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Abstract

Stimulated rotational Raman scattering in a 300-K multipaes cell filled with para-H,
with a single-mode CO,-pumped laser is studied using a freguency-nar-owed optical parametric
oscillator (OPO) as a probe laser at the Stokes frequency for the S (O) transition. Ampli-
fication and pump depletion are examined as a function of incident” pump energy. The pump
depletion shows clear evidence of transient behavior.

A theoretical treatment of transient stimulated Raman scattering, including effects of
both pump depletion and medium saturation is presented. In a first approximation, diffrac-
tion effects are neglected, and only plane-wave interactions are considered. The theoret-
ical results are compared to the experimental pulse shapes.

Introduction

Stimulated Raman scattering (SRS) can be a very efficient means of converting the fre-
quency of laser radiation into desired spectral regions. Since 1ts discovery and f{arst
comprehensive studies in the mid-1960's' various aspects of this nonlinear procees have
been studied experimentally and theoretically. In purticular, there have been studies of
pump depletion both 1n the steady-state regime (I' = «)?,3 and the hypertransient regime
(I = 0)*/%, Also there have been ctudies of the transient regime (arbLitrary [ ) where pump
depletion has been neglected.®+’ Neverthmless, it appears that to this time there has been
no detailed comparison of a realistic theorstical model including pressure broadening to a
set of experiments probing different degrews of pump depletion and medium saturation in the
transient regime. Such comparison is important to demonstrate the validity of the memi-
clusesical theory »f SRS and 1ts various approximate versions, and to assers their potential
as analytical tools in the optimal design of Raman converters and oscillators.

The £ _(0) rorational transition in para-H, provides an ideal system for studying stimu-
lated rclational Raman scattering.®'¥/ 19 For scattering of a CO, laser near 10 um, the
usual complication of second Stokes generation is alleviat \ due to the large drop in gain
with Stokes f{requency. Competition from anti-Stokes generation is avoided by the use of
circular polarization for the pump.'! Superfluorescence, often a complication for wstaimu-
lated Raman scattering in the visible, is eamily avoided in the infrared since there is a
large region over which one canp measure subntantial gains with a probe laser without compe-
tition from the growth of spontaneous Raman rcattering. This is becausa the cross section
for spontaneocus Ramal, emission falls as w" while the Raman gain falls only as wy -

1 addition to avoiding many of the complications o©f Raman ecattering ecen on othei
systems and in other spertral regions, the molecular paraneters foi para-H; are® also well
known. The Raman linewiith in para-H, has been accurately messured'? and the polarizabil-
1ty for the S (0) transition in hydrogen has been accurately calculeted.!' Thus one hawm
an 1deal "two<level" molecule with which to study those effects of Ruman scattering which
are jindependent of the particular molecule, such as pump depletion in the nonsteady-state
(transient) regime and the effects of laser bandwidth.

The main difficulty in obtaining stimulated rotational Raman scattering in H; in the
infrared is the relatively low Raman gain in this region of the upectrum, despite the very
narrow linevidth of the Raman transition. Since H; 1» a homonuclear molecule, there are no

dipole-aljowed rotational n»nr vibrational transitions, Thums, the Raman susceptibility an
determined wmolely by the electronic transitions, which lie in the region greatexr than
¥0,000 cm~' above the ground state. 1t is therefole not surprising that the Raman suscept-

ibility and hence the Raman gain i1p guile low for scattering of a CO, laser at -1000 .'m=-',
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However, the Raman gain can be increased in several ways. In particular for the J = 0
to J = 2 rotational Raman transition, the uese of para-H,, derived from the blow-off of
liguid H;,!* eliminates the odd rotational levels. At room temperature this increases the
gain by 4.0 over normal H; for the S _(0) transition. One can also cool the para-H, to
ligquid N; temperature® to decrease the' J = 2 level population, increase the J = 0 popula-
tion and thus further enhance the gain by 2.4. But an even larger increase in gain can
come from the use of a multipass cell (MPC),®,®:,10.,1% yhich by consecutive focusing can
lead to increases in gain by 30 or more. These enhancements of the gain allow one easily

to study the growth of the Stokes beam and the depletion of the pump beam with CO, lasers
of modest energies (1 - 2 J).

We report a study of stimulated rotational Raman scattering from para-H, at room temper-
ature in a MPC, in which the 10R(12) line (10.3 pm, 970.55 cm ') of a single-mode CO, laser
is downshifted to 616 cm-' (see Fig. 1). The Stokes probe was a narrow-band (150 MHz) CdSe
OPO. Because this source could easily be obsesved after passage through the MPC in the atl
sence cf Raman gain, it was possible to study the temporal behavior of the Stokes field anu
the energy conversion from the small signal region to near-complete pump depletion.

Apparatus
The experimental layout is shown schematically in Fig. 2. The basic elements are a CO,

pump laser, an OPO Stokes scurce, and a 3.47 m multipass Raman cell containing para-H,. The
system 1s described in detail in Ref. [1l6].
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The mingle longitudinal mode pump ie radially symmetiic and approximately fundamental
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The CdSe 16-um source has previously been described.!?’,!® For this experiment it was
modified to provide better frequency control and more precise tuning to the Stokes freguen-
Cy. The stability is estimated to be 150 MHz from shot to shot with longer <erm drifts of
1150 Hz. The Stokes energy averaged about 9 pJ of the proper (circular) polarization at
the input to the MFC.

The pump and Stokes beams were mode-matched!® to the MPC confocal parameter of 1.36 m.
The cell geometry was reentrant after 42 passes but the radiation was coupled out after 39
passes. The transmission of the pump through the cell indicated that the mirror reflec-
tivities were 98.9% at 10 ym. The MPC wac filled with 760 torr of para-H; from the boil-
off of a L-N; dewar. Higher pressures of para-H; led to collisonal-induced absorption,8:2°¢
of the infrared beams. At 760 torr of para-H, at 300 K we estimate the collisional-induced
absorption to be -~1%.

The input l16-pym Stokes oeam was monitored with a liquid He-cooled Ge:Cu detector. The
Stokes beam exiting from the MPC was separated from the 10-pym npump beam by a dachroic
mirror and directed to a photon drag detector. The input and output CO2 pulses were also
observed on photon drag detectors.

Experiment

To study the CO, pump depletion, the temporal pulse shapes of the input CO, beam, the
input Stokes beam, the output CO; beanm, and the output Stokes beam were all
monitored. The timing of the input Stoker was monitored on & liquid N; cooled Hg:Cd-Te
detector. The other three brcams were intense enough to be detected on Ge photon drag
detectors. The pulse shapes were recorded on 400-MHz Etorage oscilloscopes and then digi-
tized, with the resulting data being stored on magnetic disc to allow manipulation and
plotting of the data. Figure 3 shows plots of this data for CO; pump energies of 1.0f J,
0.76 J, and 0.55 J. The input Stokes pulse shape was monitored prior to taking the data
shown in Fig. 3 and a typical oscilloscope trace is shown 1i1n Fig. 4. However we did not

have enough oscilloscopes to observe the input Stokes pulse while taking the data of
Fig. 3.

All three photon drag detectors were calibrated by simultanecusly monitoring a single
shot of the (0, pulse in the abrence of any depletion by blocking the 16-pym ainput to the
multipass cell. In this way the relative amplitude and timing of all three pulses could be
adjusted. By this technigque the shot-to-shot anmnplitude a.curacy was reduced to 107 and the
shot-to-shot temporal accuracy to 2 ns. This calibration also allowed us to fold out all
the optical losses not associated with the pump depletion so that in the absence of pump
depletion the i1nput and output pump pulce shapes are nearly identical.

At an incident energy of 07.55 J the pump depletion is just scarting to occur ani as the
pump energy 18 1increased to 0.76 J the pump depletion becomes mole gubstantial. 1t 18
somewhat unexpected that at a pump onergy of one Joule, the pump depletion should be so0
complete over the centra) 50 ns of the pump pulse. The pulse shapes of Fig. 3 were talien
with the entire spatial aistribution nf the beam, attenuated by CaF, plates. focused onto
the photon drag detector. Therefore the complete depletion indicates that the rfpatial
wings of the pump, though of lower intensity, are also converting efficiently. The reason
for this 18 not clear but 1t may be related tu the multiple focus geometry. Studier of
pump depletion foi single focus experiments should h¢lp resolve this question.

Poszsible gain saturation due to depletion of the number of scattering molecules 1in the
pumped volume of the mcattering redium must be considerced 1n analysls of the pulse shapes
of Fig. 3. We arsume that sigrificant pump depletion will occur ove:r 5-10 passes ih Lhe
cell. We estimate that the numb-; of molecules jn the J = 0 level of p-H, at l-atm pres-
sute and room temperature in the focal volume of the CO, pump laser over 5 passes Lo be
107" molecules. Since the number of photons involved 1n a S0% depletion of a 1.5=-0 (O
beam 18 -4 » 10'*, we find that depletion of the numbe: of fcatiering moleculer 1& not
significant.

Theory

I'ump deplet "n fol interacting Gaussian beams in the st~ady untate reqime has been tieat-
ed theoretically under the acmrumptiorn that both the pump and Stokes beams maintain thei)
Gaumeian form after mignificap! converwion.? Here we present a theoretical analysie of Sks
in pata hydrogen in the transient regime, which allows a detdailed comparison to the cotier-
ponding exper.imental results.

LLet E be the total electric field with a slowly varying ernveloper E ., v = p, B at the
two frequencien and p the reduced density matrix of the molecule for thd Kaman trancition
(ground ntate ], excited state 2)
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Figure 3. Experimental data conpared with theory at input pump energies of (a) 0.55 J,

(b) 0.76 J and (c) 1.06 J. In both columns the upper solid lines are the un-
depleted pump pulses observed experimentally and the amsociated dashed and
dotted lines arc analytical expressions for the ainput pump pulse- used 1n the
calculations. On the left the lower solid lineo are the experimentally ob-
served depleted pump pulses. The dotted lin.s are from calculations uUring
steady state theory and the dashed lines correspond to transient theory. On
the right the lower s0lid lines are the experimentally obeerved outputl Stoker
pulses. The associated dashed lines result from the t:ansient theory.
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The coupled equations of motion for the density matrix and Maxwell eqguations for the
fields are:"/2?

S A= <TA + 216 (JE_12 + |E_1?)A + «E'E_B (1)
bt P E p e

A ] -

Ft B = =4 Re (x EpEs A) (2)
(%E R é g{) Eg = 2nk N (30BE_ *+ XAE) (3)
4 18 ; "t

6+ 14) E, = 2nk N (i8BE_ ~ x A'Eg) (4)

The first term irn Eg. (1) represents collisional decay of coherence (homogeneous broad-
ening) with | egual to the pressured broadened linewidth (HWHM Lorent:zian). The second
term in EqQ. (1) represents the two-photon Stark shift. «x is the Raman scattering tensor
(which reduces to a wcalar in our case), and 24 is the difference in polarizability between
ground state and excited state. For the 50(0) transition in hydrogen we have?!

crJR Y 2 e -y (5)

where y is the anisotropy of the polerizability. At the intensities typical for these
experiments the Stark shift term is about two orders of magnitude sma)ler i1n aboolute value
than the broadening term, and will be neglected.
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Also the temporal change of Lhe Raman inversion B is at least one order of magnitude
smaller than its initial value. Hence the first term in Egs. (3) and (4) can be eliminated
by assuming that the index of refraction is constant and redefining the velocity of light c
in the medium. N is the number density of molecules in the Raman cell.

For focused Gaussian beams an effective intensity I_ ., and effective cavity length ¢
can be defined in terms of the power P, confocal paramefér b and cavity length £:1/3

eff 4P/b(Ap + As)

eff

I

1

Logg =D tan™" (¢/b)

For comparison with experiment (b) the following numerical values were used in for the
model using an enhancement of 31.8 for Ieff due to the multiple passes:!®

-
1]

0.3204 rad/ns
Eeff = 52.09m

e
"

5.43 MW

]
\

= ? 2
off 5.98 x 10’ w/cm .

where we note that the effective intensity I is well below the typical geometrical
mean intensity for Rabi flopping which 1s 1.4¢€ ;£f69 w/cm? .,

If the Stark shift and tre index of refraction terms in Egs. (1)-(4) are neglected, 't
1s a self-consistent condition to reguire that all 7juantities are real. This 1s a valid
approximation provided the phases do not change too rapidly. The dephasing time is
r-! = 3.12 ns, while the pump and seed pulses hcve typical risetimes of about 50 as. In
this situation the off-~diagcnal matrix element A can be expected to follow the driving term
in £Eq. (1) closely with a time lag At = 3 ns. Furthermore the effect of detuning can be
modeled to a good approximation by replacing I' in Eg. (1) by [T? 4+ (aw)?]!”/2? where 8w 1is the
average detuning.

Dimensionless forms cf Egs. (1), (2), (3) and (4) were solved numerically by a two-
dimensional implementation of the trapezoidal rule with fixed step rise, In each of the
calculations presented here 200 integration steps for each dimension were found to be
sufficient, Calculations were repeated with double number of steps, and no sigrnifican®
improvement of results was found. A single run took about 12 sec of time on a CDC 7€00.
Input pump and Stokes seed pulses were fitted t- an analytical expression. Figures 3 and 4
show experimental pulse shapes for pump and seed pulse and the analytical fits.

Figures 3(a). (b), and (c) show experimnrtal and theoretical dupleticn profiles together
with the corresponding steady state result and the analyticel pump pulse protile. A con-

stant detuning parameter Aw = 0.33 I' gave best overall ({it of the depletion profiles.
Fig. 4 shows the timing for the input Stokes beam used 1n the calculation for experiment
(c). For (a) and (b) the pulse was delayed by 25 ns and 10 ns, respectively. The agree-

ment 15 surprisingly good, given the fact that our model neglects relative phases and
treats detuning in a very apploximate fashion. A discrepancy occuls in the trailing edge

for experiments (a) and (b), where the large local detuning 1s probably not modelled well
enough,

The results show a marked retardation of the depletion profile as compared to the steady
state case. The thresholds for the beginning and end of the depletion process are shifted
about 10 ns relative to their steady state values, which 16 about fcur times the effective
dephasing time (I + Aw) ', This gives clear evidence of the importance of transient eflects
in SRS, even when the depnasing times are an order of maqnitude smaller than the typical
times of variation for the pulses, as in our case.

Using the digitized data, the height of the output Stoker pulse was adjusted to make ite
tola) area equal to that of the experimental pump depletion for each shot. 1In (a) and (b)

good agreement i obtained with calculated pulse snapes. In (c) hovwever, the observed
Stokes pulse shape is narrower than the calculated shape and, as a result, har a highel
pealt power than the pump. We believe this 18 a result of the beam ciouseing inside the

multipass cell seen previously.* These crossings occur between different temporal
sections of the pulre allowing the generated Stokes pulse to i1hteract with an earlier ol
later temporal section of the pump pulse. This can then lead to further pump depletion in
tegions other than that near the peak of the pump pulse.



380151

we have formulated a theory of transient Raman scattering allowing foi a finite decay
time of the off-diagonal matrix element. A simplified version of the theory was used to
analyze experiments on SRS from para-H. In this version the relative phase between pump and
stokes field was assumed to be zero and Stark shift effects were neglected. Effects of
detuning were modelled by a plane wave gain formula with effective gdain length and beam
intensity. The model gave good agreement between the theoretical and experimental pulse
shapes, which show marked deviations from the steady state results.

Summar
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