pump beam
energyEp . Laser beams at the exit of the gas cell are co
mated by the lensL4 and dispersed by a grating Dg. Pyro
electric detectors are used to sample beam energies and
photodiodes and a storage oscilloscope are used to mo
pulse evolutions in time. High purity~99,9999%! H2 is used
in all measurements.

Let us present the main experimental results that will
discussed in the following section. Raman conversions to
first rotational Stokes line (S01) of orthohydrogen at 313.7
nm ~n50, J51→n50, J53!, to the first vibrational line
S10 at 353.2 nm~n50, J51→n51, J51!, and toS11 at
360.7 nm ~n51, J51→v51, J53! have only been ob-
served. Figure 4 shows the energy conversion efficiencie
Raman radiation as a function of pump beam energy an

FIG. 3. Layout of the unstable cavities applied to the XeCl las
PU, phase unifying mirror;Q, quartz window,~a! PU unstable cav-
ity of magnification factorFM54.7; ~b! PU unstable cavity with
FM53.65; ~c! conventional unstable cavity withFM54.7.
2-3
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differentc angles, for the pump beam provided by cavityA,
B, and C. The energy conversion efficiencies for circul
polarized pump radiation (ucu545°) and for the elliptical
polarized radiation providing conversion efficiencies toS01
of about 1% at the highest pump energies, are reported
Fig. 4.c th represents the ellipticity angle at which the ener
conversion efficiency toS01 reduces to about 1% at the high
est pump energies.

The highest conversion efficiencies toS01 have been ob-
tained for circular polarized pump radiation under all tes
experimental conditions, accordingly to theory@2#. However,

TABLE I. Laser beam optical parameters~M2 andu!, diffraction
angled, energy threshold for vibrational scatteringEV,th and effec-
tive vibrational Raman gaingV-eff .

Cavity M2
u

~mrad!
d

~mrad!
EV,th

~mJ!
gV-eff

~cm/GW!

A 2.7 0.13 7.2 3.3 2.7
B 3.7 0.35 6.7 4.2 3.0
C 6.6 0.80 5.4 4.4 5.2
02381
on

d

the conversion efficiency toS01 reduces asu and M2 in-
crease, whereas the conversion toS10 increases withu and
M2. Indeed, the Raman conversion toS01 andS10 that at the
highest pump energies of the circular polarized pump be
delivered by cavityA is of about 30% and few percent, re
spectively @Fig. 4~a!#, gets few percent and 20%, respe
tively, with the beam delivered by cavityC @Fig. 4~c!#. The
dependence uponc of the energy conversion to the Stoke
lines is also substantially influenced by the pump beam
tical properties: the conversion efficiency toS01 reduces to
about 1% atuc thu513° with the beam delivered by cavityA
and at uc thu530° with the highest divergence and bea
quality factor radiation~C-cavity!. It is worth mentioning
that the energy conversion toS01 is no longer detectable a
angles ucu that are about 10% smaller thanuc thu. On the
contrary, the conversion toS10 that increases asucu is reduced
from 45° to uc thu, is not influenced by the ellipticity of the
pump radiation polarization asucu is reduced fromuc thu to 0°
~almost linear polarization!.

The dependence of rotational Raman scattering upon
pump beam optical properties anducu is more clearly re-
vealed by Fig. 5~symbols!, that shows the threshold pum
-
-

n

FIG. 4. Energy conversion ef
ficiencies to rotational and vibra
tional lines for circular polarized
radiation and for the elliptical po-
larized radiation providing, at
highest pump energies, conversio
efficiencies toS01 of about 1%,
for the XeCl laser fitted with:~a!
cavity A; ~b! cavity B; ~c! cavity
C.
2-4
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energy for rotational scatteringER,th as a function ofc,
whereER,th represents the pump energy required to get
of energy conversion efficiency toS01. One observes from
Fig. 5 that the energy conversion toS01 is no longer detect-
able at anglesucu,13°, ,22°, and,30° as the beam qual
ity factor ~divergence! is varied from M252.7, 3.7, and
6.6(u50.13, 0.35, 0.8 mrad), respectively.

Ellipticity degree and optical properties of the pump r
diation also influence the time evolution of vibrational a
rotational Stokes pulses. Figure 6~a! and 6~b! show the tem-
poral evolution of theS01 ~solid line! and S10 pulse~dotted
line! generated by using the circularly and elliptical pola
ized (uc thu513°) laser radiation delivered by cavityA at a
pump beam energyEp59 mJ. We have used different osci
loscope vertical scales during the monitoring of the pulse
Fig. 6. One observes from Fig. 6~a! that the Raman conver
sion occurs nearly simultaneously to both lines, but theS10
pulse ends before theS01 pulse terminates. Then, the vibra
tional line pulse has a width of only 3 ns~FWHM!, whereas
the rotational line pulse is 8 ns long. On the contrary, o
observes from Fig. 6~b! that the Raman conversion toS10
occurs ; 5 ns before the generation of the rotationa
shiftedS01 emission and lasts longer atuc thu513°. The time
evolutions of the Stokes pulses obtained with the pump be
having the highestM2 and u values~C cavity! are less de-
pendent uponc. Figures 7~a! and 7~b! show theS01 ~solid
line! and S10 ~dotted line! Stokes pulses monitored atucu
545° and atucu535°, respectively, for a pump beam ener
of 7.5 mJ. One observes at first that theS01 emission is
delayed of about 10 ns from the onset of theS10 line and
lasts shorter atucu545°, and secondly, that the rotation
Stokes pulse width reduces withucu.

IV. DISCUSSION AND CONCLUSION

The experimental results of Figs. 4–7 reveal that the
pendence of SRRS uponc is affected by pump beam param

FIG. 5. Experimental threshold energies of theS01 line ~sym-
bols! versus the ellipticity angle for all tested laser beams. T
energy conversion toS01 is not longer detectable at anglesucu that
are about 10% smaller thanuc thu. The lines showER,th versusc
obtained by Eq.~9! and the threshold conditionG524.
02381
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eters. In particular, Fig. 5 shows the dependence ofER,th(c)
upon M2 andu. Let us analytically retrieveER,th(c) under
steady-state conditions, being the dephasing time (2pDV)21

much smaller than the pump pulse width (Dt513 ns) under
our experimental conditions@8,20#. The comparison betwee
the experimental and analytical dependence ofER,th uponc,
may allow a better understanding of experimental resu
Under steady-state conditions and for a focused multim
laser pulse with beam quality factorM2, the Stokes power
will grow as exp(G) where the cumulative gain coefficientG
is given by@8,21#

G>@4gR~Ep /~DtM2!!tan21~ l /b!#/~lS1lp!, ~9!

l is the length of the Raman cell,b52pwpo
2 /(lpM2) is the

confocal parameter, andwpo is the pump beam radius at th
focus.

The onset of a steady-state threshold for stimulated s
tering processes@22# is usually defined in terms of a thresh
old pump energyER,th representing the energy at which th
energy conversion efficiency to Stokes radiation reaches
Following Laubereau and Kaiser@23#, we takeG524 as the
appropriate condition, leading to a pump toS01-Stokes’ con-
version efficiency of 1%. Then, the threshold energy of
S01 line ER,th(c), can be determined by introducing in E
~9! the parameters characterizing pump radiation, cell,
gR that depends uponc. The results are shown in Fig. 5 a
lines, whereas the experimentalER,th values are shown by

e

FIG. 6. Time evolutions of the Stokes linesS01 ~solid line! and
S10 ~dotted line! at Ep59 mJ for: ~a! circular and~b! elliptical po-
larized radiation. The pulses have been monitored by using diffe
oscilloscope vertical scales. The pump radiation was character
by M252.7 andu50.13 mrad.
2-5
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symbols. One observes, from Fig. 5, a satisfactory ac
dance between theory and experimental data up to an
ucu.13°, for the pump radiation with the lowestM2 andu
values~dotted line!. Whereas, the experimentally determin
threshold energies get quite larger than theoretical value
angles ucu,25° for the laser beam withM253.7 and u
50.35 mrad~solid line!. The experimental energy thresho
values measured with the beam delivered by theC cavity
(M256.6 andu50.8 mrad! are instead quite larger than th
oretical values at everyc ~dashed line!.

Gain suppression effects on vibrational Raman scatte
and their influence on the competition between rotational
vibrational scattering must be invoked to understand the
ferences between analytical and experimental data of Fig
As has been mentioned, the vibrational gain is expected t
suppressed if the phase-matched angles of Stokes and
Stokes waves,wS55.15 andwAS53.98 mrad, respectively
are well contained within the diffraction angled propagating
within the pump focal zone (d>wS). One gets from Table I
that d>1.4wS when the beam delivered by cavityA is fo-
cused in the Raman cell, whereasd>1.05wS when the beam
delivered by cavityC is used. Then, gain suppression effe
on SVRS are expected to occur under all tested experime
conditions. As has been stated, the gain coefficient for
S10 vibrational linegV , should reduce as a consequence
the Stokes-anti-Stokes coupling originating from the foc

FIG. 7. Time evolutions of the Stokes linesS01 ~solid line! and
S10 ~dotted line! at Ep57.5 mJ for ~a! circular and~b! elliptical
polarized radiation. The beam withM256.6 andu50.80 mrad is
used as pump. The pulses have been monitored by using diffe
oscilloscope vertical scales.
02381
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ing. Experimentally, this effect has most often been obser
as increased Raman thresholds@8#. Hence, we can use th
threshold condition for stimulated scattering processes to
timate the ‘‘effective vibrational Raman gain’’ that we ind
cate bygV-eff . Following Laubereau and Kaiser@23# and in
accord with the arguments presented above, we take

G>$4gV eff@EV,th /~DtM2!#tan21~ l /b!%/~lV1lp!524
~10!

as the appropriate condition leading to a pump toS10-Stokes’
conversion efficiency of 1%, whereEV,th is the pump energy
required to get 1% of energy conversion efficiency toS10 of
wavelengthlV . The threshold pump energy valuesEV,th
needed to retrievegV-eff by Eq.~10!, may be retrieved by the
energy conversion efficiency measurements toS10 obtained
with the elliptical polarized pump radiation providing con
version efficiencies toS01<1%, at the highest pump ene
gies. As has been mentioned, we found with linearly pol
ized pump radiation~rotational scattering is no longe
detectable! that theS10-line threshold energyEV,th was equal
to that obtained atc>c th . One gets from Fig. 4~a! that the
threshold pump energy of theS10-Stokes line isEV,th5(3.3
60.3) mJ atc th513°, when the beam delivered by cavityA
is used. Whereas, one getsEV,th5(4.260.4) mJ at c th
522°, and EV,th5(4.460.4) mJ at c th530°, when the
beams delivered by theB @Fig. 4~b!# andC cavity @Fig. 4~c!#
are used, respectively. The ‘‘effective vibrational Ram
gain’’ gV-eff can then be determined by introducing in E
~10! experimental energy threshold values and pump ra
tion, and cell parameters. ThegV-eff values obtained are re
ported on Table I, besides the correspondingEV-th values and
are shown on Fig. 1 as dashed/dotted lines. One obse
from Table I that the vibrational Raman gaingV57.6
31029 cm/W is reduced of;65% as a consequence of ga
suppression effects, when the beam delivered by cavitA
(M252.7, u50.13 mrad! is used to excite the Raman me
dium, whereas a gain reduction lower than 30% is obser
with the beam characterized byM256.6 andu50.8 mrad.
Figure 8 showsgV-eff versusd ~dots! and one observes in
accord with the arguments presented above, that the vi
tional Raman gain reduces fast for diffraction anglesd.wS
55.15 mrad. In particular, the vibrational gain reduces
30% whend>1.05wS and of about 65% whend>1.4wS .

Let us use the ‘‘effective vibrational gain’’ valuegV-eff
52.731029 cm/W to support at first the experimental resu
obtained with the pump beam delivered by cavityA. Figure 1
reveals thatgV-eff>0.9gR when the circular polarized pum
radiation is used, and as a consequence, rotational scatt
is favored with respect to vibrational scattering@Fig. 3~a!#
and higher conversion efficiencies toS01 are measured. In-
deed, the Raman conversion toS01 andS10 is of about 30%
and few percent, respectively, at the highest pump energ
As has been stated Fig. 6~a! shows that the Raman conve
sion to rotational and vibrational lines occurs nearly sim
taneously atEp59 mJ but, theS10 pulse ends before theS01
pulse terminates. We believe that the fast termination of
S10 pulse is due to the Stokes amplitude reduction withz
until condition~2! is approached, which occurs in the limit o

nt
2-6
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perfect phase matching. Then, we believe that the time e
lution of theS10 pulse shown in Fig. 6~a! is a clear experi-
mental evidence of gain suppression effects on SVRS, wh
may be observed when the vibrational gain is significan
reduced by gain suppression, as it happens under our ex
mental conditions.

Figure 1 shows that the ratiogV /gR increases with the
ellipticity degree of the pump radiation and one gets t
gV-eff>2.2gR at c th513° with the laser beam delivered b
cavity A. Then, vibrational scattering is more favored th
rotational scattering atc th513°, and as a consequences t
conversion efficiency toS10 is significantly larger than that to
S01 @Fig. 4~a!# and the Raman conversion toS10 occurs;5
ns before the generation ofS01 and lasts longer atEp
59 mJ @Fig. 6~b!#. Hence, rotational scattering is more f
vored when gain suppression effects on SVRS make the
fective vibrational Raman gain lower thangR . This conclu-
sion is further supported by the experimental results of F
4–7. Figures 4~c! and 5 ~open dots! show that the energy
conversion efficiencies toS01 are quite low (1 – 2%) and tha

FIG. 8. Effective vibrational Raman gain~dots! versus the dif-
fraction angled. The solid line shows thegV value. The dashed line
has been drawn atd55.15 mrad.
rz

c-

.

.

02381
o-

h
y
ri-

t

f-
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the threshold energies are significantly larger than theore
values~dashed line! when the beam delivered by cavityC is
focused in the Raman medium. In fact, Fig. 1 reveals t
gV-eff>1.8gR at everyc value when the beam delivered b
cavity C is used. Thus, the vibrational scattering is mo
efficient for the high value of the ‘‘effective vibrational gain
with respect to the rotational gain value. The vibrational g
is less affected by gain suppression effects when the b
delivered by cavityC is used, since the value of diffractio
angled is quite close to that of the phase matching anglewS
~Table I!. Figure 4~b! also reveals that the Raman conversi
to S01 that was of about 22% atc545° andEp59 mJ, re-
duces to about 1% atc th522°, as the ratiogV-eff /gR in-
creases from about 1 to about 1.5.

In conclusion, it has been show that the Raman conv
sion to rotational Stokes lines by elliptical polarized las
radiation is quite dependent on the ‘‘effective vibrational R
man gain,’’ which in turn depends on the optical beam p
rametersM2 and u, as well as on the focal length of th
focusing lens. The cumulative gain coefficientG and the
threshold conditionG524, have been used to compute t
‘‘effective vibrational Raman gain’’gV-eff and evaluate the
dependence of gain suppression effects on SVRS upon
ratio d/wS . It has been found that the vibrational Ram
gain reduces fast as the diffraction angled gets larger than
the phase matching anglewS . Indeed,gV reduced of 30% for
d>1.05wS and of about 65% ford>1.4wS . It has then, been
found that rotational Raman scattering is more favored t
vibrational scattering whengV-eff,gR but, the energy conver
sion efficiency to rotational Stokes radiation reduces to f
percent whengV-eff>1.5gR as it is revealed by Figs. 3–7. So
a good understanding of theory and experiments has b
provided in this paper and the conditions that maxim
SRRS have clearly been defined.

Finally, it has been shown in this paper, that the expe
mental evidence of gain suppression effects on SVRS m
take the form of a fast termination of theS10 pulse @Fig.
6~a!#, accordingly to Eq.~2!.

We believe that the experimental results reported in t
paper can be of support in view of extending the tuni
range of laser sources by means of the stimulated Ra
scattering technique since simple rules that allow maxim
ing the Raman conversion to rotational or vibrational lin
have been derived.
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