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Transient stimulated Raman scattering in gas mixtures
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We studied, for the first time to our knowledge, transient stimulated Raman scattering in Hy—D, and

H,—CH, gas mixtures excited with 200-fs and 2-ps, 390-nm pulses.

Depending on the composition and

partial pressure, of those gases, we observed ~40 output lines simultaneously. Under optimum conditions a
conversion efficiency of as much as 8% in the combination Raman line at 556 nm was obtained in the H,—CH,

gas mixtures.

The difference between picosecond and femtosecond pumping is due to self-phase modulation
and to generation of a spectral continuum in the latter.
is in a good agreement with the experimental results.

Our calculation of the ratio of the partial pressures
A new method for measuring the unknown Raman

scattering cross section of gas molecules is suggested. 0 1999 Optical Society of America
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Stimulated Raman scattering (SRS) is a well-known
method for frequency conversion of laser radiation
ranging from the UV to the IR.! SRS is successfully
used for both continuous-wave lasers? and nanosecond,
picosecond, and femtosecond pulsed lasers.>—8

Pressurized molecular gases such as hydrogen, deu-
terium, and methane appear to be the most suitable
Raman-active media for frequency conversion of in-
tense ultrashort pulses.?”® These gases possess sev-
eral properties that make them especially suitable for
frequency conversion, including large rotational and
vibrational Stokes frequency shifts, a high degree of
optical homogeneity, and relatively low group-velocity
dispersion for ultrashort pulses. In addition, these
gases are photochemically stable, and one can vary
their optical and spectroscopic parameters by changing
the pressure.

In previous investigations of nanosecond SRS in the
dual gas mixtures Hy—CH4 and Hy—D,,° !* additional
combination lines were observed at the sum and dif-
ference frequencies of Stokes and anti-Stokes spectral
components of the individual gases according to

v= vr +ivys + jvgs + mvyg + nvRy

(i,j,mn=0,%*1,%2,..), Q)

where v, is the frequency of the pump laser and vy g1
and vyg r2 are the Raman vibrational and rotational
frequency shifts for the components of gas mixture.

In Refs. 6-8 it was shown that, in gases such as
H,, D;, HD, and CH,4, transient SRS can result in
the efficient conversion of 400-nm radiation into more
than 40 Stokes and anti-Stokes lines ranging from
the UV to the near IR, defined by the molecules’
vibrational and rotational frequencies. The important
role of competing nonlinear processes such as white-
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light generation that limit the ultimate conversion
efficiency of SRS was established for pump pulses of
<1 ps. Therefore it is important to investigate the
characteristics of transient SRS with pump pulses of
both picosecond and femtosecond duration.

We report, for the first time to the best of our
knowledge, the transient SRS generation of combi-
nation frequencies in dual mixtures of Raman-active
gases Hy—CH4 and Hy—Ds with pump pulses of 200-fs
and 2-ps duration. We demonstrate the efficient gen-
eration of combination lines in gas mixtures excited
by 2-ps pulses. Self-phase modulation and white-light
generation limit the ultimate conversion efficiency for
200-fs pump pulses on all Raman lines and especially
on the combination lines.

Transient SRS occurs when the duration of the pump
pulse 7, is much shorter than the vibrational and
rotational dephasing time 7% of the gas molecules,
7p < T9. In this case the intensity of the Stokes beam
at the output of the medium can be approximately
expressed as®!®

8¢ (L[ 12
IS—Ioexp|:T—2/;[0 Ip(z,t)dzdt:| , (2)

where I, is the intensity of the pump pulse, I is
the initial Stokes intensity, g is the steady-state gain
coefficient, and z is the interaction length.

In the experiments with nanosecond SRS in gas
mixtures,’ ~!* the authors observed the maximum en-
ergy in the combination Stokes lines I_1_; = max [i =
m = —1, j = n = 0; Eq. (1)] when the intensities of
the first Stokes components of both gases were equal,
Iy 1 =1 19. AslI, isthe same for both components of
the gas mixture, we can obtain the condition of optimal
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conversion into the combination lines, using Eq. (2), as

g(l) B g(Z)

T,0 — T,® 3)

For the first Stokes component, the steady-state gain
coefficient g in gases can be expressed as

g = 2°TAN do

he aa’ @)

where AN is the vibrational (rotational) population
difference between the initial and the final states of the
Raman-active molecule, Ag is the Stokes wavelength,
do /00 is a Raman differential scattering cross section,
h is Planck’s constant, and ¢ is the speed of light in
vacuum.

Taking into account that AN = FN ~ Fp, where N
is the total density of the gas molecules, p is the partial
gas pressure, and F is the Boltzmann population
factor, we can derive from Egs. (3) and (4) that the
optimum ratio R for the two components is

oo 2
pl F2(\2%? (E)
P2 FUA3 (a0 )\
(5)

=R. (5)

Equation (5) shows that for transient SRS the ra-
tio of optimal partial gas pressures R for the efficient
generation of the combination Raman lines is inversely
proportional to the ratio of Raman differential scatter-
ing cross sections, the cube of the Stokes wavelengths
ratio, and the ratio of Boltzmann factors.

The parameters used in Eq. (5) for the gases inves-
tigated at a pump wavelength Ap = 400 nm are shown
in Table 1. From the data given in Table 1 we calcu-
late that the optimum ratio for the Hy—Ds mixture is
R = 0.385 and for the Hy—CH, mixtures is R = 3.4.

In our experiments we used two different regenera-
tively amplified Ti:sapphire laser systems: TSA-50
(Positive Light), generating 2-ps pulses at the second-
harmonic wavelength 400 nm with pulse energies of
4 mdJ at a 10-Hz repetition rate, and CPA-1000 (Clark-
MXR), generating 200-fs pulses at the second-harmonic
wavelength 390 nm with pulse energies of 0.3 mJ at
a 1-kHz repetition rate. A 100-cm-long stainless-steel
cylinder with 25-mm-diameter quartz windows served
as the Raman cell. The partial gas pressures were
varied from 2 to 48 atm, with the total pressure kept
constant at 50 atm. Under these conditions the char-
acteristic vibrational dephasing times T for Hs, Do,
and CH; molecules are 100, 50, and 10 ps, respec-
tively.® As these relaxation times are longer than the
duration of the excitation pulses, all our experiments
were performed in the transient regime of the stimu-
lated Raman process. Two lenses with a focal length
of 1 m were used to focus the input beam into the Ra-
man cell and to collimate the output beam. We mea-
sured the energy and the spectrum of the generated
pulses by splitting the beams between an optical pow-
ermeter and a grating spectrometer.

At the first stage of the experimental study we
determined the optimum partial pressures in the gas
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mixtures Ho—CH; and Hy—D;. Experimentally we
changed the partial pressure in the mixtures and
measured the output energy in both first Stokes
lines, Iy—1, and I-19, as well as the combination line
I_1_;. As already has been observed,'* the maximum
efficiency in the combination lines was achieved when
the output Stokes energies were the same in both
lines Iy—1 and I-19. For the combination line I_;_1; we
obtained high conversion efficiency; other combination
lines had a considerably lower SRS efficiency. The
v_1,—1 combination lines were shifted by 7142 cm ™! in
H,-D, and by 7072 em ™! in Hy—CHy, corresponding to
wavelengths at 559 and 557 nm, respectively.

Figure 1 shows the measured dependence of the en-
ergy in the v_; _; combination line on the partial pres-
sure of Hy in Ho—CH4 and Hyo—Dy gas mixtures for 2-ps
pump pulses with an energy of 3 mdJ. According to
the maxima in Fig. 1, we determined the ratio of
partial pressures that correspond to the highest con-
version efficiency. The experimental values obtained
were R = 14/36(*0.5 atm) = 0.39(+0.02) for Hy—D,
and R =~ 38/12(%=0.5 atm) = 3.17(%0.18) for Ho—CH,.
The results are in good agreement with our calcula-
tion in Eq. (5). Hence one can use the measurements
of the optimal partial pressure for the determination
of the unknown Raman cross section of a gas by using
transient SRS in mixtures of this gas with Hy or CHy.

For 200-fs pump pulses the combination line v_; _;
at 557 nm was observed only in Hy,—CH,4 gas mixtures,
with an optimal partial pressure ratio of 40/10, close to
the result obtained with 2-ps pump pulses. The SRS
process was less efficient because of competition with
white-light generation. In the Hy—D; gas mixtures
the strong background that was due to white-light

Table 1. Parameters of the Investigated Gases
8_0' 0’_6 (H )b

Gas vy (em™)*  F*  s@mm) 90/ 90 "
H, 4155 0.66 480 1
D, 2987 0.38 454 0.79
CH, 2917 1 452 2.7
“Ref. 16.
bRef. 17.
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Fig. 1. Dependence of the energy in the combination line
on the partial pressure of Hy: solid curve, Hy + D, gas
mixture; dashed curve, H, + CH4 gas mixture.
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Fig. 2. Dependence of the energy of several SRS output
components on the energy of the pump pulse. Filled cir-
cles, first Stokes of Hy, I_10; open circles, first Stokes of
CHy, Iy_;; stars, combination line, I_;_;. Partial pres-
sures of 38 atm of Hy and 12 atm of CH, were employed.

generation completely prevented the observation of
the combination line. Also, for 200-fs pump pulses
white-light generation limited the ultimate conversion
efficiency at all Raman lines. The small efficiency
of femtosecond SRS in gas mixtures is a peculiar
feature of the process because, in pure Hy, D3, or CHy,
femtosecond SRS is highly efficient.’~®

Figure 2 shows the energies of the first Stokes
lines (480 nm for Hy, 453 nm for CH4) and of the
combination line (557 nm) as functions of pump-pulse
energy in a Ho—CH, gas mixture. The pump-pulse
duration was 2 ps, and the partial pressure was close
to the optimum, 38/12 atm. For the combination line a
conversion efficiency of as much as 8% was measured.
To increase the output energy efficiency in line 1_;_;
one should make the Stokes components I,_; and
I 1y equal with maximum accuracy, because in our
experiments we observed a strong dependence of the
energy in the combination line on the partial pressure
of the gases (see Fig. 1). Additionally, Fig. 2 shows a
very high total SRS conversion of ~30% for all three
components.

At the optimum partial pressure of the gas mixtures
we also measured the spectra of the SRS output
from the UV to the near IR. We observed more
than 40 different Raman lines: vibrational as well as
rotational and vibrational—rotational, with frequencies
that can be determined from Eq. (1).

In conclusion, we have investigated the efficien-
cy and spectral characteristics of SRS in the femtosec-
ond and picosecond time domains in two gas mixtures,
Hy;-Dy and Ho—CH,4. The optimal conditions for effi-
cient generation of combination lines were determined
theoretically and experimentally. A conversion effi-
ciency into the combination line at 557 nm of as much
as 8% was achieved. With 2-ps pump pulses SRS
in gas mixtures was demonstrated to be an efficient
method for simultaneous generation of many spectral
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lines from the UV to the near IR. For 200-fs pump
pulses white-light generation limited the ultimate con-
version efficiency at all Raman lines and especially at
the combination lines. Our theoretical calculations of
the optimum ratios of partial pressures for transient
SRS, which are inversely proportional to the Raman
cross sections, are in good agreement with the experi-
mental results. The measurements of optimal ratio of
partial gas pressures can be used for the determina-
tion of unknown Raman cross section of a gas by use of
transient SRS in a mixture of this gas with Hg (or CHy).
These experimental data on unknown Raman scatter-
ing cross sections might be useful for high-sensitivity
remote pulsed Raman spectroscopy of gaseous atmo-
spheric pollutants.
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