ArF laser photolysis of OCSe. Il. Effect of vibrational
excitation on Se('S) quantum yields
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The dependence of Se('S) production on the vibrational excitation of the parent molecule OCSe by a CO,
laser operating at 10.6 um has been examined for a photolysis wavelength of 193 nm produced by an ArF
laser. Measurements of the absorption cross section for several CO, laser lines as well as a determination
of the infrared energy deposition for the P(34) and P(44) transitions have been made. A vibrationally
induced enhancement of 25% in the Se('S) concentration has been observed and is interpreted as resulting
from a vibrationally induced increase in the UV absorption coefficient.

INTRODUCTION

It is now clearly established* that photolytically pro-
duced electronically excited fragments such as group VI
atoms (in the 'S electronic state) are attractive candi-
dates for a laser fusion source. For example, lasing
has recently been demonstrated on the electric dipole
forbidden transitions (:S~'D) and (*S~3P) in atomic
selenium.? Implementation of such a system requires

optimization of the production of these metastable atoms.

In particular, it might be desirable to shift the peak of
the quantum yield curve to longer wavelengths where
the constraints arising from photolytic sources and
optical materials are considerably relaxed.

One problem confronting the photolysis system de-
scribed in Ref. 1 is that the photolytic light source, in
addition to generating the 'S state, may also remove it
by photoionization. Further, the electrons produced
by this mechanism have been shown to efficiently quench
the S state.® These effects arise when the photolysis
wavelength is below the ionization threshold for the S
atom {131.5, 162.9, and 177.8 nm for O(!S), S(S), and
Se(!S), respectively]. An obvious solution to the photo-
ionization problem is to use a photolysis wavelength
longer than the photoionization threshold. Moving to
longer wavelengths may also allow the use of the effi-
cient rare gas halide lasers for photolysis. Unfortu-
nately, this generally results in a low photodissociation
quantum yield—in the case of 193 nm (ArF laser) pho-
tolysis of OCSe, the Se('S) quantum yield* is ~ 30%.
Therefore, in this paper, we examine mechanisms
which are able to modify the UV absorption/dissociation
precess, possibly leading to higher quantum yields at
larger wavelengths, One method of accomplishing this
is to mode selectively vibrationally excite the ground
electronic state of the donor molecule.

Vibrational excitation of ground state molecules has
been shown to be effective in modifying their visible and
ultraviolet electronic absorption profiles. 7 The fac-
tors that can contribute to this modification are illus-
trated in Fig. 1 and are described as follows.
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(1) The addition of the infrared excitation quantum
allows a small red shift in the UV quantum (§ in Fig. 1).

(2) The position of the vibrating molecule on the elec-
tronic energy surface is shifted from the ground posi-
tion, resulting in altered Franck-Condon factors (A’ in
Fig. 1).

(3) Bending vibrations can lower the symmetry of a
polyatomic molecule; thus, transitions that are sym-
metry forbidden in the ground configuration are aliowed
in the distorted molecule. (The strong 2600 A absorp-
tion in benzene is a good example of this phenomenon, %)
Moreover, energy surfaces that cross adiabatically at
the higher symmetry may avoid crossing when the sym-
metry is lowered; the avoided crossing can then give
rise to changes in the photolytic yield of a desired frag-
ment (A in Fig, 1).

These mechanisms could allow the efficient operation of
a photodissociation laser system at longer photolysis
wavelengths.
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FIG. 1. Schematic diagram of the effects of vibrational excita-
tion on the UV absorption process. State A is the state in-
volved in the symmetry allowed transition from the ground
state while A! is the state involved in the vibrationally induced
transition.
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The photolysis of OCSe at 193 nm by the ArF laser
was the subject of the preceding paper.® In this paper,
we extend that work to describe the effect of vibrational
excitation of the ¥, mode of OCSe on the quantum yields
of Se(*S).

EXPERIMENT

The experimental arrangement was similar to the one
used previously to study the effect of vibrational excita-
tion on S(1S) production from OCS" and is shown in Fig.
2. A transverse-electric-discharge-pumped ArF laser
(Lambda Physik) was focussed by a 3/4 m lens into a
six-port experimental cell. Typically, laser energies
between 1-30 mJ in a 15 nsec pulse were incident in the
cell. The cell was fitted with reentrant windows to allow
the possibility of examining the effect of bleaching at
193 nm. Due to the weak focussing, the beam area in
the observation volume was approximately 0.2 cm?. A
series of attenuators could be inserted in the ArF beam
before the cell and the intensity was monitored using a
CaF, beam splitter and a Laser Precision energy meter.

The fluorescence detection apparatus is comprised
of a RCA C31034A photomultiplier/filter system and is
similar to the one described in the preceding paper.
One modification which has been made is to use a slot
aperture to limit the viewing region to a volume which
is homogeneously excited by the ArF laser. Although
this reduced the fluorescence signal intensities by a
factor of 50 from those reported in the preceding paper,
signal/noise ratios were still greater than 10:1 for the
data reported here.

The two CO, lasers used in the experiments were
grating-tuned Lumonics 103 TEA lasers. The experi-

ments described here were performed at typical laser
energies of 350 mJ (0.5 cm?) in a long 1 usec pulse with
a 150 nsec dump spike. The two CO,; beams with per-
pendicular polarizations were combined an a ZnSe
Brewster angle beam combiner, passed through a vari-
able aperture, and entered the cell through a ZnSe win-
dow at right angles to both the ArF laser beam and the
detector optics. The lasers were triggered by pulses
from a four-channel variable delay generator (California
Avionics), which also triggered the detection apparatus.
The timing of the lasers was monitored by simulta-
neously displaying the outputs of a photon drag detector
for the IR beams and a Hamamatsu R617U photodiode for
the UV laser on an oscilloscope (Tektronix 7844). This
apparatus allowed us to vary the synchronization of the
laser beams in steps of ~ 100 nsec (the timing jitter of
ArF laser).

The infrared spectrum of OCSe has not been studied
in detail. Low resolution IR spectra have been taken
by Bavia et al.'® which indicate that the 0~ 2v, overtone
band, analogous to that observed in OCS, ! occurs at
927.1 em™. The ground state rotational constants (B
=0.134 cm™) have been derived from the microwave
absorption data of Strandberg ef al.'* From these data,
we can qualitatively predict which vibrational levels in
OCSe will be populated by the CO, laser at 10.6 um.
These levels are indicated in Fig. 3. Clearly, there
is a need for a high resolution study of the vibrational
bands of OCSe.

In order to predict the amount of vibrational excitation
obtainable under excitation by a pulsed CO, TEA laser,
we measured the absorption coefficient for several cw

CO, laser lines near 927 cm™. These data are shown
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FIG. 3. Vibrational levels in OCSe below 3000 cm™. The

black lines are the observed level positions from Ref. 10, The
dotted lines are the approximate positions of vibrational levels

whose position could be determined using the methods of Ref, 11.

in Fig. 4. Note that the band origin occurs at 927 cm™
with both P and R branches as expected. Maximum
absorption was observed on the P(34) and P(44) 10.6 ym
CO; lines. Using the ground state rotational constant

of B=0.134 cm™, we estimate that the P(34) absorption
corresponds to a ground state rotational guantum num-
ber of J= 14 whereas the P(44) would correspond to
J=23. We can estimate the absorption cross section
(0) trom?'®

o=ln<{;) - Nof;L , (1)

where f; is the fraction of the population NO in the level
J and is equal to f; > (rB/RT) (2J + 1) exp[ ~ hBJ(J + 1)/ET],
L is the absorption length, and I/, is the ratio of the
transmitted to incident laser intensity. For the above
rotational line and the parameter given in Fig. 4, we
find that o{P34)~ 7x10™'® cm® and o P44)~ 4x 1078 cm2,
From these cross sections, we can estimate a laser
intensity necessary to saturate the transition of I~ 10*
W/cm?, a value consistent with unfocussed CO, TEA
lasers. The P(34) and the P(44) CO, laser lines were
used in the subsequent experiments,

Since the number of vibrationally excited molecules
is of primary importance in the interpretation of the
combined UV/IR experiment, we have made energy
deposition measurements for different OCSe/rare gas
mixtures at the high CO, TEA laser intensities used in
the combined beams experiments. These experiments
were done in a 2. 8 m absorption cell using a Laser Pre-
cision energy meter/ratio-meter to measure the fraction
of the light absorbed in the gas. With this apparatus,
we measured an energy deposition of 0. 5+ 0. 25 CO,
quanta/molecule and 0. 30z 0. 15 quanta/molecule for the
P(44) and P(34) lines, respectively. These measure-
ments were taken at an OCSe pressure of 0.5 Torr and
a peak CO, laser intensity of 2 MW/cm?. The addition
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of 250 torr Xe buffer gas did not change this value by
more than 10%.

In the final stage of these experiments, the ArF and
CO, lasers irradiated the OCS sample synchronously,
allowing us to study the effect of OCS (v,) vibrational
excitation on Se(*S) production and fluorescence. One
of the CO, lasers was tuned to the 10.6 um P(34) line,
and the other to 10.6 um P(44), which excited the OCS
vibrational transitions described. The CO, lasers could
be fired simultaneously or individually and their timing
with respect to the ArF* laser was varied from 20 usec
before to 20 psec after the ArF* laser pulse. In these
experiments, data were taken at OCSe pressures of 0.5
and 1. 0 torr and Xe pressures of 100 and 200 torr, This
limited pressure range was necessary to insure that the
fluorescence intensity from the collision-induced Se(*s
-1D) transition was at least ten times greater than the
background Sef fluorescence intensity.

A sample plot of the dependence of the ratio of the
enhancement of the Se(*S) fluorescence on the timing
difference between the CO,[(P44, 400 mJ/cm?)] and ArF
lasers for an OCSe pressure of 0.5 and 1 torr and a Xe
pressure of 200 torr is given in Fig. 5. The enhance-
ment ratio was determined by recording the observed
peak of the XeSe* fluorescence at 780 nm (scaled to con-
stant UV laser intensity) with and without CO, laser
excitation and taking the ratio. This plot shows that,
when the infrared (vibrational) excitation occurs before
the ultraviolet {photolytic) excitation (7>0), the fluo-
rescence yield increases dramatically. This plot is
similar to the ones given in Ref. 6 for OCS photolysis,
As a check on the enhancement ratios, no increase in
the yield was observed when the CO, laser was triggered
after the UV laser. As can be seen from the plot, a
peak enhancement ratio of 25% was observed when
approximately half the OCSe molecules are excited to
the v, =2 vibrational level. An analysis of the fluores-
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FIG. 4. IR absorption data for OCSe for various CO, laser
lines in the 10.6 um P branch.

46 50

J. Chem. Phys., Vol. 70, No. 12, 15 June 1979

Downloaded 13 Jul 2004 to 128.32.47.71. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



5596
I I T I
PRESSURES
30 L Xe 200 torr —
OCSe @ 0.5 torr
0 1.0 torr
TYPICAL
DATA
SCATTER
€
c
=]
m —
™~
}—
<
Q
[31)
3] ]
z
<
I
=
[59)
ES |
-~
5 |- —
0 ] | | ] ]
0 4 8 12 16 20 24
TIME DELAY 7(CO5-UV) usec
FIG. 5. Vibrationally induced enhancement of the collision-

induced Se(‘S—JD) fluorescence at 780 nm as a function of the
time delay (7) between the CO, and ArF lasers.

cence decay rates with and without vibrational excita-
tion indicated that the increased collisional quenching of
the 1S state by vibrationally excited molecules observed
in Ref. 7 for OCS was not present in this case. This
can be qualitatively understood from the fact that OCSe
already has such a large quenching rate*® (k,=1.6x10™°
cm?/sec), a rate which approaches gas kinetic rates,
that the increase Ak,~2x107!% cm3/sec observed in

Ref. 6 would not be detectable under these circumstances.

A number of observations were obtained from these
data:

(1) the observed signal enhancement for excitation
with the P(34) CO, laser line was similar to that given
in Fig. 5 with the peak enhancement ratio reduced from
25% to 20%. This is consistent with the measured IR
energy deposition.

(2) The enhancement ratio was approximately constant
for CO, energy densities between 200~500 mJ/cm?,
consistent with the 0 -2y, vibrational transition being
saturated.

(3) Use of two CO, lasers [(P(34) and P(44)] at the
same total energy as the single laser data of Fig. 5 did
not increase the enhancement ratio.

(4) The enhancement ratio at 480 nm [Se(!S —3P)] had
similar values and time dependences to that shown in
Fig. 5. The Sef(B —~X) emission formed by the reaction
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Se(!S)+0CSe - Sef + CO

also shows a similar enhancement due to vibrational
excitation. All of these observations conclusively show
that the Se(!S) population has increased by approxi-
mately 25%.

DISCUSSION

As discussed in the Introduction, an increase in Se(*S)
population produced by vibrationally exciting OCSe be-
fore photolysis at 193 nm can arise from at least two
mechanisms:

(1) a vibrationally induced increase in absorption
coefficients at 193 nm (without a change in the photo-

fragment distribution), or

(2) a vibrationally induced increase in the branching
ratio into the Se(IS) photodissociation channel.

Clearly, both mechanisms could combine to give the
observed effect. In order to isolate an increase in
Se('S) quantum yield [mechanism (2)], one could mea-
sure the number of ArF laser photons absorbed with and
without vibrational excitation.!* Since this would require
a substantial modification of our experimental cell, we
chose the alternate technique of increasing the ArF
energy density to the point where all the OCSe had been
photolyzed. A simple bleaching analysis indicates that
an energy density of E(J/cm?) =#%w/c (where o is the
OCSe absorption cross section at 193 nm) is necessary
to completely photolyze the OCSe. For an absorption
cross section® of o~ 1077 cm?, we find that E= 100 mJ/
cm?®. Under these conditions, any change in the absorp-
tion cross section would not be observed and any in-
crease in fluorescence intensity could be directly attrib-
utable to an increase in the quantum yield for Se(!S)
production.

A plot of the Se(*S) fluorescence versus laser energy
flux is given in Fig. 6. In this experiment, the viewing
region was restricted using apertures to a volume where
the laser flux was approximately constant. Although the
relative laser fluxes shown in Fig. 6 are accurate to
less than 5%, the absolute value has an error of +25%
due to the fact that Se, is deposited on the cell window,
thus altering the window transmission during the course
of the expériment, As can be seen from Fig. 6, the
Se('S) fluorescence intensity without CO, excitation
(dots) depends linearly on the ArF laser energy up to a
flux of 70 mJ/cm?, where the plot starts to show bleach-
ing effects. The fluorescence intensity with CO, exci-
tation (squares) shows that, in the unbleached region,
the increase is approximately 25%, whereas under
bleached conditions (E> 120 mJ/cm?), there is no mea-
surable increase. These data clearly indicate that the
quantum yield for Se(!s) production has not significantly
changed and the effect must be attributed to an alternate
mechanism, such as an increase in the absorption coef-
ficient.

These results are in contrast to the recent data of
Black and Sharpless'* taken by measuring the tempera-
ture dependence of the S('S) quantum yield produced by
photolysis of OCS. In these experiments, an increase
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FIG. 6. Dependence of the Se(‘S) fluorescence intensity on the
ArF laser energy flux with (squares) and without (dots) CO,
laser excitation, The deviation from a linear increase at 70
md/em?® indicated that the ArF laser is bleaching the OCSe.
Note that the 28% increase observable at low laser energy fluxes
is not observable under bleached conditions.

in the S(*S) quantum yield was observed at elevated tem-
peratures and has been interpreted to be the result of a
vibrationally induced increase in the quantum yield. The
difference in the results of these two experiments could
be explained from the fact that the photolysis wavelength
used in our experiments is twice as far from the peak
of quantum yield curve for 'S production as was used in
Ref. 14, Certainly, experiments should be done over
the whole photolysis spectrum (172-193 nm) to deter-
mine the effect of the mode specific vibrational excita-
tion.

CONCLUSIONS

In conclusion, we have demonstrated that vibrational
excitation can significantly affect the UV absorption
process in OCSe. In these experiments, the Se('S) pho-
tofragment density produced by absorption at 193 nm
was monitored by observing emission on the collision-
induced 'S~ 1D transition at 780 nm. Our observation
indicate that the observed increase in the Se(*S) fluores-
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cence cannot be attributed to a vibrationally induced
change in the quantum yield, but rather is interpreted
as a vibrationally induced change in the absorption coef-
ficient. In principle, experiments such as these should
be also to determine specific parameters concerning
the potential surfaces of triatomic molecules. Studies
of the absorption spectrum of molecules with state spe-
cific vibrational excitation have generated much interest
in the past few years and will undoubtedly be developed
into a useful tool to diagnose the electronic structure of
polyatomic molecules.
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