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Predissociation of the B 3Su
2 state of S 2
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Predissociation of theB 3Su
2 state of S2 has been investigated by a combination of cavity ring-down

spectroscopy and model calculations. The experimental spectra of theB 3Su
22X 3Sg

2(v8,0) bands
for 10<v8<22 span the wavenumber range 35 480– 39 860 cm21. Extensive variation is observed
in the degree of rotational structure within the vibrational bands because of lifetime broadening
caused by predissociation. Fits to the band contours give homogeneous linewidths for transitions to
the B-state vibrational levels for 10<v8<17 that vary from<1 cm21 for the ~10,0! band to 7
61 cm21 for the ~17,0! band with a maximum linewidth of 1461 cm21 for the ~13,0! band. For
v8>18, all bands are completely diffuse, indicating linewidths in excess of 15 cm21. The
experimental results are compared with the results of a theoretical model that uses a Rydberg–
Klein–Rees~RKR! potential for theB 3Su

2 state,ab initio calculations of the repulsive potentials
that cross theB state, and Fermi golden rule calculations of the predissociation rates for the different
repulsive potentials. Minor adjustments to theab initio potentials, and an estimate of the spin-orbit
coupling between the bound and repulsive states enable us to calculate predissociation rates in
excellent agreement with the experimental observations. We deduce that the predissociation for
v8<16 is predominantly via a1Pu state, whereas forv8>17, coupling to a second repulsive state,
suggested to be either a5Su

2 or 5Pu state, provides the primary mechanism for predissociation.
© 1998 American Institute of Physics.@S0021-9606~98!00916-7#
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I. INTRODUCTION

The B 3Su
22X 3Sg

2 system of S2 contains many band
spanning a wavelength range of 250–700 nm and is the2

analog of the extensively studied Schumann–Runge b
system of O2.

1 Unlike O2, however, S2 is not a stable mol-
ecule: it is produced only transiently in sulfur-containin
flames and discharges,2–4 and forms in high temperatur
(.800 K) sulfur vapor. TheB 3Su

22X 3Sg
2 transition is

very intense and is responsible for the blue color aris
from flames and discharges containing sulfur. Since the
observation of theB–X transition by Graham5 many at-
tempts have been made to interpret this heavily pertur
band system and only recently6–8 has a full rotational analy-
sis been carried out. A complete understanding of this b
system is desirable for a number of reasons: for example
strength of the transition makes laser induced fluoresce
~LIF! detection of S2 a useful probe for studying combustio
processes of sulfur-containing fossil fuels. The detection
S2 also provides a means of studying the elementary che
cal dynamics of sulfur-containing species as it is a prod
of, for example, CS2 photolysis,9 and reactions such as th
of S(1D)1OCS.10 S2 was observed transiently in the atm
sphere of Jupiter by the Hubble space telescope follow
the recent impact of the comet Shoemaker–Levy.11 It has
also been observed via theB–X transition within cometary
atmospheres,12,13and has been implicated in the sulfur che
istry occurring within dense molecular clouds.14,15 At high
temperatures, the large number of bands in the S2 B–X spec-
trum overlap to cause a virtual continuum of emissi
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throughout the ultraviolet~UV! and visible part of the spec
trum: this transition has thus been proposed as an optic
pumped, widely tunable~365–570 nm! chemical laser.16

Mercury-free discharge lamps and daylight-simulation lig
bulbs using low-pressure radio-frequency sulfur dischar
also rely on the emission on the S2 B–X transition.17

The groundX 3Sg
2 state of S2 arises from the electronic

configuration ...5sg
22pu

42pg
2, and has been well characte

ized by a combination of electron paramagnetic resona
~EPR!18 and microwave19 studies. Thea 1Dg and b 1Sg

1

states also arise from this configuration and both have b
observed experimentally. The first excited molecular co
figuration ...5sg

22pu
32pg

3 gives theB 3Su
2 state, which is the

focus of this work, and another five possible excited el
tronic states,c Su

2 , A8 3Du , A 3Su
1 , b 1Du , and1Su

1 , the
first four of which have been identified via spectroscop
transitions. The configuration ...5sg

22pu
42pg

15su
1 is also of

importance in the current work since it gives rise to t
B9 3Pu and 1Pu states. The former state is responsible
the extensive perturbations observed in theB state, with the
dominant interaction being spin-orbit coupling, and has be
identified spectroscopically.20–22The latter state has been in
voked by several authors23,24 to be responsible for the onse
of the first predissociation in theB state for vibrational levels
abovev859. The 5Pu and 5Su

2 states, which have the re
spective principal occupations ...5sg

22pu
22pg

35su
1 and

...5sg
12pu

42pg
25su

1, are also of relevance to the current stu
because of their possible roles in S2 B 3Su

2 predissociation.
Much effort has been expended over the past 80 year

try to understand the extensively perturbed rotational str
ture of theB–X transition. The coarse vibrational energ
4 © 1998 American Institute of Physics
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level structure of theB state is described by the current
accepted spectroscopic constants25 Te531 835, ve5434,
vexe52.75 cm21. Early attempts to understand the pe
turbed nature of theB state mainly involved partial rotationa
analyses of isolated pairs of vibrational bands.26 Many rota-
tional perturbations were observed in vibrational levelsv8
57,8. From the analyses, the nature of the perturbing s
was deduced to be3Pu and was ascribed the spectroscop
label B9. Further studies27 revealed erratic variation of th
molecular constants with vibrational level, such as the sp
spin splitting constant~l! having values of;24.7 cm21 for
v850,2,4 and;19.5 cm21 for v851,3,5. Attempts have
been made to provide a deperturbation model in terms
mixing between theB and B9 states28,29 in order to under-
stand the observed rotational structure of theB state for 0
<v8,10. The most recent and thorough analysis6–8 yielded
deperturbed constants for levels up tov859 by using experi-
mental results from both jet-cooled and room-temperat
spectra.

In his original study of the absorption spectrum of t
B–X band system, Graham5 noted two regions where th
lines became diffuse: the first beginning with the~11,0! band
and the second with the~18,0! band. The first specific studie
of predissociation effects within high vibrational levels
the B 3Su

2 state were conducted by Olsson,30 and the phe-
nomenon was further investigated by Herzberg a
Mundie.31 Prior to these studies it had been established
emission from theB 3Su

2 state abruptly breaks off at hig
rotational levels within thev858 and 9 levels, with no emis
sion seen from thev8510 level.32,33 These and the observa
tions of Herzberg and Mundie indicate a limit for prediss
ciation lying somewhere between thev859 level ~at high
rotational excitation! and the origin of thev8510 level.
Herzberg attributed the predissociation mechanism to a
Ic case, i.e., the predissociation limit lies appreciably hig
in energy than the true dissociation energy of the prediss
ating state, thereby giving an upper limit for the dissociat
energy of S2 of D0535 500 cm21. This result was contrary
to the conclusions drawn from the work of Rosenet al.33

who, from the breaking off in emission of bands withv8
58 and 9, assigned the predissociation as case Ib~with the
crossing of the potentials lower than the dissociation ene
of the predissociating state!. Ricks and Barrow34 reexamined
predissociation within theB-state levelsv858, 9, and 10
carefully analyzed the breaking off in emission at the on
of predissociation for32S2,

34S2, and32S34S. They obtained
three limiting curves of predissociation corresponding to
F1 , F2 , and F3 components~only the F1 component was
observed forv8510!, all of which extrapolated to the sam
limit of 35 999.062.5 cm21 above the ground-state min
mum. From their data, they estimated the energy of
crossing point,Ec , using the method of Herzberg, and inte
preted the predissociation as case Ib. Therefore, the limi
value of predissociation, 35 999.062.5 cm21, should corre-
spond to the true dissociation limit. Since the last value ofJ8
observed in emission decreased with increasing vibratio
level, Ricks and Barrow were able to assign the predisso
tion as type Ib1 in Mulliken’s classification, i.e., an oute
wall crossing, thus eliminating the repulsive inner wall of t
te
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B9 state as a candidate for the predissociating state.
limiting curves for predissociation of all threeV-
components,F1 , F2 , andF3 , of theB state tend toward the
same limit, indicating that they were all predissociated by
same state. Ricks and Barrow postulated that the first pre
sociating state was a 1u state correlating with S(3P2)
1S(3P1) and proposed the1Pu state as a likely candidat
since it would be capable of predissociating all threeV-
components of theB 3Su

2 state. By making use of the know
spin-orbit splitting between S(3P2) and S(3P1) of
396.8 cm21, they were also able to obtain an improved es
mate of the ground-state dissociation energy,D0535 216.4
62.5 cm21.

Emission from the lowest rotational levels of theB 3Su
2

V850, v8510 level has recently been studied in detail,7,21

and the lifetime calculated from fluorescence decay rates
less than 3 ns compared to a lifetime of 32 ns for low
nonpredissociated vibrational levels. In these studies
emission was observed forv8.10, although emission from
v8510, 11, and 12 has been reported when S2 is formed
from the reaction of H atoms with H2S (v8510,11)35,36 and
in an electrical discharge of SF6/He mixtures (v8
510,11,12).37 This emission is attributed to inverse predi
sociation, i.e., to atomic recombination and fluorescence
the absence of a third body quencher.

Theoretical investigations of theB 3Su
2 and higher lying

states of S2 have, to date, been limited. Swopeet al.38 per-
formed self-consistent-field ~SCF! and configuration-
interaction~CI! calculations using an augmented double-z
basis set on 13 low-lying electronic states including t
X 3Sg

2 , B 3Su
2 , B9 3Pu , and1Pu . From these calculations

it was concluded that the1Pu state was weakly bound, lying
at an energy of around 37 600 cm21, and dissociates into two
ground-state sulfur atoms. More recently a complete theo
ical study of theB–X and B9–X band systems, including
calculation of transition dipole moments, was carried out
Pradhan and Partridge.39 Wave functions and potentials wer
obtained via multireference configuration-interacti
~MRCI! calculations. Oscillator strengths, transition pro
abilities, and radiative lifetimes were calculated and were
shown to be in good agreement with experimental data.

Most of the experimental and theoretical studies of
S2 B–X band system have focused on the lower lying, no
predissociated vibrational levels. In this study, we conc
trate on the predissociated levels abovev8510. Prior to this
work, only plate spectra existed of transitions to these hig
vibrational levels; hence extraction of dynamical informati
such as predissociation rates from spectral linewidths
been largely nonquantitative. The nature of the second
dissociation has received little attention, although Barr
and du Parcq24 attributed it to an inner wall predissociatio
~Mulliken’s typec2! via theB9 3Pu state. We have investi
gated theB–X band system of S2 over the range of excited
state vibrational levels 10<v8<22 using cavity ring-down
spectroscopy~CRDS!.40–42 Together with this experimenta
investigation, we conducted complementaryab initio calcu-
lations to clarify the nature and ordering of the possib
states responsible for the observed predissociations w
the B state. The resultantab initio potentials, an improved
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RKR potential for theB state, and Fermi golden rule calcu
lations of predissociation rates were used to estimate
strength of the interstate interactions and thus to rationa
the experimental observations.

II. EXPERIMENT

The experimental arrangement used to record the C
spectra of S2 has been described in detail elsewhere,43 and
we give here only the specific details pertinent to this stu
Spectra were recorded of S2 formed in a flow system within
a 1.5-m glass vacuum tube. Two high-reflectivity~HR! mir-
rors ~2-m radius of curvature!, located in adjustable mount
at the ends of the flow tube, formed the ring-down cav
and light escaping from one of the mirrors was detected b
photomultiplier tube. Spectra of theB–X ~10,0!, ~11,0!, and
~12,0! bands were recorded using the frequency-doubled
put of a dye laser~Spectra Physics PDL-3! operating with
Fluorecein 548 and pumped by the 532-nm output o
Nd:YAG laser ~Quantel YG680!. To record spectra of the
(v8,0) bands withv8513– 22, the dye laser, operating wi
Coumarin 500, 540, and 540A dyes, was pumped with
355-nm third harmonic of the Nd:YAG laser. The dye-las
fundamental was frequency doubled in a BBO or KDP cr
tal to generate the necessary UV light between 250 and
nm. Spectral calibration of the dye-laser fundamental w
performed by simultaneously recording optogalvanic lines
neon excited in a hollow cathode discharge. To cover
complete spectral range of the experiments, two HR mir
sets were required, the first having maximum reflectivity a
central wavelength of 290 nm~Virgo Lightning Optical
Corp.!, and the second centered at 243 nm~Research Electro
Optics!. At the central wavelength for the high-reflectivit
mirrors, the 1/e ring-down time was typically 10ms. Absorp-
tion spectra were obtained by direct least-squares fitting
the logarithm of the exponential decay function to obtain
variation of the ring-down time with wavelength.

S2 was produced in a continuous flow from a mixture
H atoms and H2S. The H atoms were generated by passin
microwave discharge through H2 ~BOC High Purity! flowing
through a length of mullite tube. The efficiency of S2 pro-
duction was increased by lightly coating the mullite tubi
with a solution containing ortho-phosphoric acid, methan
and water. Typically, pressures of 1.0–2.0 Torr of H2 were
flowed continuously through the tubing, with the microwa
generator operating at an input power of approximat
30–40 watts. The H2S ~Matheson 99.5% purity! was gradu-
ally introduced into the ring-down cell 5 cm upstream of t
H-atom inlet. Care had to be taken when adding the H2S so
as to suppress the formation of particulate sulfur produ
within the ring-down cavity as these decreased the ri
down time and dirtied the mirrors. Typical operating pre
sures of H2S for the spectra reported here were;10 mTorr.

III. RESULTS

Using the CRDS apparatus, spectra were taken of th2

B 3Su
22X 3Sg

2(v8,0) band system withv8 ranging from 10
to 22 spanning a total wavelength range of 282–250 n
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Levels withv8.18 are diffuse and completely unstructure
and, forv8.20, the experimental spectra showed only we
signals.

A. S2 B 3Su
2 v 8510

Figure 1~a! shows the CRDS spectrum of theB 3Su
2

2X 3Sg
2 ~10,0! band over the wavenumber rang

35 480– 35 800 cm21. The LIF spectrum of this region
shows the lowestJ8 ~i.e., J851! of the V850 component,
with other, higherJ8 levels appearing only weakly,7 but the
CRDS spectrum shows extensive rotational structure.
tempts were made to simulate this spectrum by extrapola
the deperturbed constants obtained from the previous vi
tional bands seen in earlier, high resolution LIF studies.7 Our
attempts were, however, largely unsuccessful owing
strong rotational perturbations by theB8 3Pu state, which
are still evident in much of the spectrum: theB 3Su

2 v8
510 level lies close to the dissociation limit of theB9 state.
A combination of our room-temperature spectrum and
ongoing fluorescence-depletion study44 should clarify the ob-
served structure. From our spectrum, however, we estim
full width at half maximum height~FWHM! values for the
rotational linewidthsG,1 cm21 since the spectrum clearl
shows sharp structure: the homogeneous broadening re
from predissociation and indicates a natural lifetime.5 ps.
These linewidths should be compared with our instrum
resolution, determined from previous studies45,46 to be well
described by a Gaussian function of FWHM 0.09 cm21; this
instrumental resolution is limited by the UV laser linewidt
The estimates of S2 B–X ~10,0! linewidths andv8510 life-
times cannot be quantified more precisely because fitting
individual lines was prevented by the high density of ov
lapping rotational lines.

B. S2 B 3Su
2 v 8511– 22

1. Spectral linewidths

Figure 1~b! shows a CRD spectrum of the~11,0! band of
the B–X transition over the wavenumber rang
35 800– 36 160 cm21. It is clear from this spectrum that th
predissociation is much more pronounced forv8511 of the
B 3Su

2 state than forv8510, since now the rotational fine

FIG. 1. CRDS spectra of vibrational bands of the S2 B 3Su
22X 3Sg

2 tran-
sition: ~a! the ~10,0! band;~b! the ~11,0! band;~c! the ~12,0! band;~d! the
~13,0! band. Also shown in~b!, ~c!, and~d!, above the experimental spectr
are spectral simulations obtained using the methods described in the t
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structure is almost entirely washed away by homogene
broadening, leaving only a small ripple on top of an alm
continuous band profile. Also shown in the figure is a sim
lation of the B 3Su

22X 3Sg
2(11,0) band assuming a rota

tional temperature of 300 K. This simulation was deriv
using quoted literature values for theX 3Sg

2 state constants6

and modified values of theB-state constants deduced from
least-squares fitting procedure described in the next sec
Along with the spectroscopic constants in the Hamilton
matrix, the spectral linewidth~assumed independent of rot
tional quantum number andV! was included as a paramet

FIG. 2. CRDS spectra of vibrational bands of the S2 B 3Su
22X 3Sg

2 tran-
sition: ~a! the ~14,0! band;~b! the ~15,0! band, together with spectral simu
lations obtained as described in the text.
us
t
-

n.
n

in the fitting procedure, with the broadening of the spect
lines described by a Lorentzian function with FWHMG. The
spectral fits to the~11,0! band returned a value ofG510
61 cm21 corresponding to a predissociative lifetime
530250

160 fs. The absence of marked structure in the spectr
meant that no rotational dependence for the linewidth co
be deduced, and this lack of variation is reflected in the re
tively large ~10%! error in the estimated linewidth.

Figures 1~c!, 1~d!, 2, and 3 show CRD spectra of th
B–X(v8,0) bands withv8512–v8519, together with simu-
lations derived using the least-squares fitting procedure.
simulations assume a temperature of 300 K. It is evid
from Fig. 1~c! that predissociation has become still mo
rapid atv8512 of theB state since the rotational structure
even less pronounced than for the~11,0! band. The Lorent-
zian component of the spectral linewidth reaches a maxim
FWHM value of 1461 cm21 at v8513 @Fig. 1~d!#, indicat-
ing a lifetime of 380630 fs, though again there may well b
some rotational dependence to this value which canno
resolved in the spectrum. As the vibrational energy of theB
state is increased beyondv8513, the rotational structure
gradually becomes sharper and more pronounced, as is i
trated in Figs. 2 and 3, indicating that the rate of predis
ciation decreases forv8.13. The signal-to-noise ratio is
poorer in the spectrum of theB–X ~15,0! band @Fig. 2~b!#
than in the otherB–X spectra and the spectrum is cut off
37 430 cm21; the reason being that the reflectivities of bo
our mirror sets are comparatively low in this spectral regio
therefore decreasing the ring-down time to less than 1ms and
degrading the experimental sensitivity. The linewid
reaches a minimum value~for v8.10! of 661 cm21 at v8
516 of theB state@Fig. 3~a!#, and this linewidth correspond
to a predissociative lifetime of 8802180

160 fs. Again, we were
unable to assess how the predissociation rates are affecte
molecular rotation.

For excitation to vibrational levels abovev8516, the
FWHM of the Lorentzian lifetime-broadened component
the spectral line shapes once more increases: forv8517
FIG. 3. CRDS spectra of vibrational bands of the S2 B 3Su
22X 3Sg

2 transition:~a! the ~16,0! band;~b! the ~17,0! band;~c! the ~18,0! band;~d! the ~19,0!
band. Also shown, above the experimental spectra are spectral simulations obtained using the methods described in the text.



e

t
t

m
e

th

s
Th
ra

de
o
ta

le
io
o
th
-
th
n
al
th

th
o

es

ts
nal

he
sis-

.
m

the
and
e
the

rt

rtly

of
eri-
e of

en-

e-

to
ure
vi-

rst,
e

e
e-
e

the

ntal

6598 J. Chem. Phys., Vol. 108, No. 16, 22 April 1998 Wheeler, Newman, and Orr-Ewing
@Fig. 3~b!# G5761 cm21, and for the ~18,0! band @Fig.
3~c!#, all rotational structure is lost and the band becom
diffuse, indicating linewidths in excess of 15 cm21

(lifetime,350 fs). For levels withv8.18, the slight step a
the start of the band~arising from transitions to the differen
V components of theB state!, which was clearly apparent in
earlier spectra, is now lost, indicating that the bands beco
even more diffuse. Gradually the spectra become very w
and we did not look for bands withv8.22. The linewidths
derived from the least-squares fitting procedure for
B 3Su

22X 3Sg
2 band progression 10<v8<19 are summa-

rized in Table I.

2. Spectroscopic constants

The fits to the band contours forv8.10 give values not
only for the spectral linewidths, but also for band origin
rotational constants, and spin–spin splitting constants.
fitting process was performed using the computer prog
PGOPHER,47 in which adjustable parameters~the excited-state
rotational constant,B8, the band origin,Tv , and the spin–
spin splitting constant,l8! of a rigid-rotor Hamiltonian ma-
trix, as well as the spectral linewidths, were floated in or
to minimize the squares of the differences between the
served and calculated spectra. The ground-state cons
were fixed at previously determined values.6 Since the bands
show no individually resolved rotational structure, the who
band contour was fitted until the total standard deviat
reached a minimum. We were able to model the band c
tours successfully without the complications caused by
extensive perturbations evident forv8<10 because the pre
dissociated bands lie well above the dissociation limit of
B9 3Pu state. Derived values of the spectroscopic consta
are shown in Table I and vary smoothly with vibration
level, confirming that the perturbations experienced in
lower part of the vibrational progression (v8<10) have
switched off. The values of the constants obtained from
CRD experiment, together with deperturbed constants fr
Green and Western,6–8 were used to obtain combined valu
for the equilibrium molecular constantsTe , ve , vexe , Be ,
ae , andge for theB-state levels extending fromv850 to 19

TABLE I. Values of the32S2 B 3Su
2 state constants and linewidths for th

vibrational levels 11<v8<19 derived from the least-squares fitting proc
dure outlined in the text. All values are in cm21. Numbers in parentheses ar
the standard deviation~2s! of the parameters obtained from the fit.

B 3Su
2v8 Tv Bv8 lv8 Gv

10 <1
11 36 109.9~3! 0.204~3! 1.3~4! 10~1!
12 36 477.4~5! 0.201~2! 1.5~5! 12~1!
13 36 843.3~7! 0.198~3! 1.7~4! 14~1!
14 37 201.0~6! 0.196~5! 1.9~4! 10~1!
15 37 563.5~6! 0.194~4! 2.2~3! 8~1!
16 37 896.7~5! 0.193~2! 2.4~2! 6~1!
17 38 230.9~4! 0.191~1! 2.7~4! 7~1!
18 38 558.9~7! .15
19 38 890~2! .20
s

e
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e
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n
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e

e
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~excluding v8510!. The latter three equilibrium constan
relate to the rotational constants for the different vibratio
levels via

Bv5Be2ae~v1 1
2!1ge~v1 1

2!
2. ~1!

We defineTe as the energy separation of the minima of t
V50 components of the ground and excited states, con
tent with previous authors.34 Term values are obtained from
Te by adding the vibrational energy in theB state~from the
potential minimum! and subtracting theX 3Sg

2 state zero
point energy of 362.11 cm21 and a value of43 l515.78 cm
21 corresponding to the ground-state spin–spin splitting

The values of the equilibrium constants obtained fro
the above fitting procedures are given in Table II and for
purposes of comparison, previous values listed by Huber
Herzberg25 and those calculated by Pradhan and Partridg39

are included in the table. The values obtained here from
combination of our results and other recent work6–8 differ
slightly from the quoted literature values, reflecting in pa
the higher resolution and accuracy of the LIF6,7 spectra com-
pared to the original photographic-plate studies, and pa
the nature of the deperturbation analysis used forv8<9. The
vibrational term values are reproduced to accuracies
66 cm21 by these constants, which is less than the exp
mental precision to which they can be determined becaus
incomplete deperturbation forv8<9. Our objective in ob-
taining these equilibrium spectroscopic constants was to
able the construction of an RKR potential for theB 3Su

2

state, as discussed in the following section.

IV. CALCULATION OF THE PREDISSOCIATION
RATES

Given the detailed observations of the variation of lin
widths over the wide range of vibrational levels (10<v8
<22) obtained from the CRDS experiments, we now seek
formulate a quantitative model in order to explain the nat
of the predissociation mechanisms occurring in the high
brational levels of theB 3Su

2 state of S2. The calculations
that make up the model were performed in two stages: fi
detailedab initio calculations were carried out to determin
the ordering of states and characterize theR-dependence of

TABLE II. Equilibrium values of molecular constants for theB 3Su
2 state

of S2 derived from a weighted least-squares fit of the combined data for
v8511– 20 levels~this work! and v850 – 9 levels~from Refs. 6 and 7!.
Numbers in parentheses are the standard deviation~2s! of the parameters
obtained from the fit. For comparison, literature values from experime
and theoretical studies are listed.

Value (cm21)

Literature values (cm21)

Experimentala Calculatedb

Be 0.2256~2! 0.2239 0.2234
ae 0.0014~2! 0.0023 0.001 98
ge 23.561.6 31025

Te 31 832.7~7! 31 835 31 826
ve 435.2~3! 434.0 434.0
vexe 2.72~2! 2.75 2.55

aRef. 25
bRef. 39.
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the possible repulsive potentials responsible for the predi
ciation. These repulsive potentials were then used toge
with an experimentally determined RKR potential for t
B 3Su

2 state to perform Fermi golden rule calculations of t
predissociation rates. A comparison of calculated and exp
mental rates enabled us to estimate the magnitudes o
spin-orbit interactions responsible for the predissociation

A. Determination of S 2 potentials

Ab initio potentials for theB 3Su
2 and B9 3Pu states

have been calculated previously,39 but no such potentials
were available in the literature for the higher, repulsive sta
with a sufficient degree of accuracy for our calculations
v8-dependent predissociation rates. We therefore under
the necessaryab initio calculations of potential curves, in
cluding the B 3Su

2 and B9 3Pu states, but restricted our
selves to states of ungerade symmetry since only these s
have the appropriate symmetry for the predissociation of
B 3Su

2 state.48

The predissociating states must correlate to ground-s
atomic fragments, S(3P)1S(3P), whereas theB 3Su

2 state
is correlated with the first excited atomic limit S(3P)
1S(1D). Consideration of the Wigner–Witmer correlatio
rules demonstrates that there are eight possible ungerade
lecular states arising from the two ground-state atomic fr
ments, namely1Su

2 , 1Pu , 233Su
1 , 3Pu , 3Du , 5Su

2 , and
5Pu . The1Su

2 , 3Su
1 , and3Du states are known from emis

sion studies24 to lie below theB 3Su
2 state and correlate with

the 3P213P2 asymptote which lies 35 602 cm21 above the
X 3Sg

2 state potential minimum.34 The B9 3Pu state also
arises from the combination of two S(3P) atoms but some
questions still exist about which3PJ spin-orbit components
of the ground-state sulfur atoms this state correlates w
Recent observations7 of B9 state vibrational levels near to th
S(3P2)1S(3P1) limit at 35 999 cm21, proposed by Ricks
and Barrow34 to be the dissociation limit of the first predis
sociating state, suggest that not all theV components of the
B9 3Pu state converge to this limit; some are more likely
converge to the next highest atomic limit, S(3P2)1S(3P0) at
36 175 cm21. From these and other observations the corre
tion diagram for the ungerade states formed by S(3P)
1S(3P) shown in Fig. 4 has been proposed.7,8

Ab initio calculations of these and some of the high
lying potentials identified in the correlation diagram we
performed using the commercially available package of p
grams MOLPRO 96.49 All the calculations used the
correlation-consistent valence-quintuple-zeta~cc-V5Z!
Gaussian basis set of Dunning and co-workers50 and were
carried out inD2h symmetry. A restricted Hartree–Fock ca
culation was conducted in order to determine approxim
forms for the ground-state molecular orbitals. These orbi
were then used as a first guess for calculating the exci
state wave functions and energies for a total of 21 inter
clear distances~10 of which were concentrated in the regio
of the potential crossings between 2 and 3 Å! in a multiref-
erence configuration-interaction~MRCI!51,52 calculation us-
ing complete active space SCF~CASSCF!53 orbitals. Internal
contraction of core orbitals was used and the effects
higher order excitations were accounted for by using
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multireference analog of the Pople correction. Calculatio
were carried out on a Silicon Graphics SGI Power Challen
at the University of Bristol Computing Service.

The potential energy curves determined from the MR
calculations, but shifted slightly in energy as described
low, are shown in Fig. 5. The potential minimum of th
X 3Sg

2 state has been selected as the zero of energy an
other potentials are referenced from this point. Theab initio
calculations do not take into account the effect of spin-or
coupling and all eight calculated ungerade states arising f
the S(3P)1S(3P) combination should therefore tend to th
same asymptotic limit; the calculated asymptotic energ
actually lie within 880 cm21 of one another. The calculation
return a value for the separation of the S(3P)1S(3P) and
S(3P)1S(1D) asymptotes of;9050 cm21 ~taken from the
mean of the calculated S(3P)1S(3P) energies for the vari-
ous potential curves! compared to a value of 9239 cm21 de-
rived from the known atomic energy levels of sulfur. For t

FIG. 4. Correlation diagram for the ungerade states arising from two S(3PJ)
atoms. The S(3P0)1S(3P0) asymptote is omitted because this combinati
gives rise to no ungerade states. The energies of the asymptotes are sp
with respect to the base of the S2X

3Sg
2 potential well.

FIG. 5. Ab initio potential energy curves for the low-lying ungerade sta
of S2 relevant to this study. Also shown as a dashed line is the RKR po
tial for the B 3Su

2 state. The zero of energy is taken as the bottom of
X 3Sg

2 potential well.
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calculation of predissociation rates described later, it is
portant to correlate the repulsive molecular states with
correct atomic limits, as shown in Fig. 4, since different e
ergetic asymptotes will result in different kinetic energi
imparted to the dissociating atomic fragments and there
affect the de Broglie wavelengths of the continuum wa
functions. As we illustrate in Sec. V, the de Broglie wav
lengths and the relative phases of the bound and contin
wave functions are important factors influencing the rates
predissociation of S2 B 3Su

2 v8 states. The energy separ
tions of the3P1 , 3P0 , and1D atoms from the3P2 state of
sulfur are 396.8, 573.6, and 9239.0 cm21, respectively.54 The
ab initio potentials were shifted in energy so that their a
ymptotes were consistent with the energies of the propo
atomic correlations. Having modified the potentials in th
way, we found that predissociation of thev8510 level of the
B state was prevented by a small calculated maximum on
1Pu state potential: this potential shows a shallow minimu
at R'2.4 Å and a small maximum atR'2.7 Å. We thus
chose to position the1Pu potential curve such that the max
mum lay just above the energy of theB 3Su

2v8510 state,
which entailed a vertical shift of the potential b
2500 cm21.

The ordering of the repulsive molecular states obtain
from theab initio calculations shown in Fig. V are consiste
with the correlation diagram in Fig. 4 and follow the sam
pattern as is observed for the electronic states of O2. The
relative positions of the5Su

2 and 5Pu states are also in
agreement with experimental evidence that implicates th
states in mixing with the 0u

2 component of theB9 state,
thereby accounting for the observation of5Sg

2 and3Pg ion-
pair states of S2 from double-resonance studies.55

The ab initio potential for theB 3Su
2 state was not suf-

ficiently precise for our subsequent calculations of predis
ciation rates which require accurate energies of the vib
tional levels of theB state. We therefore constructed an RK
potential from the spectroscopic constants for theB 3Su

2

state listed in Table II using the computer programRKR1.56

The B 3Su
2 RKR potential obtained extends as far as t

energy ofv8520 and is shown in Fig. 5, together with theab
initio potentials. The figure illustrates the accuracy of theab
initio calculations for such a complex, many-electron syste
but the discrepancies between the RKR andab initio values
justify the modest corrections of the energies of the repuls
curves described above. Numerical integration of the ra
Schrödinger equation for theB-state RKR potential using th
programLEVEL57 generated vibrational wave functions an
energies; the energies were compared with experimenta
servations and were found to be accurate to within 5 cm21

even for the higher vibrational levels (v8.17). The small
discrepancies reflect the uncertainty with which the vib
tional energy levels are calculated from the equilibrium m
lecular constants in Table II, and the RKR potential can
concluded to be a very good approximation to the true
tential. Numerical values for theab initio and RKR poten-
tials used in this study can be obtained from the authors
request.58
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B. Predissociation rates

Following theab initio and RKR calculations of the S2

molecular potentials of ungerade symmetry described in
preceding section, we now concentrate on determining
contributions from each repulsive state to the observed
dissociation rates of theB 3Su

2 state vibrational levels by
estimating the magnitudes of the interstate spin-orbit inter
tions. A combination of potential curves and spin-orbit co
pling functions permits Fermi golden rule calculations of t
predissociation rates which can then be compared with
experimental results. Using the RKRB 3Su

2 state potential,
together with theab initio inner repulsive wall of theB9 3Pu

state bound potential and the1Pu , and5Su
2 repulsive poten-

tials, predissociation rates were calculated as a function
vibrational quantum numberv8 using the programBCONT.59

The calculations were performed for each of the repuls
potentials individually in order to determine their relativ
contributions to the predissociation rates. For predissocia
via theB9 3Pu state, we extrapolate the results of a spect
scopic determination6,8 of theR-dependence of the spin-orb
coupling to theB 3Su

2 state forv8<9. To avoid introducing
a complicated and arbitrary parametrization of the~un-
known! spin-orbit coupling variation with internuclear sep
ration for the1Pu and5Su

2 states, however, we assume, f
simplicity, a constant spin-orbit interaction independent
R. This approximation results in a model with just one a
justable parameter, the magnitude of the spin-orbit coup
between bound and repulsive states, and, as we show be
enables us to model the variation of the predissociation r
with v8 in a simple fashion. The rates of predissociation a
determined not only by the magnitude of the spin-orbit co
pling between bound and repulsive states, but are a
strongly affected by the degree of overlap between the bo
vibrational wave functions and the continuum wave fun
tions of the same energy.59

Figure 6 shows the results of our calculations of2

B 3Su
2 state lifetimes compared with our experimental da

The calculations were performed for zero rotational angu
momentum (N850) since, as discussed previously, we we
unable to determine experimentally the rotational dep

FIG. 6. Experimentally observed~d! variation of the linewidths of S2
B 3Su

22X 3Sg
2(v8,0) transitions with upper-state vibrational quantu

number,v8. Also shown are the theoretically calculated linewidths obtain
using the model described in the text for contributions to the predissocia
from: s theB9 3Pu state;m the 1Pu state;j the 5Su

2 state. The diamonds
~l! connected by the solid line show the sum of the calculated linewid
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dence of the predissociation rates. Shown in the figure
the linewidths that would result for predissociation via t
B9 3Pu , 1Pu , and 5Su

2 states individually; summing the
calculated rates for each predissociative state and conve
to homogeneous linewidths gives the total linewidth sho
in the figure. It was found that the same general form of
variation of linewidth withv8 was obtained in each case
N8 increased, but that the actual magnitude varied o
slightly compared to the total linewidth~by ;1 – 2 cm21 as
N8 is increased to 40, corresponding to the tails of the vib
tional bands in Figs. 1–3!. ThisN8 dependence is probably
consequence of a centrifugal contribution to the poten
energy functions. An additional, rotation-dependent coupl
mechanism may arise from theJ.L term in the Hamiltonian;
previous analysis7 suggests that at highJ this term may give
rise to a coupling amounting to about 10% of the magnitu
of the spin-orbit coupling interaction described in the ne
section. Hence, we can discount substantial rotational eff
in the analysis and concentrate on the variation ofG with v8.
We discuss in turn the contributions to the overall predis
ciation rate from theB9 3Pu , 1Pu , and 5Su

2 states asv8
varies, and the magnitudes of the spin-orbit couplings
tween these states and theB 3Su

2 state that are determine
empirically so that the calculations correspond with the
perimental measurements to the degree shown in Fig. 6

1. The B 9 3Pu state

TheB9 3Pu state can, in principle, contribute to the pr
dissociation of theB 3Su

2 state via an inner-wall coupling
above theB9 3Pu state dissociation limit. To evaluate th
contribution to the predissociation rate, we used theab initio
B9 3Pu potential to determine continuum wave function
The magnitude of the spin-orbit coupling between theB 3Su

2

andB9 3Pu states was taken from an experimental deter
nation based on a deperturbation analysis ofB- andB9-state
vibrational levels below the predissociation limit.6 The
R-dependent coupling function derived from this analysis
of the form

HSO~R!5a11a2~R2Rx!1a3~R2Rx!
2, ~2!

whereRx , the internuclear separation about which the sp
orbit coupling function is expanded, was taken to be 2 Å, a
we assume the continued validity of this function above
dissociation limit of theB9 state. The parametersa1 , a2 ,
anda3 were derived by Green and Western6,8 from a detailed
fitting procedure and the resultant values area1

529.9 cm21, a25187 cm21 Å 21, anda35421 cm21 Å 22.
This spin-orbit coupling function results in an interactio
energy of;30– 50 cm21 at the inner wall of theB state at
v8.12. Using this coupling function and theB9-state ab
initio potential, the calculated linewidths for theB state were
determined to vary from 0.002 forv8510 to 0.98 cm21 for
v8519, thus making only a small contribution to the expe
mentally measured linewidths throughout the range of
served vibronic levels. We thus conclude that coupling to
B9 3Pu state is not the dominant mechanism of predisso
tion of the B 3Su

2 state. Barrow and du Parcq34 suggested
that the second predissociation limit of theB state arose
because of the inner-wall crossing of this and theB9 state,
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and our calculations of the potentials confirm that the sta
do cross at an internuclear separation shorter than the e
librium distance for theB state. The calculated rates, how
ever, imply that theB9 state is not responsible for the seco
onset of predissociation atv8.16.

2. The 1Pu state

The 1Pu state has been postulated as being respons
for the predissociation of the S2 B 3Su

2 state via an outer-
wall crossing in the region ofv8511. A second predissocia
tion limit could arise from an inner-wall crossing of the sam
two states at higher energy but our calculations suggest
this inner-wall crossing will occur at an energy well abo
the B-state dissociation limit. We are able to test the role
the1Pu state by comparing our experimental data for pred
sociation rates with calculated rates using our RKR andab
initio potentials for theB 3Su

2 and1Pu states, respectively
For the interaction between these two states, no functio
form for the variation with internuclear separation of th
spin-orbit coupling between the states has been determ
either theoretically or experimentally. As discussed abo
we chose an approach intended to minimize the comple
of our model by limiting the number of parameters. W
opted to use a constant value ofHSO independent of the
internuclear separation, and we find that with an appropr
choice of the magnitude of the spin-orbit coupling, th
simple model is sufficient to match the experimental obs
vations.

As can be seen from Fig. 5, the gradient of theab initio
1Pu potential is quite flat in the region of the crossing po
with the B 3Su

2 state, and there is a shallow minimum
shorter internuclear distances (R'2.4 Å) followed by a low
maximum atR'2.7 Å. We suggest that the combination
these topographical features can explain the sudden jum
predissociation rate betweenv8510 and 11. The flatness o
the repulsive potential has the effect of making the ph
difference between the bound and continuum wave functi
critically sensitive to the variation with internuclear sepa
tion of the steep repulsive wall, and this phase differen
strongly influences the overlap of bound and continu
wave functions and hence the calculated predissocia
rates. The1Pu potential was therefore moved both to shor
and longerR in an ad hocfashion~though within a modest
range about the calculated position! in order to reproduce the
observed variation of predissociation rate withB-state vibra-
tional level,v8. We found that the best fit with experiment
observations, and in particular the observed trend ofG with
v8, was obtained by shifting the repulsive potential by 0.
Å to a larger internuclear distance. Once the correct form
the variation of predissociation rate withv8 had been ob-
tained, themagnitudesof the linewidths were modeled b
tuning the strength of the spin-orbit coupling until calculat
and experimental predissociation rates were in agreem
For the calculations shown in Fig. 6, an interaction energy
90 cm21 was used, and this value clearly gives excellent c
respondence between the observed and calculated~for N8
50! linewidths of all the studied vibrational levels up t
v8516. If theab initio potential without this 0.07 Å correc
tion ~but with the energy adjustments described previous!
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is used, the linewidth is found to oscillate more rapidly w
vibrational level than is observed experimentally because
the effects of interference between bound and continu
wave functions. The overlap of the bound and continu
wave functions for our corrected potentials is discussed
ther and illustrated in Sec. V.

3. The 5Su
2 state

As mentioned above, the inner-wall crossing of t
B 3Su

2 andB9 3Pu states does not significantly enhance t
calculated predissociation rate forv8.16 and the inner-wall
crossing of theB 3Su

2 and1Pu states lies above theB-state
dissociation limit. We propose that the second predisso
tion onset in the S2 B 3Su

2 state, which leads to increase
linewidths of transitions in theB 3Su

22X 3Sg
2 spectrum for

vibrational bands lying to shorter wavelengths than
~16,0! band, is a consequence of a second outer-wall cros
of the bound state by a repulsive potential in the vicinity
the energy ofv8518. We therefore included theab initio
5Su

2 repulsive potential in the model to account for the ve
strong predissociation occurring at aroundv8518. It is
worth emphasizing that ourab initio calculations imply
many interactions occurring in this region, as three repuls
curves cross the bound state in the region above the en
of v8518 ~see Fig. 5!, all of which have severalV compo-
nents. We thus use the5Su

2 state as a representative examp
since it is calculated to cross theB state at an energy lowe
than the other states in this energy region. Our calculati
do not demonstrate unequivocally that the state causing
second predissociation onset has5Su

2 symmetry, but we use
the results of our calculations for the5Su

2 state as a sampl
potential curve to demonstrate that a repulsive potentia
this form, lying at this energy, can explain the rapid pred
sociation of theB state forv8.16 using physically reason
able magnitudes for the spin-orbit coupling. As mention
previously, theab initio 5Su

2 potential curve was slightly
shifted in energy to give the correct asymptotic limit for t
S(3P2)1S(3P1) fragments.

To reproduce the experimental predissociation rates
v8.16, we used a constant coupling strength between
5Su

2 and B3Su
2 states of 100 cm21, independent of the in-

ternuclear separation. As shown in Fig. 6, this interact
models the experimental observations very well and provi
a satisfactory explanation of the second predissociation l
using a spin-orbit coupling interaction comparable to t
required to model the first predissociation limit.

V. DISCUSSION

The results of the calculations described in Sec. IV a
summarized in Fig. 6 are in very good agreement with
experimentally observed variation of linewidths ofB-state
levels withv8>10. Theab initio calculations give the form
of the repulsive potentials but their energies must be shi
slightly to correlate asymptotically with the energies of t
correct pairs of ground state sulfur atoms. The model
plaining the predissociation mechanism is physically reas
able and contains very few adjustable parameters: the
adjustments to theab initio potentials were to correct for th
of
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S(3PJ)1S(3PJ) asymptotes, and to fine-tune the crossi
point of the 1Pu potential with theB state; we also deter
mined empirically the spin-orbit interaction matrix elemen
between the boundB 3Su

2 and repulsive1Pu , 5Su
2 states.

No rotational dependence for the predissociation rate can
inferred from the experimental observations and so all
calculations have been performed withN8 set to zero. The
N8 dependence of the linewidth was investigated using
above model and we found that the effect of increasingN8 is
to cause the magnitude of the linewidths to become gre
by ;10% – 20% of the observed values, while still retaini
the same trend of variation with vibrational level. Havin
established a model for the predissociation of theB state, we
now consider the details of the predissociation mechan
revealed by the model.

A. Mechanism of the B 3Su
2 state predissociation

With the extensive experimental observations given
Sec. III, and the description in Sec. IV of the predissociat
occurring in high vibrational levels of theB 3Su

2 state of S2,
it is now possible to explain the mechanism in terms of
teractions with theB9 3Pu , 1Pu , and5Su

2 states. The latter
two states are repulsive; the former state may cause pre
sociation via interaction with its repulsive inner wall abo
the dissociation limit to form S(3P)1S(3P). We repeat the
caution that although we refer to the highest lying of the
states as the5Su

2 state throughout, this choice of label is n
supported by spectroscopic evidence and is based on the
come of ourab initio calculations.

The first predissociation of theB 3Su
2 state, occurring

slightly below v8510, can indeed be attributed to an inte
action with a nearby1Pu state, in agreement with the orig
nal conjecture of Ricks and Barrow.34 More recent studies7,21

detected fluorescence only from the lowest rotational lev
of B 3Su

2 V850 v8510. The fact that noB–X(10,0) V8
51 transitions are observed in LIF lends support to the p
dissociation occurring via spin-orbit coupling with a 1u state,
since theDV50 selection rule ensures that only the3Su

2

V851 component of theB state can interact with the pre
dissociating state for low rotational levels. Higher rotation
levels of theB 3Su

2 V850 v8510 state can predissociate b
a J-dependentS-uncoupling interaction which effectively
mixes 3S1u

2 character into the3S0u
2 state as rotation is in-

creased. In our room-temperature spectra, we may le
mately assume that allV8 components predissociate at a
most the same rate, since this mixing ofV character sets in a
low J. Calculations based on the model proposed in the c
rent work suggest a homogeneous component of the l
width of 0.002 cm21 for transitions tov8510, N850 corre-
sponding to a lifetime for this level of 3 ns which is in ver
close agreement with the experimental fluorescence-lifet
measurements (,3 ns).21 The results of our minor modifi-
cations to the energies of the potential curves leave thev8
510 level just below the calculated crossing point of t
B 3Su

2 and1Pu potentials. At shorter internuclear distanc
the ~calculated! 1Pu state has a shallow minimum atR
'2.4 Å, with a slight maximum atR'2.7 Å. These features
explain the slow onset of the predissociation since there
be very little overlap of the boundv8510 and continuum
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wave functions, as depicted in Fig. 7~a!: the continuum wave
function is much decayed in amplitude in the region of t
curve crossing. This poor overlap in the region of the cro
ing, and hence weak predissociation, is contrary to the c
mon observation of a rapid increase in the predissocia
rates in the vicinity of a crossing between a bound an
steeprepulsive potential, illustrated, for example, by our r
cent studies of SHA 2S1 predissociation.45,46

As the amount of vibrational excitation within theB
state is increased, the degree of bound-continuum wave f
tion overlap increases substantially as illustrated in Fig. 7~b!
for B 3Su

2 v8511. The de Broglie wavelengths of the co
tinuum wave functions, the phases of these and the bo
wave functions, and, of course, the number of nodes in
bound wave function, change gradually with further vibr
tional excitation, causing the overlap to reach a maximum
v8513. For vibrational levels beyondv8513 the overlap
starts to decrease, causing the predissociation rate to be
slower and resulting in a sharpening of the linewidth.
mentioned previously, if the1Pu state is moved to slightly
longer and shorter internuclear separation, the calculated
dissociation rates oscillate in a very different fashion w
v8, reflecting the sensitivity of the overlap of bound a
continuum wave functions to the exact location of this rep
sive state. The onset of the second predissociation occu
around v8517, where the linewidths of the experiment
spectra start to increase once more. In our model calc
tions, the lowest lying of the three repulsive states in t
region, namely the5Su

2 state, was chosen to reproduce th
second interaction. Figure 8 shows the calculated wave fu
tions for the interaction of theB state with this5Su

2 state for
v8517 and 18. The substantial overlap of these wave fu

FIG. 7. Potentials and calculatedB 3Su
2 v8 ~solid lines! and 1Pu state

~dashed lines! wave functions of the same energy for:~a! v8510; ~b! v8
511.
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tions is a likely cause of the sudden diffuseness in the sp
trum for levels withv8>18.

B. Classification of the predissociation

The classification of the predissociation of the S2 B 3Su
2

state has been the subject of much discussion, as outline
Sec. I.31,33,34 In light of our experimental and theoretica
studies, we conclude that the strict classifications for both
first and second onsets of predissociation are type Ic1, as
was originally suggested by Herzberg in 1939.31 The flatness
of the 1Pu potential around its crossing point with theB
state and the very shallow minimum at smaller internucl
distances, however, make this assignment arguable: the
sification might be better expressed as intermediate betw
cases Ia1 and Ic1. The predissociation limit is close to th
dissociation limit of the predissociating state, though there
possibly a minor difference resulting from the small ma
mum on the1Pu potential since tunneling through such
wide barrier is unlikely.

C. Comparison with the predissociation of O 2 and Se2

It is instructive to make a comparison of our deductio
about the predissociation of theB 3Su

2 state of S2 with the
well-characterized predissociations in theB states of the
analogous, valence-isoelectronic systems O2 and Se2. In O2,
the B 3Su

2 state is predissociated for levels abovev852,60

with a maximum linewidth of 3 cm21 at v854. This predis-
sociation was originally attributed to a spin-allowed intera
tion with a3Pu state.1,61 A subsequent high resolution stud
however, indicated that although the3Pu state was respon
sible for some weak predissociations, the dominant pathw
for predissociation to occur was via a spin-orbit interacti

FIG. 8. Potentials and calculatedB 3Su
2 v8 ~solid lines! and 5Su

2 state
~dashed lines! wave functions of the same energy for:~a! v8517; ~b! v8
518.
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with a 5Pu state.60 Other weak interactions responsible f
predissociation in the Schumann–Runge band system w
attributed to crossings with repulsive1Pu and 5Su

2 states.
For v8>5, a 3Su

1 state contributes to O2 B state
predissociation.62 Ab initio calculations of the potential en
ergy curves of O2 predict the3Pu state to cross the inne
wall of theB state~case Ic2 predissociation! whilst the5Pu ,
1Pu , 5Su

2 , and3Su
2 states all cross on the outer limb~case

Ic1 predissociation!.63 The calculated ordering of states fo
S2 in Fig. 5 in this current study is exactly the same as t
predicted by Schaefer and Miller63 for O2, but the crossings
in the S2 system occur much higher on theB-state potential
well. The spin-orbit interaction energŷ5PuuHSOu3Su

2& for
predissociation in O2 has been calculated to be 65 cm21,
indicating that the values of 90– 100 cm21 used in the calcu-
lations presented here for S2 are physically reasonable, as th
spin-orbit coupling is expected to increase with atomic nu
ber @for O(3PJ) the J52 to J51 energy gap is 158.5 cm21

whereas in S(3PJ) it is 396.8 cm21#. We also note for com-
parison that in our calculations on the predissociation of
A 2S1, the spin-orbit coupling values were close
100 cm21.45,46

The currently accepted view of the predissociation of
O2 B state is that a5Pu state is primarily responsible for th
interaction,62 and the S2 B state is also crossed by a5Pu

state. As shown by our calculations, it is quite feasible t
the second predissociation of the S2 B state is caused by
interaction with a5Pu state rather than the5Su

2 state we
have invoked here, and hence we refrain from any defini
assignment of the nature of the electronic symmetry of
predissociating state pending calculations of the spin-o
coupling to the5Pu and5Su

2 states.
Predissociation of theB0u

1 state of Se2 by a 0u
1 state is

very strong and levels above the crossing point are so dif
that they are not observed.64,65 The perturbation responsibl
for the predissociation also manifests itself by causing la
level shifts of the bound~sharp! levels. The maximum ex-
pected linewidth is estimated to be as much as 140 cm21 at
v8524. This predissociation is again caused by a spin-o
interaction; this time the magnitude of the interaction is c
culated to be 373 cm21, again lending support to our predic
tion of a matrix element of 90– 100 cm21 in S2.

VI. CONCLUSIONS

We have used the experimental technique of CRDS
characterize further and clarify the predissociation mec
nisms occurring in theB 3Su

2 state of S2 for v8>10. In these
experiments, homogenous line broadening of spectral l
was estimated from band contour fits to various (v8,0) vi-
brational bands withv8510 to 19 within the S2 B 3Su

2

2X 3Sg
2 spectrum. The rotational lines of the~10,0! band

have homogeneous components to their linewidths oG
<1 cm21 and the band shows sharp, as yet unassigned
tational structure. All bands with 10,v8<17 show diffuse
structure and vary in rotational linewidth from 1061 cm21

for the ~11,0! band to 761 cm21 for the ~17,0! band, with a
maximum linewidth of 1461 cm21 for the ~13,0! band. All
bands withv8>18 are completely diffuse, indicating the on
re
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set of a second strong predissociation at aroundv8518 in
theB state. For these bands only an estimate of a lower li
of 15 cm21 for the linewidth is possible.

To complement this experimental study, we perform
detailedab initio calculations to understand the nature of t
predissociating states, and, furthermore, have used the re
ant calculated potentials together with an improved RKR
tential for theB 3Su

2 state to derive an analytical model th
reproduces quantitatively the experimental data. Theab ini-
tio potentials were slightly shifted in energy to give the e
ergies appropriate for the different S(3PJ) asymptotes. The
model uses Fermi golden rule calculations of the predis
ciation rates to enable a comparison between theoretical
dictions and our experimental measurements. The mode
dicates that the first predissociation, setting in at aroundv8
510, is caused by a spin-forbidden interaction with a1Pu

state which possesses a very shallow minimum atR
'2.4 Å ~just inside the crossing point of theB-state poten-
tial!. The observed form of the variation in linewidth withv8
is reproduced if the wholeab initio repulsive potential is
moved by 0.07 Å to larger internuclear separation, and
variation is attributed to the rapidly changing overlap
bound and continuum wave functions. The magnitude of
spin-orbit interaction matrix element responsible for the p
dissociation is estimated to be 90 cm21 and is taken to be
independent ofR. We suggest that the second predissoc
tion is caused by one or more of a variety of states~5Su

2 ,
5Pu , or 3Su

1! since our calculations reveal that there a
numerous crossings of the outer wall of theB-state potential
at energies around and above the energy of thev8518 level,
and all of the states have more than oneV component. The
observed behavior can be modeled successfully, howeve
the lowest lying of theseab initio potentials, the5Su

2 state, is
treated as a single potential~hence neglecting theV compo-
nents! and an interaction energy of 100 cm21 is invoked be-
tween it and theB state, independent of internuclear sepa
tion. A combination of theab initio B9-state potential and a
previously determined, experimentally derivedB;B9 spin-
orbit coupling function enables us to conclude that coupl
to the repulsive wall of theB9 state constitutes at best only
very minor channel for predissociation of theB state. The
theoretical model is unlikely to be the sole description of t
predissociation behavior that accounts quantitatively for
observed rates. The model is attractive, however, becau
contains a minimal number of adjustable parameters and
values of those parameters can be physically justified.

Future work will include refinements to the calculate
potentials by extending the basis set and anab initio calcu-
lation of the spin-orbit coupling matrix elements between
B state and theB9 3Pu , 5Pu , 1Pu , and5Su

2 potentials for
comparison with our predictions. Further analysis of t
B–X(10,0) band using fluorescence-depletion experime
to clarify the rotational assignments is already underway44
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