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Absiraot

Stimulated Raman scattering of an XeCl laser at 302 nm in a high pressure
. Hp cell shows anomalously high conversion into first Stokes (S1) when a pumping
geometry with a Fresnel number near unity is ussad., Specifiocally a quantum ef-
fioclency of 88% is obtained into S1. <Jlomparison with a plane-wave model indi-
cates that a theory inoluding diffraotion and U-wave mixing may bs necessary to

understand the anomalous holdoff of the second Stokes compcnent.



One of the most efficient methods for shifting a laser to lorger wave-
lengths is by Stimulated Raman Scattering (SRS). Tne conversion efficiency is
generally much higher for firat Stokes (S1) generation when the gain for the
second Stokes (32{ wave 1s considerably lower allowing S1 to grow without
competition from S2. For example in SRS of visible or uv lasers in metal
vapors, generally a sysﬁem can be chosen where the scattering to S1 is more
resonant than for S2, leading to quantum efficiencies as high as 70-80%.1:2 1If
the S2 frequency 1s considerably lower than S1, as is the case of rotational
SRS of intrared lasers, large quantum efficiencies of S1 /:an also been seen3 X
when optical losses are fclded out. This 1s because the gain for Stokes gen-
eration decreases with Stokes wavelength and henoe the gain for S2 is consid-
erably lower.

However for scattering of visible and uv lasers in gases such as Hy or
CHy, the gain for S2 generation is not substantially lower than that for S1
sinoce the Raman shit't is small compared to the laser freasuency and the laser
frequency is far from being near the lowest electronio resonances which genar-
ally lie in tre region of 80,000 - 100,000 om~! above the ground state. In
addition st low pressures i-wave mixing of the pump and S1 can produce S2 which
can "sued" the pure Raman soAattering of S1 into S2, and limit the oconversion
effioiency into S1 still more. Hence even at high pressure, which minimizes
the 4-wave mixing, the quantum efficienoy for S1 is generally limited to -~50%
due to the onset of S2 when ona uses a simple single foous generator design.>
The efficienoy oan be raised substantially by utilizing a generator-amplifier
systom6 whion attenuates the higher-order Stokes compconents before enter-
ing the amplifier and therafo.'e enhances the S1 oconversion. By utilizi: -

backward SRS one oan raise the quantum efficienoy o -85%,7 sinoe 4-wav. mixing



does not prase matoh for the counter-propagating waves. Howaever for backward
SRS the linewidth of the laser must be smaller than the Raman bandwidth, which
is often a =evere requirement on the laser.

In this letter we report on vibrational SRS on the Qpi(1) transition using
a XeCl laser at 308 nm. We have attempted to limit the S2 generation due to
4-wave mixing by operating at high pressures to reduce the coherence 1en§th for
the 4-wave process and also by utilizing a pumping geometry with 3 Fresnel
number close to unity to reduce the angles which also lead to phase matohing
for 4-wave mixing.

Initially it was expected that at high pressures where l-wave mixing is
small due to the ahort coherence length and at low angles where the beam is
close tc plane wave, that a model which neglects diffraction and 4-wave mixing
would be suffioient. In this case the eauations of motion for the pump inten-

atiy Ip, the first Stokes intensity Igy and seocond Stokes intensity Ig2 in

steady ita'e are given by:3-9
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where z is the distance of propagaticn through the ocell, ap and agy are the
plane wave gain coeffioients for suattering of P into $1 and St into 32,9,10

respectively and the w's are the frequencies of the pump and Stokes waves,



The experimental apparatus is shown in Fig. 1. A Lambda-Physik EMG 150
injection-locked XeCl laser at 308 nm was clipped by aperture A1 before being
focused with a 2 m lens into the center of a 50 cm Hp cell. The beam was then
recollimated by L2 and separated into t'ie various frequency components by =
brewster-angle prism Pi,

It was found that varying the size of the aperture A1 had a very dramatic
effect upon the conversion efficliency of Loth S1 and S2. Figure 2 shows the
variation in quantum efficiency as a function of aperture diameter when the
fluence incident on the aperture was -4b mJ/cm2. The quantum efficiency was
taken as the photon conversion efflciency with the low intensity transmission
losses folded out. A inventory of the energy into and out of the cell bal-
anced to within 5% when Fresnel reflection losses and the energy depnsited in
the gas were taken into account. As seen in Fig. 2, as the aperture diameter
is increased, initially S1 rises rapidly to a maximum of ~88% near 4.5 mm and
then falls as the diameter is increased further where S2 conversion becomes
significant. One might suspect that the growth of S2 at large apertures is due
solely to a larger amount of energy being transmitted by a larger apercure,
However our experiments have shown that at larger apertures 52 generation is
oonsiderably more significant even If the beam is attenuated to the same energy
incident on the cell,

We also found that as the pressure of the Hp was lowered, the quantum
efficienay of S1 dropped while the conversion to S2 and other higher order
Stokes components increased.

Figure 3 shows the quantum effioiency vs pump energy incident on the Raman
cell with 1430 psi of Hy and with the aperture set to a diameter of 4.5 mm

whioh corresponds t¢ the peak for 51 conversion in Fig. 2. The solid linea



show the expected growth of S1 and S2 by the plane-wave model given by eqs.
1--3. A predictor-corrector integration scheme was used in this calculation for
the experimental pulse shape given in Fig. 4. The pump intensity was somewhat
arbitrarily chcsen to be the average intensity at one Raylelgh range away from
focus where the kayleigh range was calculated for a Gaussian beam with 3 wg
equal to the diameter 4.5 mm of aperture A1,

As can he seen 1n Fig. 3, the onset of S1 is predicted quite well by the
model but the growth of S2 is much different than seen experimentally. The
model (solid line) predicts that S2 should start to be significant at -2 mJ,
while experimentally S2 is just starting to be observable at -8.5 mJ. The
dashed curve shows what the model predicts when the gain for S2 is set to zero
(agy = 0) which surprisingly fits quite well. The implication is that for some
reason the S2 generation is somehow prevented by the pumping geometry.

Figure 4 shows the observed pump depletion for an aperture diameter of
4.5 mm and an incident pump energy of 6.5 mJ. The solid lines show the experi-
mental lnput and output puise. The input pulse shape was taken with the cell
removed. Integration of these pulse shapes showed a pump depletion of 86% in
close agreement with the quantum efficlency observed in Figs. 2 und 3. The
dotted line shows the pump depletion predicted from eqs. 1-3 with the gain for
82 set to zero. The agreement of the threshold {s quite good but the experi-
m~~ al depletion i3 not as substantial as predicted by the plane wave model. We
beliuve this is due to.the low aonversion In the low-intensity spatial wings of
the pump beam at Iogus.

In conclusicn we have substantially reduced tha production of second
53tokes (S2) generation and hence enhanced the first Stokes ( ' genaeration in a
high pressure Raman cell with a low angle baam. Quantum ef.i10iencies as high

as 88% have been obtserved for S1. The threshold for the growth of the 81



component is found to be accurately predicted by a plane-wave model. However,
the onset of S2 1s not obsw-ved to occur where predicted by the simple plane-
wave model which also neglects 4-wave mixing as a source term for S2 genera-
tion. We conclude that both diffraction and 4-wave mixing may be important in
developing an understanding of these unexpecied results.

The authors would like to thank J. R. Ackerhalt, I. J. Bigio, K. Druhl,
R. A. Fisher, and N. A. Kurnit for numerous discussions about these results.
The authors would also like to thank D. L. Barker and M. E. Weber tor their

excellent technical help on this experiment.
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Fig. 1. Experimental Apparatus. The incident XeCl beam at 308 nm is clipped
by aperture Al and then focused with a 2-m lenc L1 {nto a 50-cm cell
containing typically 1500 psi of Hp. The prism P1 separates the
pump P, first Stokes S1, and second Stokes S2 for energy and power
measursments.
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Variation of quantum efficlency of first Stokes S1 and sccond Stokes
S2 as a function of aperture diameter for an incident fluence of

-44 mJ/cm2. S1 is seen to pcak at 88% quantum efficiency before drop-
ping as S2 increasas at large aperture diameters.
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Quantum erficiency of S! and S2 as a function of incident pump energy
with the aperture set to 4.5 mm diameter. The Hy preasure in the cell
was 1430 psi. The solid ljnes show the expected growth of S? and S2
for a plane wave mcdel using eqs. 1-3 and the temporal pulse shape
shown in Fig. 4. The dashed line shows the growth of S1 if the gain
for S2 is set arbitrarily to zero. atedici ik
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Experimental pulse shape showing pump depletion for an aperture diame-
ter of 4.5 mm and an incident pump energy of 6.5 mJ. Solid lines show
the uxperimentally observed {nput pulse and output pulse. Dotted line
shows the pump depletion predicted from eqs. 1-3.
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Experimental Apperatus. The incident XeCl beam at 308 nm is olipped
by aperture Al and then fccusea with a 2-m lens L1 into a 50-om cell
containing typically 1500 psi of Hp. The prism P1 separates the
pump P, first Stokes St, and second Stokes S2 for energy and power

measurements.

Variation of quan.um efficiency of first Stokes S1 and second Stokes
S2 as a funotion of aperture diameter f~r an incident fluence of
~44 mJ/om2. S1 is seen to peak at 88% quantum efficienoy before drop-

ping as S2 increases at large aperture diameters,

Quantum efficlency of S1 and S2 as a function of incident pump energy
with the aperture set to 4.5 mm diameter. The H, preasure in the cell
was 1430 psi. The solid lines show the expeoted growth of S1 and S2
for a plane wave model using Eqs. (1)-(3) and the temporal pulse shape
shown in Fig. 4. The dashed line shows the growth of S1 if the gain

for S2 is set arbdbitrarilv to zoro.

Experimertal pulse shape showing pump depletion for an aperture dlame-
ter of 4.5 mm and an inoident pump energy of 6.5 mJ. Solid lines show
the experimentally observed input pulse and output pulse. Dotted line

shows the pump depletion predioted from Eqs. (1)-(3).



