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Ultrafast photodissociation dynamics of OCS on the dissociative potential energy surface (PES) of the
electronically excited=* state was investigated by photofragment excitation (PHOFEX) spectroscopy and
time-dependent wavepacket calculations. The high-resolution PHOFEX spectrum of the'Entif&*
transition (63 308-69 350 cn1?) in the vacuum ultraviolet (vacuum UV) region was measured under jet-
cooled conditions by using a tunable vacuum UV laser as an excitation light source and by monitoring the
fragment S{S) atom. Due to sufficient vibrational and rotational cooling in a supersonic jet, a simple and
distinct vibrational progression of tH&*—1=* band was recorded free from vibrational hot bands and the
broadening by rotational structure. The autocorrelation function obtained from a Fourier transform of the
PHOFEX spectra clearly exhibited recurrences with a period of 42 fs, corresponding to a period of the
vibrational motion at the transition state along the direction perpendicular to the dissociation coordinate.
This interpretation of the ultrafast motion in the transition-state region was supported by the wavepacket
calculation on thab initio PES obtained in the present study, which afforded a period of 48 fs for vibrational
motion along the in-phase CO and CS stretching mode at the transition state ab thido PES. The
distinct six peaks broadened due to the fast dissociation process were assigned to the transitiers =&t the
0-5 levels, whereasrs represents a vibrational quantum number for the Feshbach resonances in the in-phase
stretching mode at the transition state. For the = 0 peak, the narrowest width corresponding to the
lifetime, t(vrs), of T(0) = 133 fs was obtained. It was found that the dissociation lifetime first becomes
shorter for a largerrs, i.e., (1) = 44 fs andr(2) = 27 fs, and then, the peak width becomes narrower for

the higher vibrational states abowvgs = 2, with corresponding lifetimes af(3) = 47 fs andt(4) = 44 fs.

This deceleration of the dissociation rate for the largerstates was interpreted as a result of trapping of a
wave function in the in-phase stretching or the CO stretching vibrational motion suppressing the motion
along the dissociation coordinate. All six main peaks in the PHOFEX spectra exhibited a characteristic
asymmetric profile, originating from the interference between the zero-order discrete states for the in-phase
stretching vibration at the transition state and the zero-order continuum states corresponding with the motion
along the dissociation coordinate. In the main progression of the PHOFEX spectra, the reversal of the
asymmetry direction was also observed. Tdigversal phenomenon was ascribed to the characteristic shape
of the excited'>"* PES near the transition region which causes a phase shift in the wave functions in a
narrow energy range.

I. Introduction 100 and 10 fs. The transition state governs the energy flow
from the reactants to the products and, thus, plays a central role
in determining the characteristic properties of the photodisso-
current chemistr:2 The studies on fast photodissociation ciation such as dissociation rate and product-state distribution

dynamics in polyatomic molecules have been motivated by a ©f the photofragments.

fundamental desire to know how the energy imposed on a In recent years, every effort has been paid to elucidate the
molecule evolves among various degrees of freedom, such aglynamics of photodissociating molecules near the transition
electronic, vibrational, rotational, and translational degrees of state. By various laser spectroscopic techniques, the scalar as
freedom within a molecule, and how the bond breakage occursWell as the vector properties of the photofragments have been
in the course of the intramolecular energy transfer. One of the derived to infer the transition-state dynamfcsThe recent

key words which are crucial to describe photodissociation as advent of ultrashort-pulse laser technology has enabled us to
well as chemical reaction processes igansition statewhich probe the ultrafast phenomena near the transition state in a more
represents a transient molecular configuration located betweendirect way. Femtosecond spectroscopy has been applied to a

the reactant and product states with a typlifatime between ~ Variety of molecules and molecular complexes and proved to
be a promising technique to study the transition-state dynamics
* Author to whom correspondence should be addressed. in a real time scalé.

T Dedicated to Prof. Saburo Nagakura on the occasion of his 75th birthday .
and retirement from the Graduate University for Advanced Studies, Japan. ©On the other hand, as has been discussed by Hetfes,

€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. essential information about the vibrational dynamics of dis-

The ultrafast dissociation process of small polyatomic mol-
ecules initiated by photoabsorption is an important subject in
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Figure 1. Schematic diagram of the experimental setup for the present vacuum UV PHOFEX measurements.

sociating molecules near the transition state is fully encoded in progression in th&*—1=*+ absorption band of OCS in the deep
an optical absorption spectrum. The absorption spectrum invacuum UV regior¥ 1 By employing photofragment excitation
the frequency domain can be translated by the Fourier trans-(PHOFEX) spectroscopy combined with a tunable vacuum UV
formation to the autocorrelation function in the time domain, laser and a supersonic-jet-cooling technique, we demonstrated
which describes a periodical motion of the wavepacket on the that the spectrum corresponding with the high-resolution
excited potential energy surface (PES). The Fourier transform absorption spectrum could be measured under ultracold condi-
analysis of an absorption spectrum has proved to be a powerfultions.

method to extract the dynamical information of the system.  From the Fourier transform of the absorption spectrum of
As has been clearly shown for G@y Schinke and Engél,  OCS measured by McCarthy and Vaidawe obtained the
peaks in the autocorrelation function can be closely related to vibrational period of 41 fs and regarded the period as that of a
periods of classical unstable periodic orbits on the dissociative characteristic vibrational motion along the unstable periodic orbit
PES. An application of the Fourier transform analysis to the near the transition-state regi®nFurthermore, on the basis of
Hartly band of ozone by Johnson and Kins@emonstrated  the profiles and widths of the transition peaks in the PHOFEX
that small oscillatory structures built on a broad absorption spectrum covering the lower half region of tH&"—13* band,
feature contain the information of the classical trajectories of which were measured free from vibrational and rotational

the vibrational motion at the transition state on the PES, leading congestion, state-specific dissociation processes have been
to a unimolecular dissociation. discussed®1!

A clearer understanding of such dynamics near the transition |n our previous studies, the PHOFEX measurements was
state from an experimental autocorrelation function has often restricted to the three low-lying peaks in the lower half region
been provided by theoretical time-dependent wavepacket cal-of the I=+—13+ band. In the present study, we extended the
culations? The energy flow among the various degrees of PHOFEX measurements toward the higher energy region to
freedom in the course of the photodissociation is expressed incover the entire!St—1s+ band (63 306-69 350 cni?) to
this method as the time evolution of a wavepacket on the gptained more complete experimental information regarding the
multidimensional excited-state PES. For instance, the oscillatory photodissociation dynamics. We also derived the PES of the
structure observed in the Hartly band of ozone has beenmostly repulsivel=" state from anab initio calculation and
satisfactorily reproduced recerftlpy 3D wavepacket calcula-  performed a wavepacket calculation on the obtained PES in
tions on anab initio PES, revealing the quantum mechanical order to identify the transition-state vibrational motion with the
origin of the oscillatory structure as the Feshbach-type reso- 41-fs period. By combining the new experimental and theoreti-
nances. cal results, we drew a consistent picture of characteristic

Optical absorption spectra of simple polyatomic molecules vibrational dynamics of OCS, forming the well-isolated vibra-
often exhibit broadened vibrational band profiles, especially in tional Feshbach resonances in the transition-state region.
the vacuum ultraviolet (vacuum UV) wavelength regioms
explained above, such spectra in the vacuum UV region should| - gxperimental Section
contain valuable information about a very fast photodissociation
process occurring in the excited-state PES on a subpico- to The experimental setup used in the present work is shown in
femtosecond order, and thus, the molecules are considered td-igure 1. The coherent vacuum UV light to photolyze the OCS
be promoted directly to the transition-state region for unimo- molecule was generated through the two-photon resonant four-
lecular reaction by photoabsorption. However, in the previous wave difference frequency mixing technigtfeln order to cover
photodissociation studies in the vacuum UV region, laser the wide energy range (14458 nm) of the photolysis light,
spectroscopy has provided only fragmental information at fixed two different nonlinear media, Xe and Kr, were used for the
wavelengths such as 157 and 193 nm, and until very recently, wavelength region between 150.1 and 158.0 nm and between
little effort has been paid to record a high-resolution absorption 144.2 and 149.9 nm, respectively. Two tunable dye lasers
spectrum in the vacuum UV region, to extract rich and precise (Lambda Physik FL3002) were simultaneously pumped by an
information about the dissociation dynamics. We recently excimer laser (Lambda Physik LPX205i). The frequency-
focused our attention on the distinct and simple vibrational doubled outputd;) of the first dye laser was tuned to the two-
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photon resonance to the Xe 6p[1/280 119.474 cm?) or the -509.9 . 1 ;

Kr 5p[1/2], (94 093.662 cm?) level, while the wavelength of [

the second dye laser, whose wavenumber is denoted, agas 510 L ]

scanned between 595 and 738 nm for Xe and between 365 and

404 nm for Kr, respectively. The two laser beams were g 1%

overlapped colinearly by a dichroic mirror and focused withan £ sroa 2 SCPHCOC)]

achromat lensf(= 300) into a stainless steel cell containing < ]

the nonlinear medium. The generated coherent vacuum UV ? -510.2 |- o3+ 7

light was collimated by an LiF lens, separated from ¢heand ia SCspcoizy]

2 light beams by an LiF prism, and led to a vacuum chamber, § 103 | m s(Dycotsh]

where the vacuum UV light beam crossed a pulsed free-jet &

expansion of sample gas (OCS (7%)/Ar with 1.5 atm of 104 & 1z ]

stagnation pressure) 8-mm downstream from the nozzle orifice. - ]
The fragment S8) atom was probed by the laser-induced Z ‘ . , ‘ .

fluorescence (LIF) in the following scheme: B T T T T T T s s as

R (A)

OCS+ hv (144-158 nm)— CO(X'=") + S (S) (1)
Figure 2. Shape of the CASSCF potentials for the low-lying singlet
states of OCS as a function of the CS bond lenféb(= 1.16 A).

S¢s) + hv (219 nm)— SED,°%) 2)
be 5 K, which was obtained by fitting the intensity pattern of
the rotational structure of thelNI—X=* transitions of CO,

SCD,%) — SEP)+ hv (148 nm)
measured under the same expansion conditions.

3)
Since the photodissociation of OCS in the 3460-nm region
produces the $8) atom with high absolute quantum yield (.8 !ll-
1.0) the PHOFEX spectra obtained by prot_)ing}sa(atoms A. Ab Initio Potential Energy Surfaces. The PES’s of low-
are expected to be very close to the absorption spectra. lying singlet excited states of OCS were obtainedabyinitio

For the probe light, the frequency-doubled output of a dye molecular orbital calculations. The complete active space self-
laser (Questek 5200B), which was pumped by another excimer consistent-field (CASSCF) method was used with the valence
laser (Lambda Physik EMG101MSG), was used. The delay double-plus polarization (cc-pVDZ) basis skt. The present
between the photolysis light and the probe light was controlled calculations were carried out with the MOLPRO suiteatf
by a digital delay generator (Stanford DG535) and was fixed initio programs developed by Werner and Knowigs.
to 0.2-0.3 us. The delay was sufficiently large to eliminate The electronic ground state of OCS has the Hartfeeck
the weak fluorescence of a trace amount of CO contained in configuration
the OCS sample (Matheson, 97.5% purity). The probe laser
was mildly focused by a quartz len=€ 800) and introduced
into the chamber colinearly with the vacuum UV light in the
counterpropagating direction. The profile of the probe laser at

the3crossmgtLe%|oln with thg Jetl eXp?Q spr; was reTcr:gngul?lr & 9 orbitals (%, 27, 37, 47, 100, 110) as the active space. Three
x 3 mm), with its longer side along the jet axis. IS profiie >+, two A, two IT, and oneX~ states correlate with three low-

of the probe laser assured the spatial overlap between the prob¢ . n
; ing asymptotes, SP) + COCII), S{S)+ CO(="), and SID)
and photolysis laser beams throughout the wavelength scan ozyr COESH). In order to obtain sufficiently accurate energies

the photolysis light, which may cause a horizontal walk-off of for these 8 low-lying electronic states, the 12 states (52A
the laser beam position. Furthermore, in order to keep the By, 2 By, and 3 A in Cy, symmetry) ha\;e been optimized in a
securer spatial overlap for a long-range photolysis wavelength state-averaged CASSCF procedure with equal weights.

scan for the lowest energy peak at 1.57 nm exhibiting & Shownin Figure 2 are the potential curves of OCS obtained
structureless broad feature, the autotracking system for the LiF f . .

ism has been develonéd. rom .the CASSCF method for the low-lying singlet states as a
prism P . function of the C-S bond length Rcs). The C-O distance

The 148-nm fluorescence from the3B(°) in eq 3 was (Reo) was fixed atRco = 1.16 A, i.e., the equilibrium €0
detected by a solar blind photomultiplier (Hamamatsu R1259) gistance of the electronic ground state of O€SThe first
with LiF focusing lenses, located in the direction perpendicular eycited state was calculated to be thestate resulting from a
both to the laser beams and to the free jet. The signal from the3; — 47 excitation. This!A state, 2A, was found to correlate
photomultipler was amplified by a preamplifier (NF BX-31) = adiabatically with S{D) + COE=+) and diabatically with SP)
and averaged by a boxcar integrator (Stanford SR250). The+ COEII) as the asymptotes. A strong avoided crossing
intensities of the photolysis and the probe laser beams werepetween the 1A state and the second lowéat state, 2A, forms
monitored by a photomultiplier and by a photodiode, respec- a relatively deep well along thBcs coordinate. The second
tively, during the PHOFEX measurements for the normalization |owest excited state M, resulting from a & — 100 transition
of the PHOFEX signal intensities. is repulsive and crosses with théAlstate neaRcs = 1.8 A.

The AII-XIZt (v, ") transitions of CO were also The Z* state resulting from as;8— 4 excitation was found
measured for the wavelength calibration of the photolysis laser to have the largest transition dipole moment from the electronic
light. The rotational lines of thex(, »"") = (0, 0), (1, 0), and ground =" state among the seven low-lying excited states and
(2, 0) vibrational bands were used as frequency standérds. is primarily repulsive toward the &) + CO(=") asymptote,
From the FWHM of the isolated rotational lines, the bandwidth Wwith a characteristic shoulder Bes ~ 2.3 A.
of the vacuum UV laser was estimated to be 0.44(5)%crfihe A total of 100 geometries were calculated and fitted to splines
rotational temperature of OCS in the free jet was estimated to for wavepacket calculations. The contour plots of the 2D

Theoretical Section

...(60)°(70)*(80)%(90)*(2m)*(3m) *(47)°(100)%(110)° (1'=")

For the CASSCF calculations, we have chosen 10 electrons and
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Figure 3. Contour plots of the CASSCF potential energy surfaces of
OCS for the (a) =, (b) 1A, (c) 1M1, and (d) 2=+ states. Note that
the bottom right end corresponds to the @G5 channel.

CASSCF PES'’s are given in Figure 3 for the four low-lying

states; (@)=, (b)1!A, (c)211, and (d)2x+.

B. Wavepacket Propagation. The collinear OCS system

was described by the Hamiltonian
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Figure 4. PHOFEX spectrum measured under jet-cooled conditions
(lower trace, solid line) and the absorption spectrum measured by
McCarthy and Vaid& (upper trace, dashed line) of the entie —

13+ transition of OCS in the 143159-nm region. The relative
intensities of the PHOFEX spectrum were normalized with respect to
the absorption spectrum assuming that the backgroundlike features are
originated mainly from the hot band transitions.

(S S K &
- 2ucs BRCSZ " ﬁ IRcsRco - 2uco BRCOZ "
V(Res Reo) (4)

H=

where ucs and uco are the reduced masses of CS and CO,
respectively, andmc is the mass of a carbon atom. The
wavepacket)(Rcs, Rco, t) was represented on a uniform 64

64 grid and propagated by using the Newtonian interpolation
schemé® with a time step of 10.0 au. The initial wavepacket
is obtained by the relaxation metidavith an imaginary time
propagation on the PES of the electronic groufiiistate.

IV. Results and Discussion

A. Overall Feature of the PHOFEX Spectrum. In Figure
4 is shown the PHOFEX spectrum measured in the present
study by monitoring the $8) fragments under jet-cooled
conditions. The absorption spectrum of the jet-cooled OCS
measured by McCarthy and Vaidas also shown for com-
parison, which is obtained by reading points off of the enlarged
copy of the published spectrum and by smoothly connecting
them by a spline curve. Six distinct peaks with an almost equal
spacing €800 cntl) are identified in both spectra, but the
widths of the peaks in the PHOFEX spectrum, except the highest
energy peak, are considerably narrower than the corresponding
peaks in the absorption spectrum. The difference is most
prominent for the lowest energy peak at 64 745 ¢érim the
PHOFEX spectrum, where the PHOFEX line width is only a
quarter of the absorption peak width. The narrower features in
the PHOFEX spectrum originated from the fact that the
broadening due to the rotational and vibrational structure is
largely decreased in the PHOFEX measurements and that the
spectral resolution in the PHOFEX measurements, determined
by the resolution of a tunable vacuum UV laser, is significantly
high (~0.5 cnm). Furthermore, the large backgroundlike
feature with a broad peak around 63 870 érfor 156.6 nm)
almost disappears in the PHOFEX spectrum. As will be
discussed in section IV.B, this backgroundlike structure was
assigned to hot band transitions. The intensities of the peaks
in the PHOFEX spectrum shown in Figure 4 were normalized
to the corresponding peaks in the absorption speéfrurhose
intensities were derived by subtracting the underlying back-
groundlike feature.
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TABLE 1. Peak Positions and Widths for the Six Distinct Feature$ in the PHOFEX Spectrum of the 1y *—15+ Transition of
Jet-Cooled OCS and Those in the Absorption Spectrum Reported by McCarthy and Vaid& (Results of the Fano Profile
Analysis for the PHOFEX Spectrum Are Also Shown)

this work
Fano profile analysis ref 12
vrd v, et r,cm? 7, fs E,cm? r,cem? g v, et r'cem?t?

0 64 745(2) 42(2) 133 64 750(3) 49(7) —3.5(8) 64 704 156

1 65 605(5) 120(15) 44 65 608(5) 105(10) —-8.1(7) 65 561 224

2 66 392(15) 200(10) 27 66 402(7) 186(20) —20(3) 66 347 223

3 67 134(8) 113(8) 47 67 129(5) 117(10) 9.3(7) 67 106 186
4 67 924(10) 121(8) 44 67 927(5) 119(10) 20(5) 67 906 167
5 68 644(20) 68 633

aFor thevrs = 5 peak at 68 644 cm, I' andr were not obtained, because the small neighboring bands on the lower energy side of this peak
were expected to deform this peak to a certain exfefhe resonance vibrational quantum numbers of the in-phase stretching mode in the transition-
state region in the excitety * state.c Derived from an enlarged copy of the published spectrum of the jet-cooled*©CS.

The stagnation-pressure dependence of the peak profile atgualitative difference in the dissociation dynamics in the lower
64 745 cnrtin the PHOFEX spectrum was investigated in detail and higher energy regions on the uppEr PES.
at stagnation pressures ranging between 0.3 and 3 atm. At Another important feature identified in the PHOFEX spectrum
pressures below 1 atm, a weak broad feature is observed at thés asymmetric peak profiles for the six main peaks. As will be
lower energy side separated 100 dnfrom the main peak at  discussed in section IV.D, this asymmetry in a peak profile,
64 745 cmil. At the higher stagnation pressure, this weak known as a Fano profil#, was interpreted as a quantum
feature, possibly due to a hot band transition, disappeared andnterference effect between zero-order discrete and continuum
no further change was detected in the band profile. An effect states. Furthermore, it is clearly seen, in the profiles for the
of clustering of OCS molecules on the absorption spétas five low-lying members of the main peaks, that the shading
well as on the photodissociation prod#éteras discussed in  toward the lower and higher energy sides was observed for the
previous studies. McCarthy and Valdabserved a broadening  two low-lying and two high-lying peaks, respectively, and a
of the peak width in thé=+*—1=* absorption spectrum and nearly symmetrical profile was observed for the center peak.
found that the relative intensity of the broad feature at 63 870 Such a change in the asymmetry direction in a Fano profile is
cm~1 with respect to the peak at 64 745 thincreases as the  known asq reversal?®
stagnation pressure increases. This intensity increase of the B. Assignments of Vibrational Resonances at the Transi-
broad feature was ascribed to the formation of (QCB)sters. tion State. Previous researchér® have reached an agreement
However, in our measurements of the PHOFEX spectrum, no that the six main peaks observed between 64 500 and 69 000
significant change was identified when the stagnation pressurecm~! can be attributed to th&*t—1=* transition. However,
was varied between 1 and 3 atm. Therefore, the influence of assignment of the broad feature in the lower energy side at
clustering should be negligibly small under our experimental 63 870 cnT! (156.6 nm) has not been established. Rabalis
conditions. al.” assigned this broad feature at 157 nm to a part ot¥ie-

The band-head positions and the line widths of the PHOFEX 1=+ transition, while McCarthy and Vaidasuggested that the
and absorption spectfaare listed in Table 1. The band-head broad feature is due to the transition to a bHitstate on the
positions obtained from the absorption spectra by McCarthy and basis of the absorption spectrum of jet-cooled OCS. On the
Vaidal? are substantially shifted to lower wavenumbers from one hand, Straust al. photolyzed OCS at 157 nm and showed
the PHOFEX data by 1145 cntl. These large deviations that the transition is a parallel type based on the anisotropy of
would be attributed either to the wavenumber calibration in the the spatial distribution of S and CO fragmefis.
absorption measurements or to the contribution from the hot As clearly seen in Figure 4, the broad feature at 63 870'cm
band transitions in the absorption spectrum, which may shift observed in the absorption spectAfralmost disappears in the

the top positions of the six main peaks. PHOFEX spectrum. Since the absolute quantum yield of the
Due to sufficient vibrational and rotational cooling in the S(S) fragments was derived to be 6.8.0 in the 157-nm
supersonic jet and to the significantly high resolutior0(5 regionl*the intensity decrease in the PHOFEX spectrum cannot

cm™Y) of the photolysis laser, the band profiles of the PHOFEX be ascribed to the existence of a different dissociation channel.
spectrum are expected to directly reflect the dissociation In our PHOFEX measurements, a very low rotational temper-
dynamics on the upper electronic state PES. Indeed, theature (-5 K) was achieved when OCS (7%)/Ar was expanded
broadening due to the rotational distribution was estimated to with 1.5 atm of stagnation pressure. On the other hand,
be at most~1.0 cnt?! for all six peaks from the rotational = McCarthy and Vaid® measured the absorption spectrum under
simulation &5 K using the rotational constant of the electronic jet-cooled conditions using OCS (10%¥Mith a stagnation
ground staté® (B" = 0.2029 cn1l). Since the resolution of  pressure of 100 Torr. It is probable that the vibrational
the photolysis laser is 0.44(5) ¢y the homogeneous line  temperature for the absorption spectrum measured by McCarthy
widths were derived by subtracting the rotational broadening and Vaida was considerably higher than ours. Therefore, our
and the laser resolution from the observed full widths at half- observation, in which the broad feature at 157 nm in the
maximum (fwhm),I". absorption spectrum almost disappeared, indicates that this broad
It can also be noticed in Figure 4 that the widths of the six feature can be attributed to a hot band transition from vibra-
main peaks exhibit characteristic variations. The observed line tionally excited level in the electronic groudB™ state. Since
widths and the corresponding dissociation lifetimes of the main the energy spacing 875 cthbetween the center of this broad
peaks in the PHOFEX spectra are listed in Table 1. From the feature and the neighboring sharp peak at 64 745'dsclose
lowest energy member of the six main peaks at 64 745'¢m to the vibrational frequency of the CS stretching motion in the
the third lowest peak, the peak width increases as the energyground stat@? 859 cntl, the broad feature was assigned to a
increases, but further excitation to the higher vibrational peaks hot band transition from the first vibrationally excited state in
leads to a certain reduction of the peak width, reflecting the CS stretching mode'(cs= 1). Inthe PHOFEX spectrum,
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the background feature covering the entire absorption spectrum
almost disappears. This backgroundlike feature is also ascribed 2.40 (a)
to the hot band transitions, possibly from the sasties = 1

level or from the low-lying bending excited levels in the

electronic ground state. 1.90

The vibrational frequency of the CS stretching magg, in
the electronic ground state igs = 858.9 cn1! so that the
relative population of the''cs = 1 level is only 2% of the

. . . 1.40
vibrational ground level even under room-temperature condi- <
tions. Thus, a relatively large contribution of this hot band ¥
transition in the absorption spectrum implies that the Franck 0.90 \\

Condon factor from the''cs = 1 vibrationally excited level in 1.30 1.75 2.20 2.65
the electronic ground=* state to the excitedE" state should .
be significantly large. Therefore, it may be necessary to Rcs(4)
consider the substantial contribution from the vibrationally
excited OCS for the proper modeling of the sulfur cycle in the 2.40
stratospheré’ (b)
Since a broad feature at 63 870 thwas attributed to the
hot band transition, the sharp peak at 64 745%(@54.5 nm)
was assigned to the electronic band origin of #E—1="
transition of OCS. In the previous stuéfy,the distinct
vibrational progression with a spacing of about 800 ¢rfor
the I=T—13* band was assigned to the transitions to the CS
stretching excited levels in the upp&™ state based on the
fact that the fundamental wavenumber for the CS stretching in
the electronic ground stafécs = 858.9 cnT?, is similar to
the spacings. On the other hand, it is known that the excitation
to the uppefX* state leads to only one dominant dissociation
channel* of CO(X'=) + S(S), in which the G-S bond is
broken. Since the dissociation occurs very fast in the femto-
second time scale as shown in Table 1, the PES of the excited
I+ state is expected to be mostly repulsive along this
dissociation coordinate. Therefore, this distinct progression
should not be assigned to the CS stretch motion along the
dissociation coordinate. A spectral structure for a dissociating
state can reflect the vibrational motion orthogonal to the reaction
coordinate in the transition-state region. This vibrational motion
near the transition-state region was characterized usingtihe
initio PES as described below.

As seen in Figure 3d, thab initio PES of the excited=*

a

Rco(4)

state is dissociative along the CS stretching coordinate, while 1.30 1.75 2.20 2.65
it is bound along the €0 bond distance with a broad plain o
along the CO stretching coordinate. The time evolution of the Res(4)

wavepacket on the upp@&E*-state PES is depicted in Figure Figure 5. Time evolution of the dissociating wavepacket on the
5, as three snapshots. At= 0, the initial wavepacket was  electronically excited" state, 2%, of OCS: (a) the initial wavepacket
prepared at the FramkCondon region from the electronic placed at the FranekCondon region at = 0 au and its snapshots at
ground state. It is clearly demonstrated in these figures that a(P) 1= 500 au (12 fs) and () = 1000 au (24 fs).

part of the wavepacket evolves along the dissociation coordinatecarthy and Vaid® also observed these weak features in the
fairly rapidly, while the other part of the wavepacket remains ahsorption spectra and assigned them to the progression in the
near the FranckCondon region for a certain period of vibration  cg stretching mode built on one quantum of the CO stretching
and moves along thén-phase stretching coordinate with  mode in the upper electronic state. However, as discussed
comparable vibrational amplitudes for both CO and CS stretch- gpove, the main progression is due to the in-phase transition-
ing motions. This motion of the wavepacket is expected to state stretching mode, and the PES of the exci®dstate is
afford the prominent spectral peaks in ## —X* transition.  expected to be mostly repulsive along this dissociation coor-
The present wavepacket calculation confirms the above argu-dinate so that the previous assignment is not appropriate.
ment that the prominent progression represents the transition-|nstead, the progression is assigned to the in-phase transition-
state vibrational motion in the direction perpendicular to the state stretching mode built on one quantum oftiedingmode
dissociation coordinate and indicates that the vibrational mode with a frequency of ca. 450 cr in the upper electronic state.

is the in-phase stretching mode. Hereafter, this in-phase Therefore, the peaks found in the spectra at 66 790, 67 605,
stretching vibrational mode at the transition state is referred to and 68 421 cm! may be assigned to the transition to thes(

as thetransition-state vibrational modeand its associated ;. 4= (2, 1), (3, 1), and (4, 1) vibrational levels, respectively,

resonance vibrational quantum number is denotest@sThis  where v/peng denotes the vibrational quantum number of the
vibrational motion can be regarded as that along an unstablepending modes in the uppkE™ state. The vibrational frequency
periodic orbit on the excited®" PES. for the bending mode',engwas thus calculated to héyeng=

Besides the six main peaks, weak features are visible in the398, 471, and 526 cm for vrs = 2, 3, and 4, respectively.
PHOFEX spectra at 66 790, 67 605, and 68 421 tmMc- Since both of the twd=" electronic states involved in the
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electronic transition are known to have linear geometries at their
equilibrium, weak intensities for the transitions to the bending
excited state as seen in the spectra seems reasonable. The
transitions to the lower vibrational levelsrg, v'bend = (0, 1)
and (1, 1) are not clearly visible in the absorption spetra,
partly because of the overlap from the continuum-like back-
ground in the absorption spectrum, and also possibly because
of their less favorable FranekCondon factors. Unfortunately,
due to a limited tunability of the dye lasers used to generate
the vacuum UV photolysis laser light, the present PHOFEX
spectrum does not cover the narrow energy regions where the
transitions to the s, v'bend = (0, 1) and (1, 1) vibrational
levels were expected to be observed. On the other hand, the
three weak features may be ascribed to the transitions to the
predissociative vibrational levels weakly trapped by a small
potential hump along the dissociation coordinate, as in the case Y 100 200 300
of FNO28 However, in order to perform secure assignments Time / fs
for these weak features, a more accurate PES of the excitedrigure 6. Autocorrelation function obtained from the Fourier transform
I+ state would be necessary, which will be derived by of the PHOFEX spectrum of the entif&*—13* transition of OCS.
incorporating dynamical electron correlaticiis. The PHOFEX spectrum is shown in the inset of the figure, which is
C. Femtosecond Transition-State Dynamics in the Excited derived _by smoothly connecting the six experimental PHOFEX spectra
1y+ State. An electronic absorption spectrum of molecules is Y @ SPline. A clear series of recurrence is observed=ad2, 83, and

. .~ 127 fs and so on, which are essentially attributed to the in-phase
closely related to the dynamics of the wavepacket reDresentlngstretching motion at the transition state of the upj¥r state. Other

nuclear motion on the upper electronic potential energy surface. recurrences may reflect a small contribution from the bending motion.
The absorption spectrum, i.e., the absorption cross seation

(E) as a function of an excitation ener@y and the motion of adjacent PHOFEX peaks smoothly by a spline. Although there
the wavepacket on the upper PES are related to each other bys some arbitrariness in determining the relative intensity of the
the Fourier transformation in the following formuia: PHOFEX peaks, it turned out that such uncertainty in the

intensity has little influence on the main features in the resultant

1.0

I T T T T T
64000 66000 68000
Wavenumber / cm™

0.5 —

70000

Autocorrelation

400

o(E) O f“" gEth S(t)dt (5) autocorrelation function. The first prominent recurrence ob-
e served in the autocorrelation function istat 42 fs, followed
S(t)= [@(t)|®(0)0 (6) by the second recurrencetat= 83 fs. The third- and higher-

order recurrences are also identified with detectable intensities.
This long-lasting series of recurrences indicates that the wave-
packet placed in the FrariCondon region on the excité@+

PES is trapped for a relatively long time in the vicinity of an
unstable periodic orbit, whose direction is perpendicular to the
dissociation coordinate. The period of 42 fs observed here
corresponds to a vibrational frequency of 794 &mwhich
reflects the interval{800 cnt?) for the adjacent main features

in the PHOFEX spectrum assigned as a progression for the in-
phase transition-state stretching mode. A wavepacket calcula-
function in the time domain, a distinct peak was found at 41 fs, tion on theab initio PES derived in the present study reproduced
which was regarded as a period of the vibrational motion in qualitative features of the experimental autocorrelation function,
the transition-state region along a classical unstable periodicand a recurrence period of the 48 fs was obtained, which is
orbit. However, as pointed out in section IV.A, the absorption comparable with the experimental value, 42 fs. This good
spectrum suffers from vibrational and rotational congestion, agreement between experimental and theoretical vibrational
though it was measured under jet-cooled conditions. Therefore, periods in the transition-state region supports the fact that the
the results of the Fourier transformation may have been presentab initio calculation reproduces an overall feature of
contaminated by the contribution from vibrational hot bands the PES near the transition-state region.

and rotational broadening. In order to derive the simplest As listed in Table 1, the lifetimes of the five Feshbach-
dynamical information of OCS in its excité@* state, starting resonance vibrational levels fors = 0—4 in the excited>"

from the vibrational ground state of the electronic ground state, state were estimated from their homogeneous bandwidths, which
it is necessary to perform a Fourier transform analysis of an were obtained by subtracting the laser resolution and the
absorption spectrum measured under sufficiently cold conditions rotational bandwidth from the observed peak widths. As a peak
in vibrational and rotational degrees of freedom. Because the width, a full width at half-maximum (FWHM) was adopted for

where ®(0) is the initial wavepacket prepared in the Frank
Condon region on the upper PES, abgt) is the wavepacket
at time t. The Fourier transform analysis of an absorption
spectrum has been applied to various molecules such,&§ O
H,0,3%31and HS*to discuss their photodissociation dynamics
on the excited-state PES.

Previously, we reportédthe Fourier transform analysis of
the jet-cooled absorption spectrum of i —1=* band of OCS
recorded by McCarthy and Vaida. In the autocorrelation

absolute quantum yield (0-8L.0) of the S{S) photofragments
is close to unity in the entird=*—1=* band of OCS, the
PHOFEX spectrum obtained by monitoring!S) should be

almost identical to the absorption spectrum. Since the presentdescribed as a single exponential.

PHOFEX spectrum is almost free from the influence of

the five broadened peaks. It should be noted here that a lifetime
in the exact sense cannot be defined when a line shape is
asymmetrical, which means that the decay process is not
Therefore, the lifetimes
derived here may be regarded as approximate estimates. Since

vibrational hot bands and rotational broadening, a Fourier it was difficult to determine the bandwidth of the sixth peak

transformation of the PHOFEX spectrum would afford clearer
information on the dynamical behavior on the excit®d PES.

(vrs = 5) in the progression due to an overlap with the other
nearby weak features located on its lower energy side, the peak

The Fourier transform of the PHOFEX spectrum is shown width and the lifetime of this peak were not derived.

in Figure 6. The figure in the inset is the PHOFEX spectrum

A state-specific behavior of the transition-state vibrational

used in the analysis, which was constructed by connecting thelevels in the excited=" state is clearly visible both in Figure
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4 and in Table 1. Thets= 0 vibrational level, exhibiting the mentioned in section IV.A, the prominent five peaks in the
narrowest sharp profile, has a lifetime «ftrs) = 7(0) = 133 PHOFEX spectrum exhibit asymmetric peak profiles. The
fs, which corresponds to about 3 times the oscillation period, degree of asymmetry, i.e., an extent of deviation from a
42 fs, in the transition-state region, indicating that the dissociat- symmetrical Lorentzian line shape, decreases gradually from
ing OCS is able to oscillate back and forth for about 3 times in the lowest energyrs = 0 peak toward thers = 1, 2 peaks,
the transition-state vibrational mode prior to the complete and then, the direction of the asymmetry is reversed invtge
dissociation. On the other hand, in the next higher lying peak, = 3 and 4 peaks. In the present section, (i) the characteristic
i.e., the transition to thers = 1 level, OCS vibrates only once, asymmetric peak profiles are interpreted as a result of a quantum
since its lifetime was estimated to h€l) = 44 fs. In the interference effect between zero-order discrete and continuum
broadest peak, i.e., the transition tgs = 2, OCS almost states, (ii) the observed degree of asymmetry in the PHOFEX
instantaneously evolves into the dissociation coordinate, sincepeaks is evaluated by @parameter, which has been used to
7(2) = 27 fs is even shorter than one period of the in-phase represent a Fano-type asymmetric profile, and (iii) a change in
transition-state stretching vibrational mode. the asymmetry from the shading to the lower energy side for

The above discussion on the acceleration of the dissociationthe three low-lying PHOFEX peaks to the shading to the higher
rate for the higher lying PHOFEX peaks was also made in our energy side for the two high-lying peaks is interpreted as a
previous work! on the basis of the peak broadening and the Phenomenon called reversal.
Fourier transform of the absorption spectrum measured by In general, when discussing the asymmetry in an observed
McCarthy and Vaida? Until our present study, in which the  peak profile, inhomogeneous contributions causing peak asym-
jet-cooled PHOFEX spectrum for the enti&™—13+ transition metry, such as the rotational band structure and an accidental
was recorded, it was uncertain whether this tendency of the overlap of the other transition peaks, should be carefully
shorter lifetime for the higher lying PHOFEX peaks continues examined. In the PHOFEX spectrum, the contribution from
in the much higher energy region. One of the interesting the rotational structure can be neglected since the rotational
findings in the present study for the higher energy region is bandwidth, reflecting the rotational population of the electronic
that the homogeneous broadening was suppressed for theground!=" state, is less tharv1.0 cnt?! under jet-cooledTr
transitions to thevts = 3 and 4 levels so that the lifetimes = 5 K) conditions, which is considerably smaller than the
become longer than that of thes = 2 level. This deceleration =~ PHOFEX peak widths (46200 cnt?!). Concerning the second
of the dissociation for the quasi-bound levels in the higher contribution, there could be two types of transitions overlapping
energy than thers = 2 level may be interpreted as the result with the main progression: (1) transitions to the other vibrational
of spatial extension of the vibrational wave function along the levels in the upper state and (2) hot band transitions from the
transition-state vibrational coordinate on the upper-state PES,vibrationally excited level in the electronic ground state.
which leads to an enhancement of a temporary trap of the However, these contributions are expected to be negligibly
wavepacket, resisting the motion along the dissociation coor- small from the following two reasons: Firstly, in the transition-
dinate. In faCt, as shown in Figure 3d, the theoretical PES of state region’ there could be 3 degrees of freedom in the
the excited'=" state has a shallow and broad plain toward the vibrational motion, namely, (i) the transition-state vibrational
in-phase transition-state vibrational coordinate and the CO mode, i.e., the in-phase stretching mode, whose direction is
stretching coordinate, which would suppress the direct dissocia-perpendicular to the dissociation coordinate, (i) (®@—C—S
tion when a significant amount of the wave function is pending mode, and (iii) the motion along the dissociation
distributed in this region. This trapping of a wave function may coordinate. The main progression was interpreted as the
result in longer lifetimes and, as a consequence, the narrowertransitions to vibrational motion i, i.e., the transition-state
line widths for the largesrs (vrs = 3) levels. vibrational levels. Since the PES of the upp&r state is

This narrowing of the bandwidth of the main progression at mostly repulsive along the dissociation coordinate, as discussed
higher excitation energy may also be qualitatively explain by in section IV.B., a contribution from the vibrational motion
an adiabatic, time-independent picture, introduced by Schinke along dissociation coordinate iii to the PHOFEX spectrum may
and co-worker® to interpret the photodissociation of FN®Y not be expected. Thus, the only vibrational mode that can
— F + NO(n). Heren* and n are the vibrational quantum  possibly exhibit spectral features which could overlap the main
numbers in the transition state of excited FNO and that in the features in the progression is the bending mode in the upper
ground state of NG? In their treatment, the one-dimensional, 1=+ state. As mentioned in section IV.B, the vibrational
vibrationally adiabatic potential curves, for whioh = n, were frequency of the bending mode in the upfET state could be
calculated by assuming that motion along the dissociation roughly one-half of the frequency of the transition-state in-phase
coordinate is separable from the NO vibrational mode. The stretching modeypend ~ vs/2 (~400 cnl). Therefore, the
derived adiabatic potentials, which were primarily repulsive transitions to the second vibrational excite@ena= 2, level in
along the dissociation coordinate, were modified by the adiabatic this bending mode can accidentally overlap the main progres-
correction term incorporating the coupling between the NO sion. However, the transition-state vibrational progression built
vibration and the dissociation. The correction term was found on the'neng = 1 vibrational level has a significantly weaker
to be large near the transition-state region and form a barrier. intensity than the main features, because of unfavorable Franck
This “dynamical barrier” becomes higher and wider as the Condon factors for the transitions from the linéar ground
vibrational quantum numben, increases and, then, lengthens state to the lineat=" upper state. Therefore, the progressions
the dissociation lifetime. A similar interpretation may be applied built on two or more quanta in the bending mode are expected
to the photodissociation of OCS. When the dissociation to have much smaller FranelCondon factors so that they
dynamics of OCS is projected onto the one-dimensional motion would have little influence on the shape of the main features.
and is modified by an adiabatic correction, the potential curve  Secondly, since the vibrational frequency of the CS stretching
along the dissociation coordinate may become shallow, or evenmode in the electronic ground st&fey'’cs = 858.9 cnt?, is
form a barrier, resulting in the deceleration of the dissociation close to the spacing of the main progression in fHe—13+
rates for the higher lying vibrational states. transition, the overlap with the hot band transition from#hes

D. Asymmetric Profile and g Reversal in PHOFEX = 1 vibrational level can distort the profile of the main peaks.
Spectra. Obsered Asymmetry in PHOFEX SpectraAs However, as discussed in section I1V.B, because of sufficient
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vibrational cooling in a supersonic jet under our experimental
conditions, such hot-band transitions from th&cs 1
vibrational level are suppressed considerably. In fact, the large
backgroundlike structure as well as the feature at 63 87¢-cm
due probably to the hot band transition from th&s = 1
vibrational level almost completely disappeared in the PHOFEX
spectrum. Therefore, the asymmetric peak profiles in the
PHOFEX spectrum could be explained only by the quantum
interference effect.

Fano Profiles in SpectroscopyAsymmetric line profiles, so-
called Fano profiles, have often been observed in autoionization

spectra of atoms and molecules, due to the interference between

a discrete autoionizing level and ionization continuum. Pano
showed that the absorption spectrufE) in such a system
exhibits an asymmetric profile given by the following formula
using an asymmetry parametgas

2
o(E) = 00—(q +<)

1+ € T

Q)

b

wheree = (E — E)/(I'/2) is the dimensionless energy offset
from the peak centdg,, andog andoy, are the absorption cross
sections to the continua, which are relevant and irrelevant to
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Figure 7. Width (') and asymmetryq) parameters derived from Fano
profile analysis for therrs = 0—4 vibrational Feshback resonances in
the present PHOFEX spectrum. A characteristic correlation betweeen
I" andq is clearly identified.

place on a single adiabatic electronic PES. The asymmetric
peak profiles of OCS observed in the present study, reflecting

the interference effect, respectively. The asymmetric parametertn€ dissociation on the electronically excitél* PES, are

g is a measure representing the coupling strength between th

gategorized into the Feshbach-type resonance, in which the in-

zero-order discrete and continuum states and is defined in termgPh@se stretching coordinate, resulting in a zero-order bound

of a zero-order discrete autoionizing statq, and a zero-order
continuum ionization statey., both of which have non-zero
transition moments from the common lower stapg, as

q= 1 @glulyO
T IjlocLu|1/)O|:[Ey}d|Hdcl’l/)c[l

whereHqc is the interaction Hamiltonian between the zero-order
discrete and continuum states amnds the transition moment.
Positive and negative values @fesult in peak profiles shaded
toward the higher and lower energy sides, respectively. When
the absolute value of is small, the degree of asymmetry is

®)

large, and when it becomes large, the line profile approaches a

symmetrical Lorentzian profile.

Asymmetric line profiles were also found in predissociating
diatomic molecules such as,ff 0,34 Cs,35 and HgNe® In
the case of the dissociation of diatomic molecules, asymmetry
in a peak profile is caused by a coupling between a zero-order

vibrational state, couples with the motion along the dissociation
coordinate, forming a zero-order dissociative continuum state.
On the other hand, if there exists a well along the dissociation
coordinate, the asymmetric band profile may also be caused by
a shape resonance similar to Hg&e.

The vibrational Feshbach resonance on the exé¥edPES
of OCS clearly reflects the motion of the wavepacket shown in
Figure 5, where the wavepacket prepared in the Franck-Condon
region experiences a substantial bifurcation into the vibrating
part staying near the transition-state region and the dissociative
part extending toward a dissociation valley. It can be said that
these two different types of nuclear motion interfere with each
other and result in the vibrational Feshbach resonance affording
asymmetric profiles. The asymmetrical absorption profiles in
the dissociation of FN& were also interpreted based on a
wavepacket calculation by Cottingt al*® and were used to
construct the upper-state PES by Shapiro and Réfsler.

g Reversal in OCS. The asymmetric band profiles observed
in the PHOFEX spectrum were fitted to the Fano profile

bound state and a zero-order dissociation continuum. As hasformula eq 7, to measure the degree of asymmetry quantita-

been discussed by Okunigttial,*¢ a characteristic asymmetric

line profile observed in the transitions to the lowest Rydberg

state of HgNe can be classified into thieape resonang¢esince

the dissociation occurs on a single electronic potential curve

while those found in K33 0,,3* and Cs* can be classified as

the Feshbach resonangg in which a zero-order bound state

couples with a continuum state of a different electronic state.
For the dissociation of diatomic molecules, th@arameter

in eq 8 is expressed by assuming that independent of the

nuclear coordinaté$as

q= 1 Lgletl bl glxo] 1
7T (el el P cl o0l Hydl b D

where¢ andy are the electronic and nuclear parts of a zero-
order basis wave function, respectively.

©)

tively. The results of the least-squares fit are summarized in
Table 1, and the obtained width\ and asymmetry d)
parameters are plotted as a functionvgf in Figure 7. Since

the five main peaks are energetically well separated in the
PHOFEX spectrum of OCS, the fit was performed for individual
peaks to determine the paramet&sq, andI'. The fit was

not performed for the sixth peak in the main progression, i.e.,
the vts = 5 band, because of the substantial overlap from the
other nearby feature on the lower energy side as described in
section IV.B. As shown in Table 1, the widthB)(determined

by the Fano profile analysis are in good agreement with the
FWHM of the peaks obtained in section IV.C. Sadeghi and
Skodj&? proposed an analytic line shape formula for asymmetric
spectral peaks resulting from resonances in the transition-state
region in the D+ H, system. The formula was applied to the
present PHOFEX spectra and provided an almost equally good

Asymmetric band profiles have also been observed in the fit as the Fano profile formula. However, the five parameters

spectra of predissociating triatomic molecu24’ In the

derived by fitting to the experimental spectra have clear physical

dissociation of triatomic molecules, two different types of meanings only for barrier resonances. Thus, we adopted here
resonances, i.e., the Feshbach and shape resonances, can caube conventional Fano profile formula, eq 7, for the discussion
an asymmetric peak profile, even when the dissociation takesfor the peak asymmetry.
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The Fano profile analysis clearly showed that the bandwidth function is spatially extended toward the in-phase stretching or
(T') and the asymmetric parametey) exhibit a characteristic  CO stretching coordinate as discussed in section IV.C, and
correlation against the resonance vibrational quantum number,substantial changes may occur in the nodal pattern of the zero-
uts, as depicted in Figure 7. Asgsincreases] increases and  order vibrational wave function. Thus, the changes in the sign
takes a maximum value at thes = 2 peak and then decreases of the overlap integrall}q|xol) may result in theg reversal.
for thevrs = 3 and 4 peaks, whilg becomes negatively larger  Although a definite conclusion on the origin of the obserged
until the vrs = 2 peak and, then, increases to take positive values reversal in the spectrum of the dissociating OCS may not be
for the vrs = 3 and 4 peaks. This change of sign in the drawn, the latter explanation is favored since there is a
parameter in a progression of the main absorption peaks hascharacteristic correlation between thg dependence of the peak
been known as @-reversal phenomenon, observed often in width and theq parameter as shown in Figure 7, and the
autoionization spectra of atoms and molectleend in the dependence of the peak width ers was interpreted by the
spectra of predissociating diatomic molectitesThe PHOFEX trapping of the wave function in the transition-state region.
spectrum measured in the present study afforded a clear example

in which theq reversal is observed for the dissociatirigtomic V. Summary
molecules. "
The multichannel quantum defect theory (MQBF3howed (1) The PHOFEX spectrum of the entE"—*X* transition

that, in the autoionization spectra of atoms and molecules, theof OCS in the 63 30869 350-cm* (144—158 nm) region was
g-reversal phenomenon is caused by the presence of the thirdneasured under jet-cooled conditions, by scanning the tunable
interloper state in addition to the two interacting discrete and coherentvacuum UV light and by monitoring the fragmen&(
continuum states. On the other hand, Kanal35 observed atom. By sufficient vibrational and rotational cooling of OCS
theq reversal in the spectrum of predissociating @®lecules N @ supersonic jet, the PHOFEX spectrum exhibiting a
and mentioned that thg reversal can be observed even when simplified vibrational structure with an average intervateg00
Only two electronic states exist, i_e_’ a bound state and acm_l was observed with almost no baCkgrOUnd structure. The
“structured” continuum state. As shown in eq 9, the asymmetry five main peaks that are substantially narrower than in the
parameter depends on the coupling matrix element between previously recorded absorption spectra were regarded as those
the discrete and continuum statéggyq/Haddercl The g- reflecting the ultrashort (2¥133 fs) transition-state dynamics
reversal phenomenon observed in,@gas ascribed to the  With negligibly small vibrational and rotational inhomogeneity.
crossing between the bound and continuum potentials at theirFurthermore, the characteristic asymmetric peak profiles, which
outer limb, resulting in the oscillatory variations accompanying have been blurred in the previous absorption studies due to
the sign change of the coupling matrix elem@buyd|Haclpeycl limited spectral resolution and to the overlapplng_wbratlonal
Since the dissociation is considered to proceed on a singleand rotational structures, were extracted for the first time by

be expressed by settingy = ¢ in eq 9 as follows, ultracold conditions. In the autocorrelation function obtained

from the Fourier transform of the observed PHOFEX spectrum,
1 GalzeD 1 a vibrational period, 42 fs, characterizing the transition-state
== - (10) vibrational mode, was obtained.
7 GeltotokalHaclx D (2) In order to identify the vibrational motion at the transition
state with a 42-fs period, resulting in the observed characteristic
As shown in eq 10, the value of asymmetric paramgtigpends vibrational progression, thab initio potential energy surfaces
on three elements, i.e., (i) the coupling matrix element between of the electronic ground and excité®* states of OCS, as well
the zero-order discrete and continuum stafggHaqclxcD (ii) as those of the exciteh andI1 states, were calculated. The
the vibrational overlap integral between the zero-order discrete wavepacket calculation on the excitgif ab initio PES, having
stateyq and the vibrational ground stajg in the electronic  a shallow slope along the dissociation coordinate and a wide
ground statelzqlyol) (iii) the vibrational overlap integral between  plateau region toward the CO stretching coordinate, was
the zero-order continuum stagg and the vibrational ground  performed. The wavepacket exhibited an in-phase vibrational
stateyo in the electronic ground stat&yc|yol] motion for the G-O and C-S bonds with a 48-fs period, which
The g-reversal phenomenon observed in the PHOFEX is orthogonal to the direction of dissociation. A good agreement
spectrum of OCS can be explained in two different ways as between the experimental and theoretical vibrational periods
described below. Since the dissociation of OCS in the excited supports the interpretation that the observed PHOFEX peaks
I+ state proceeds on the single electronic PES, the outer-limbrepresent the vibrational Feshbach resonance states in the
crossing model adopted for £sannot be applied for the present  transition-state region, in which the wavepacket is temporary
case. However, if the phase of the zero-order continuum wavetrapped along the vibrational motion perpendicular to the
function varies substantially in a narrow energy range,g¢he dissociation coordinate, i.e., a so-called classical unstable
reversal would be caused as a result of the changes of the sigrperiodic orbit. In other words, this simple and regular progres-
in the coupling elemerifiq|HadxcLlor in the vibrational overlap  sion of the homogeneously broadened peaks with an average
function, Gilxol] In other words, the reversal may be induced interval of ~800 cnt! was regarded as a pure progression of
by another resonance mechanism, such as the shape resonanage transition-state vibrational mode. Based on this interpreta-
If a small hump exists on the potential energy surface along tion, the resonance states were assigned using the vibrational
the dissociation coordinate near the Fran€london region, it guantum numberrs for the transition-state vibrational motion.
may cause a large phase shift in the continuum wave function It is also noteworthy that the broad feature at 63 870157
Xe leading to theg-reversal phenomenon. nm), whose spectroscopic origin was discussed previously by
Alternatively, theq reversal may result from the changes in several researchers, was assigned to the hot band transition from
the sign of the overlap integrdlq|yoCbetween the zero-order the v''cs = 1 vibrationally excited level in the CS stretching
discrete wave function, corresponding to the in-phase stretchingmode in the electronic grountE™ state on the basis of the
vibrational motion at the transition state, and the vibrational present jet-cooled PHOFEX measurements. Consequently, the
ground statey in the electronic ground state. As the vibrational sharp peak at 64 745 crh(~154 nm) was assigned to the origin
guantum number increases, the zero-order vibrational waveband of the!l="—1=* transitions of the dissociating OCS.
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