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The vibrational energy distribution following v, overtone excitation of OCS by a pulsed CO,
laser is studied by monitoring the coherent anti-stokes Raman spectrum of the v, mode.
Because of the slow energy transfer from the pumped mode to other modes, and because the
anharmonicity of the v, mode is small, OCS is an ideal system for studying the interaction of
an intense infrared laser field with a single, nearly harmonic, oscillator. From the spectra the
cross anharmonicities of the v, mode are determined tobe x,, = — 6.0cm™'and x,; = — 2.7
cm ™, respectively. The time dependence of the spectra provides information on V-V energy

1

transfer rates. In particular, the measurements put a lower limit of k,,_,, = 1us™' Torr~' on
the vibrational relaxation rate within v, mode. At high excitation, the temperature of the v,
mode rises up to 2000 K, and hot bands are observed up to the n = 4 level. This fourth
overtone peak is split because of either a Fermi resonance or vibrational angular momentum

splitting.

I. INTRODUCTION

The discovery of infrared multiphoton excitation' led to
a large experimental>® and theoretical® research effort
aimed at understanding this phenomenon. Although the
gross features of infrared multiphoton are now well under-
stood, more detailed, quantitative spectroscopic information
is needed to understand the mechanism of the excitation and
the related intramolecular vibrational relaxation processes.
In the past few years time-resolved spontaneous Raman
spectroscopy experiments have provided information on the
vibrational energy distributions of infrared-multiphoton-ex-
cited molecules.>>¢

Nonlinear optical techniques’ make it possible to im-
prove the probing, and to provide more quantitative results.
For instance, coherent anti-Stokes Raman spectroscopy
(CARS), which has a wide spectral range and high temporal
and spectral resolution, is a particularly good technique for
studying infrared multiphoton excitation.®~'° Because of the
high signal level, CARS is much more sensitive than sponta-
neous Raman spectroscopy. In addition, using a folded
BOXCARS beam geometry'' one obtains a high spatial res-
olution. This not only eliminates the signal from molecules
outside of the region pumped by the infrared laser, but also
the nonresonant signal from the cell windows. Finally, with
multiplex CARS probing'? one can obtain the entire spec-
trum in a single laser shot and prevent problems associated
with laser power fluctuations. All these fundamental advan-
tages over spontaneous Raman make multiplex BOXCARS
an excellent technique for studying infrared multiphoton ex-
citation.

This paper reports on multiplex BOXCARS measure-
ments of the state-specific population distribution of OCS
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following infrared irradiation by a CO, laser. The OCS mol-
ecule has three widely separated fundamental modes
(v, =859 cm™, v, =527 ecm™!, v; =2079 cm™!). The
overtone of the v, mode can be excited with CO, laser fre-
quencies between the P(10) and P(26) lines of the 9.6 um
branch. Because of the wide separation of the vibrational
modes of OCS, and also because of a low density of states, the
intramolecular vibrational energy transfer is very ineffi-
cient.'’ In contrast, pumping and population redistribution
within the v, bending mode, excited by the CO, laser, is very
efficient owing to the small anharmonicity. Thus, OCS is an
ideal molecule for studying the interaction of a single anhar-
monic oscillator with an intense infrared laser field.

Since there are many excellent reviews of the CARS
technique,'4'° only the essential details will be given here.
In the next section, the theory of CARS scattering intensity,
the multiplex detection, and the folded BOXCARS geome-
try, will be reviewed. The subsequent sections present the
experimental arrangement and experimental data, and a full
discussion of the results obtained.

li. THEORY

In the coherent anti-Stokes Raman process, three pho-
tons, two at frequencies @, and one at ,, coherently interact
with the molecules through the third-order nonlinear sus-
ceptibility . The coherent interaction generates a polar-
ization at w. = 2w, — w,, which in turn gives rise to a coher-
ent signal'’

I(wc) OC12(6‘)|)I(a’2)'/1’(3)( — WesW Wy — wz)lz(AZz), (1)

where the /(w) are the intensities of the laser beams and Az is
the interaction length. The third order susceptibility y** can
be expressed as
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where AN is the population difference between the two Ra-
man transition states of the molecule, and (do/d{}) the Ra-
man cross section. By conservation of energy and momen-
tum, we have

a)c=2w1_w2, (3)
and
ke =2k, — k,, 4

respectively, where the k are the corresponding wave vec-
tors. Equations (3) and (4) show the main advantages of
coherent anti-Stokes spectroscopy. First, as can be seen from
Fig. 1(a), the spectral resolution is determined by the band-
width of the lasers at w, and w,. Second, momentum conser-
vation confines the coherent anti-Stokes photon to a small
solid angle, thus, greatly facilitating signal collection relative
to spontaneous Raman scattering.

There are several phase matching geometries satisfying
Eq. (4): collinear CARS, BOXCARS, and folded
BOXCARS. Of these, the folded BOXCARS arrangement
shown in Fig. 2, with the two », beams in one plane, and w,
and w( in another plane perpendicular to it, provides opti-
mal separation of the CARS signal from the input laser
beams, greatly improving the signal-to-noise ratio. Also,
spatial resolution is very high since the signal is generated
only in the overlap region between the », and @, beams. As
Fig. 2 shows, this geometry allows one to probe within the
width of the exciting infrared laser beam, thus excluding
signal from “cold” molecules outside the infrared laser
beam, and at the same time eliminating any nonresonant
signal from the glass windows.

The alignment of folded BOXCARS can be done rou-
tinely in a few minutes as follows. First, the phase matching
angle for the laser beams is calculated. Second, from these
angles, the location of each beam in front of the focusing lens
is marked using a plate with four pin holes. Then, the laser
beams are aligned through the pin holes in such a way that
they are perfectly parallel to each other. Next, a He~Ne laser
is aligned along the calculated direction of the CARS beam.
After the focusing lens is put in the path of the laser beams,
overlap of the beam waists is optimized by looking at the
elastic scattering from the ambient air in the overlap region.

-

(a) (b)

FIG. 1. (a) CARS energy level diagram, and (b) multiplex scheme.

When the scattering cell is put into place in the scattering
region, the CARS signal follows the He—Ne beam path. Us-
ing this procedure, for SF, at a pressure of 3 atm, the CARS
signal can easily be detected by eye. This allows easy align-
ment of the detection optics and the spectrometer behind the
scattering cell.

For a fixed ,, there are two methods for scanning the
Raman spectrum. If @, is a narrow band laser, the spectrum
can be obtained by scanning the frequency w, of the laser.
The disadvantage of scanning is that since CARS is a nonlin-
ear technique, jitter, both spatial and temporal, in the @, and
®, lasers results in noise in the spectrum when it is collected a
point at a time. Alternatively, one can use a broad band dye
laser at w,, as illustrated in Fig. 1(b), in which case the entire
CARS spectrum is generated simultaneously. In the latter
case, called multiplex CARS, the spectrum is obtained by
dispersing the CARS output beam through a monochroma-
tor and collecting the signal on a detector array. In contrast
to scanning CARS, the entire spectrum can be obtained in a
single laser shot, thus eliminating shot-to-shot intensity var-
iations. Also, because of the much shorter data-acquisition
time, the signal-to-noise can be greatly enhanced. On the
other hand, one must sacrifice spectral resolution, which
now is not determined by a convolution of the laser wave-
lengths, but by a convolution of the resolution of the disper-
sion monochromator, multiplex detector, and the line width
of w,. For the purpose of this work, however, sufficient spec-
tral resolution could be obtained with a high resolution spec-
trograph, and, therefore, the multiplex scheme was em-
ployed throughout the experiments.

1. SETUP

A schematic view of the setup is shown in Fig. 3. The
infrared radiation is generated by a grating-tuned CO, laser
with 250 ns pulse duration and a maximum energy of 200
mJ. For the 2v, overtone excitation of OCS the laser was
tuned to the P(24) line of the 9.6 um branch. The infrared
beam is focused into the interaction cell by a cylindrical lens
with a 15 cm focal length. The CARS laser beams are derived
from the output of a Quantel YG471C Nd:YAG laser with
10 ns pulse duration and 200 mJ average second-harmonic
output at 532 nm. About 50 mJ is used for the two @, beams
(25 mJ each), while the remainder serves to pump a broad
band dye laser-amplifier system at w,. The prism tuned
broad band laser, operating on Fluorescein 548 dye around
550 nm, produces 20 mJ pulses of 6 ns pulse duration, and 60
cm ™' linewidth. These pulses are amplified to 20 mJ in two

COylLaser

FIG. 2. BOXCARS beam configuration, and phase matching diagram.

J. Chem. Phys., Vol. 91, No. 3, 1 August 1989



1464 Chen et al.: Infrared-multiphoton-excited OCS
g + E] . O
— [ ]
@ o E
] h = q
5 .1— CO, -laser P20
o] A
< H ;
> .
: T H ]
g8 FIG. 3. Experimental setup.
-
Q
o
[ =
Q
Y =
- a

CARS cell
Broadband dye-laser /

stages. All the w, and w, beams are vertically polarized, and
are aligned parallel to one another before being focused into
the scattering cell with a 25 cm focal length lens. The in-
frared laser beam and the CARS laser beams cross at right
angles inside the scattering cell. The beam waist and the
interaction length of the CARS beams are 80 and 200 um,
respectively. The dimensions of the infrared pump beam in
the interaction region are 110 £m and 18 mm, respectively.

The CARS beam generated in the interaction cell passes
through an aperture which spatially rejects the w, and w,
beams. A cutoff filter, which rejects light of wavelength
longer than 520 nm, is used to further reduce the elastically
scattered light from the windows and other background ra-
diation. The signal is then dispersed using a Jarrel Ash 78-
420 1 m £/6.2 monochromator with a 0.05 A resolution in
second order. Instead of using the output slit of the mono-
chromator, the dispersed CARS signal is recorded on the
(horizontal) entrance slit of a Hamamatsu C1587 streak
camera system with a 512 by 512 detector array. The result-
ing spectral resolution of the entire system is 0.12 A. The
dispersion of the monochromator was calibrated with the 6
A separation of the two Na D lines. For each spectrum an
average over 50 shots is taken to obtain a good signal-to-
noise ratio.

Because of the difficulty in accurate synchronization of
the CO, and Nd:YAG lasers and the streak camera, the mea-
surements presented here do not make use of the temporal
resolution of the streak camera. Instead, time resolution was
obtained by varying the delay between the pump and the
probe pulses. The synchronization of the lasers is achieved
electronically by controlling the timing between the Q
switch of the Nd:YAG laser and the voltage drop of the high
voltage discharge plates of the CO, laser. The time delay can
be varied from 0 to 6 us with a 20 ns jitter. In the near future
we plan to improve this by making use of shorter (subnano-
second) infrared pulses and obtaining the timing informa-
tion from the streak camera. In that case, both spectral and
time dependence of the CARS signal can be obtained in a
single shot.

A number of consistency checks was performed. First, it
was verified that the signal only occurs in the presence of all

three input laser beams. Second, by varying the pressure of
the gas sample, it showed the CARS signal depends quadra-
tically on the sample pressure as expected from the AN 2 de-
pendence in Eqs. (1) and (2). However, when the intensity
of the @, or w, beams was varied by putting neutral density
filters in the laser beam paths, we could not obtain the ex-
pected relation between the CARS signal and intensities of
the w, and w, beams as described in Eq. (1). This difficulty,
which is common in all nonlinear optical technique, can be
attributed to the fact that the beam overlap in the interaction
region changes when filters are inserted in the laser beam
paths.

IV. RESULTS AND ANALYSIS

The experimental results are shown in Figs. 4 through 7.
The CARS spectrum of the v, mode of OCS at room tem-
perature is shown in Fig. 4. The right-most peak is the
ground state peak for the v, mode, and corresponds to the
vibrational transition between the (v,,0,,0,) = (0,0,0) and
(1,0,0) states. The second peak from the right reflects the
bending hot band (0,1,0) - (1,1,0) and the barely visible,
left-most peak is due to the ground state of the 3*S isotope,
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FIG. 4. CARS spectrum for OCS at p = 100 Torr and T = 300 K.
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FIG. 5. CARS spectrum for OCS at p = 100 Torr, 200 ns after excitation.
CO, laser fluence: 9.2 J/cm?.

which has a 4% natural abundance. This **S ground state
peak is just at the limit of the sensitivity of our apparatus.

After infrared excitation dramatic changes in the spec-
trum occur. Figure 5 shows a typical spectrum 200 ns after
infrared excitation. A large decrease in the fundamental
peak is observed (note the difference in vertical scale), and
additional hot bands corresponding to excitation in the v,
ladder up to v, = 4 appear in the spectrum. This fourth over-
tone peak always appears to be split.

For longer delays the spectrum continues to change.
Figure 6 shows the spectrum 4 us after the infrared pump. In
addition to the structure observed for short delay times,
small peaks appear between the v, hot bands. Each peak is
also more asymmetric than the corresponding ones in Fig. 5.

The overall time evolution of the CARS spectrum at 50
Torr is shown in Fig. 7. Note that the strong ground state
signal depletion for time ¢ <1 us, and the slow recovery at
longer time delays. In contrast, the other peaks in the v, hot
band grow and then decrease again. At the same time, the
intensity of the additional small peaks in between the v, hot
band peaks increases with time.
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FIG. 6. CARS spectrum for OCS at p = 100 Torr, 4 us after excitation. CO,
laser fluence: 9.2 J/cm>.

v, 840 850 860 -1 870

FIG. 7. CARS spectrum for OCS at p = 50 Torr, for various delay times
after excitation. CO, laser fluence: 9.2 J/cm?.

The intensity distribution of the hot band peaks reflects
the square of the population distribution in the v, mode.
Since CARS is a nonlinear technique, however, care must be
exercised when determining the population distribution
from the intensity distribution.'® If the rotational lines are
closely spaced, which is true for the Q branch spectra of
molecules with a small rotational constant, the population
distribution N(E) can be obtained by taking the square root
of the area within the full width half-maximum (FWHM) of
each peak. For the room temperature spectrum shown in
Fig. 4, the distribution thus obtained is in good agreement
with a room temperature Boltzmann distribution. A com-
parison of the population distributions for infrared multi-
photon excited OCS with Boltzmann distributions is shown
in Fig. 8. The vertical axis plots the population N, obtained
from the square root of the FWHM peak area as explained
above, divided by the degeneracy g = v, + 1 of the corre-
sponding level v,. During the excitation, for a delay of 200

1000 = | T T T | =

C ocs ® 1180K .
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FIG. 8. Population distributions of the v, mode of OCS at p = 100 Torr, 200
ns (@) and 500 ns (O) after CO, laser excitation (9.2 J/cm?). The closed
circles are from the spectrum in Fig. 5. The lines show Boltzmann fits for
T = 1200 (plain) and T = 1500 (dashed).
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FIG. 9. Temperature of v, mode vs delay time after a 9.2 J/cm® CO, laser
excitation for different OCS pressures (V: 10 Torr, B: 25 Torr, O: 50 Torr,
@®: 100 Torr).

ns, the distribution is still in excellent agreement with a
Boltzmann distribution at a temperature of 1200 K. At high-
er excitation, however, deviations from a Boltzmann distri-
bution are observed. While the population of all but the
ground state are still well described by a Boltzmann distribu-
tion at T = 1500 K, the v, = O state has a lower population
than expected. Figure 9 shows the temperature evolution of
the v, mode for sample pressures ranging from 10 to 100
Torr.

The dependence of the excitation on the CO, laser wave-
length was also investigated by tuning the laser from the
P(10) to P(26) line on the 9.6 £m branch. The experiment
was performed at a pressure of 70 Torr, a delay of 1 us, and
aninfrared fluence of 7.6 J/cm?. For each run the population
distribution and temperature of the v, mode was determined
as described above. Where deviations from a Boltzmann dis-
tributions occurred, the best fit value was taken. The result is
shown in Table I, together with the CO, laser excitation

|
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TABLE I. Temperature of the v, mode after excitation at different CO,
lines. The energy mismatch between the laser wavelength and the closest
rovibrational transition from Ref. 19. The population of the initial rota-
tional state N, is also given.

OCS transition
CO, laser Energy (0,0,0) - (0,2°,0) Mismatch T,

fine (cm™") (cm™Y) N, (em™") (K)
P(26) 1041.28 P, 1041.48 0.85 0.20 750
P(24) 1043.16 P, 1043.04 0.68 0.12 900
P(22) 1045.02 P 1045.03 0.38 0.01 1050
P(20) 1046.85 P, 1046.64 0.11 0.21 500
P(18) 1048.66 R, 1048.68 0.25 0.02 800
P(16) 1050.44 R, 1050.33 0.51 0.11 500
P(14) 1052.20 Ry, 1052.01 0.73 0.19 550
P(12) 1053.92 R, 1054.13 0.92 0.21 450
P(10) 1055.63 R, 1055.85 0.99 0.22 450

wavelength, the closest rovibrational overtone transition, '’
the energy mismatch between them, as well as the room tem-
perature population of the initial rotational state.

The data in the table clearly show that there is a correla-
tion between the energy mismatch and the excitation tem-
perature 7, . When the mismatch is small, the excitation is
large. In addition, the population of the initial state also
plays a role: the larger the population, the larger the fraction
of excited molecules, and consequently the higher the excita-
tion temperature. In addition to the mismatch listed in the
table, the mismatch of higher lying transitions, such as the
(0,1,0) - (0,3,0), and (0,2,0) - (0,4,0) transitions, also
play a role.

V. DISCUSSION

The OCS spectra presented in the previous section pro-
vides information on the cross anharmonicities and the vi-
brational relaxation. The spectra are determined by the vi-
brational energy

E(v,v5,05) = (0, + 1/2)hv, + (0, + DAv, + (05 + 1/2) Ay,
+ x,,(v, + 1/2)2 +x22(1}2 + 1)2 +x33(U3 + 1/2)2
+ x50+ 1/72) (0, + 1) + x5(v, + 1/2)(U3 +1/2) + X550, + 1)(U3 +1/2) + hgzzl2 + -y (3

where v; is the vibrational quantum number of mode 7, x; the
(cross) anharmonicity, / the vibrational angular momentum
for the twofold degenerate v, mode, and g,, the anharmoni-
city of the / states. The first line in the right-hand side of Eq.
(5) contains the harmonic contributions, the second line the
anharmonic ones, and the third line cross anharmonic and
vibrational angular momentum contributions.

From the position of the peak in the CARS spectra one
can determine the value of the cross anharmonicities. From
Eq. (5) we see that v, hot band peaks of the v, mode are
displaced by multiples of the cross anharmonicity x,,. The
displacement between the (000)—-(100) and the
(010) - (110) peaks (asin Fig. 5) yield x,, = — 6.0cm™".

A comparison of this result with published cross anharmoni-
cities?®*? is shown in Table II.

Comparison of Figs. 5 and 6, taken at delay times of 200
ns and 4 us, respectively, shows that at longer time delays
extra small peaks appear between the v, hot band peaks.
These peaks are due to the collisional transfer of population
to the excited states of the v; mode, and can be attributed to
the v hot band, i.e., (0,0,1) - (1,0,1),(0,1',1) — (1,1',1),
etc. In analogy to the v, hot band, these v, hot band peaks are
displaced from the v, hot band peaks by the anharmonicity
x,3. From the position of the small peaks it follows that
x;3 = —2.7em™*, which agrees well with literature values
(see Table II).
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TABLE IIL. Comparison of the cross anharmonicities of OCS obtained in
this paper with published calculated and measured values. Data in Ref. 21 is
from spontaneous Raman spectrum of liquid OCS.

Measured
This work Calculated
(em™) Ref. 20 Ref. 21 Ref. 22
Xy —6.0 - 7.16 —70 -3.14
X3 —-27 —-297 —2.53

Figure 9 shows that the temperature of the v, mode con-
tinues to rise for 1 us. This rise, which is relatively slow
compared to the 250 ns FWHM duration of the CO, laser
pulse, can be attributed to the long 1 us tail of the laser pulse.
In addition, Fig. 9 shows that a higher temperature is ob-
tained at higher sample pressures. For short time delays the
temperature increase is nearly linear with pressure, which
implies that the excitation is enhanced by collisional pro-
cesses. This collision assisted excitation can be understood as
follows. First, pressure broadening helps compensate for the
anharmonicity. Second, because the CO, laser is resonant
with a specific rovibrational transition, the excitation creates
a hole in the rotational manifold. Collisions redistribute the
population in the rotational manifold, refilling the hole,
thereby assisting the excitation and reducing saturation of
the pumped transition. In addition to the collision assisted
excitation, a faster decay in temperature is observed at high
pressure, consistent with a collisional relaxation of the exci-
tation energy to other modes and other degrees of freedom.

From the time dependence of the spectra one can obtain
information on the vibrational relaxation rates. The fast re-
laxation of energy within the v, mode is most clearly reflect-
ed by the fact that even though the laser populates the v, = 2
state, the population of the v, = 1 state always exceeds the
population of the v, = 2 state. In general, the large popula-
tion in the odd states implies that the energy transfer rate to
those states exceeds the excitation rate. The observed equi-
librium of energy of a time scale of 100 ns at 10 Torr provides
a lower limit of k.., >1 us™' Torr~' for the collisional
relaxation rate of the v, mode. As a result of this fast relaxa-
tion most spectral reflect a Boltzmann distribution with a
well-defined temperature, see for instance the closed circles
in Fig. 8. At high excitation, however, the v, = 0 state was
observed to have a lower population than predicted from a
Boltzmann distribution (see, for instance, open circles in
Fig. 8).

Energy transfer rates between v, and the other vibra-
tional modes have been reported in the literature.'® The re-
ported rate constants are k, ., =12 ms™' Torr~', and
k,,.,, =3.3ms™"' Torr'. The appearance of the v, peaks
and the signal depletion discussed below are consistent with
these relaxation rates. Finally, comparing Figs. 5 and 6, one
notices that the peaks in Fig. 6 are more asymmetric. This
can be attributed to population of higher rotational states at
longer delay times because of relaxation of vibrational ener-
gy to the rotational degrees of freedom.

In addition to the large decrease of the ground state peak
intensity upon infrared irradiation, there is an overall deple-

-V,

tion of the CARS signal. This depletion can be seen by ana-
lyzing the area of the peaks in the CARS spectra in more
detail. According to Egs. (1) and (2) the square root of the
area under each peak is proportional to the population dif-
ference between the (0,v,,0) and (1,v,,0) states. Figure 10
shows the AN obtained by taking the sum of the square root
of the areas under each peak. Clearly, there is a decrease in
the population difference of the first two states of the v,
mode as either the delay time or the pressure increases. This
overall signal depletion, which is not unique to OCS, and
which has been observed previously also for other mole-
cules,?>?** can be caused by a number of processes: dissocia-
tion, thermal lensing,?>?® transfer of population to other
modes, or to levels above v, = 4.

If dissociation occurs, it will result in signal depletion
because of a reduced number of molecules in the probe re-
gion. Because of contradictory reports in the literature,?”?®
the possible occurrence of dissociation was investigated.
Since maximum depletion is observed at high pressure, a 100
Torr sample was irradiated with 1.5 10° CO,-laser pulses
[irradiation volume: 103 cm?; cell volume: 10 cm?; fluence:
9.2 J/cm?; laser line: 9P(24)]. Subsequent Fourier trans-
form infrared (FTIR) analysis, with a sensitivity of 100
ppm, showed no trace of CO, one of the dissociation prod-
ucts. This rules out dissociation as one of the possible causes
for the observed signal depletion. Thermal lensing can also
be ruled out, since the response time for this effect is the same
as that for V-T relaxation (0.4 ms Torr)?>° which is signifi-
cantly longer than the observed signal depletion rate.

The population of the levels above v, = 4 is not included
in the calculation of AN in Fig. 10, because it cannot be
determined directly from the CARS spectra. The population
distributions in Fig. 8 nevertheless provide a method to esti-
mate the fraction of molecules above this level; for a Boltz-
mann distribution at a temperature of 1500 K, this fraction is
about 15%—much less than the 40% depletion of AN
shown in Fig. 10. The appearance of the v; hot band peaks in
Fig. 6, however, shows that the (v,,v,,0; = 1) states are pop-
ulated. Since the CARS signal from the v, hot band is pro-
portional to (N, 0 — Ny,.0 ),> any energy transfer to states

1.0 T T T T T
oCs

06 [~

04 ™ 1
O 50torr
02 ® 100 torr m
w!
0 | | | | ]
0 At 2 4 s 6
——————-

FIG. 10. The total population difference AN between the (0,u,,0) and
(1,0,,0) states for v, = (0,...,4) versus delay time after 9.2 J/cm? CO, laser
excitation for different OCS pressures (O: 50 Torr, @: 100 Torr).
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other than (0,0,,0) will diminish the CARS signal. There-
fore, the additional signal depletion in Fig. 10 must be attrib-
uted to transfer of energy to the v, and v, modes.

Finally, all spectra show that the v, = 4 peak is split into
two peaks with a separation of 1.2 cm ™", This splitting can
be caused either by a Fermi resonance between v, = 1 and
the / = O state of v, = 4 state,”® or by the vibrational angular
momentum splitting of the v, mode. To distinguish between
these two possibilities higher resolution data are required,
for instance, using scanning instead of multiplex CARS.
This would offer a very accurate method for determining
either the state mixing in the case of a Fermi resonance, or
the third order anharmonicity which results in a splitting of
the / states.

VI. CONCLUSIONS

This paper presents a detailed study of the intramolecu-
lar vibrational energy distributions in infrared multiphoton
excited OCS in the collisional regime using time-resolved
multiplex coherent anti-Stokes spectroscopy. The anhar-
monicities x,, and x5, the vibrational relaxation of the exci-
tation energy to other degrees of freedom reported in this
paper are consistent with values reported in the literature.
The evolution of the spectra shows that the excitation energy
rapidly equilibrates within the v, pumped mode (%, ., >1
pus~! Torr™'), and that at all but the highest excitation the
population in the v, mode is well described by a Boltzmann
distribution.

Coherent anti-Stokes Raman spectroscopy clearly is a
powerful tool for the study of infrared multiphoton excita-
tion. In addition to measuring other molecular systems and
to studying pure rotational CARS spectra, several improve-
ments of the current apparatus are currently in progress.
First, measurements will be carried out in a molecular beam
to ensure collisionless conditions. Second, shorter infrared
excitation pulses will be employed, and, third subnanose-
cond time-resolution may be obtained on a single-shot basis
by employing the time dispersion of the streak camera.
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