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Predissociation of the B 33X state of S,
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Predissociation of thB 33 state of $ has been investigated by a combination of cavity ring-down
spectroscopy and model calculations. The experimental spectra BfetEg_ =X 325 (v',0) bands

for 10<v’=<22 span the wavenumber range 35 480—39 860'cixtensive 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 ¥9v'<17 that vary from=1 cm ! for the (10,0 band to 7

+1 cm?! for the (17,0 band with a maximum linewidth of 141 cm™* for the (13,0 band. For
v'=18, all bands are completely diffuse, indicating linewidths in excess of 15.crfihe
experimental results are compared with the results of a theoretical model that uses a Rydberg—
Klein—Rees(RKR) potential for theB 33 state,ab initio calculations of the repulsive potentials

that cross th® state, and Fermi golden rule calculations of the predissociation rates for the different
repulsive potentials. Minor adjustments to i 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
v'=<16 is predominantly via &I, state, whereas far’ =17, coupling to a second repulsive state,
suggested to be either®@ ; or °Il, state, provides the primary mechanism for predissociation.

© 1998 American Institute of Physids50021-960808)00916-1

I. INTRODUCTION throughout the ultravioleUV) and visible part of the spec-
trum: this transition has thus been proposed as an optically
umped, widely tunablg365—-570 nm chemical laset®
i{lercury—free discharge lamps and daylight-simulation light
bulbs using low-pressure radio-frequency sulfur discharges

TheB 33, —X 32§ system of $ contains many bands
spanning a wavelength range of 250—-700 nm and is the
analog of the extensively studied Schumann—Runge ban
system of Q.1 Unlike O,, however, $is not a stable mol- T 47
ecule: it is produced only transiently in sulfur-containing also rely on the emission on the B—X transition.

3 - . .
flames and dischargés® and forms in high temperature The groundX 229 State of $ arises from the electronic
(>800K) sulfur vapor. TheB 33, —X 32§ transition is  configuration ...5g2m 27, and has been well character-

very intense and is responsible for the blue color arisingZ®d by @ combination of electron paramagnetic resonance

from flames and discharges containing sulfur. Since the fir(EPR'® and microwav® studies. Thea 'Ag and b '3.§
observation of theB—X transition by Grahafhmany at- States also arise from this configuration and both have been
tempts have been made to interpret this heavily perturbefbserved experimentally. The first excited molecular con-
band system and only recerftif has a full rotational analy- figuration .. .5re2m;2 g gives theB 33, state, which is the
sis been carried out. A complete understanding of this banfPcus of this work, and another five possible excited elec-
system is desirable for a number of reasons: for example, thigonic states¢ =, , A’ 3A,, A3, b 'A,, and'S |, the
strength of the transition makes laser induced fluorescend#st four of which have been identified via spectroscopic
(LIF) detection of $a useful probe for studying combustion transitions. The configuration . a§2m 2m50, is also of
processes of sulfur-containing fossil fuels. The detection ofmportance in the current work since it gives rise to the
S, also provides a means of studying the elementary chemB” °II, and 11, states. The former state is responsible for
cal dynamics of sulfur-containing species as it is a producthe extensive perturbations observed in Ehetate, with the

of, for example, C$photolysis® and reactions such as that dominant interaction being spin-orbit coupling, and has been
of S(D)+0CS!° S, was observed transiently in the atmo- identified spectroscopicalRf22The latter state has been in-
sphere of Jupiter by the Hubble space telescope followingoked by several authd®s?*to be responsible for the onset
the recent impact of the comet Shoemaker—L’évy. has  of the first predissociation in th state for vibrational levels
also been observed via th-X transition within cometary ahovey’=9. The °11, and 52; states, which have the re-
atmOSpheregz,’lsand has been Impllcated in the sulfur chem- Spective principa] occupations 0—?773277350-5 and
istry occurring within dense molecular cloutfs:® At high ..5og2m,2m3507, are also of relevance to the current study
temperatures, the large number of bands in hB-SX spec-  pecause of their possible roles in B 33, predissociation.
trum overlap to cause a virtual continuum of emission  puch effort has been expended over the past 80 years to
try to understand the extensively perturbed rotational struc-
dElectronic mail: a.orr-ewing@bristol.ac.uk ture of theB—X transition. The coarse vibrational energy
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level structure of theéB state is described by the currently B” state as a candidate for the predissociating state. The
accepted spectroscopic constadnt3,=31 835, w,=434, limiting curves for predissociation of all three)-
wXe=2.75cm L. Early attempts to understand the per-componentsF,, F,, andFj, of theB state tend toward the
turbed nature of thB state mainly involved partial rotational same limit, indicating that they were all predissociated by the
analyses of isolated pairs of vibrational baRfislany rota-  same state. Ricks and Barrow postulated that the first predis-
tional perturbations were observed in vibrational levels sociating state was a ,lstate correlating with SP,)
=7,8. From the analyses, the nature of the perturbing state SCP;) and proposed théll, state as a likely candidate
was deduced to b&31, and was ascribed the spectroscopicsince it would be capable of predissociating all thi@e
label B”. Further studie€ revealed erratic variation of the components of the 33, state. By making use of the known
molecular constants with vibrational level, such as the spin-spin-orbit splitting between $8pP,) and SfP;) of
spin splitting constanf\) having values of-—4.7 cm 1 for ~ 396.8 cm%, they were also able to obtain an improved esti-
v'=0,2,4 and~+9.5cm ! for v'=1,3,5. Attempts have mate of the ground-state dissociation ene@y= 35 216.4
been made to provide a deperturbation model in terms of-2.5 cm .
mixing between theB and B” state$®2°in order to under- Emission from the lowest rotational levels of tBe’S
stand the observed rotational structure of Bestate for 0 Q’=0, v’ =10 level has recently been studied in detat,
<v'<10. The most recent and thorough anaR&lyielded  and the lifetime calculated from fluorescence decay rates was
deperturbed constants for levels upto=9 by using experi- less than 3 ns compared to a lifetime of 32 ns for lower,
mental results from both jet-cooled and room-temperatur@onpredissociated vibrational levels. In these studies no
spectra. emission was observed for > 10, although emission from

In his original study of the absorption spectrum of theyv’=10, 11, and 12 has been reported whenisSformed
B—X band system, Grahammoted two regions where the from the reaction of H atoms with 43 (v’ =10,117>%¢ and
lines became diffuse: the first beginning with 14,0 band in an electrical discharge of $MHe mixtures ¢’
and the second with th@8,0 band. The first specific studies =10,11,12)*' This emission is attributed to inverse predis-
of predissociation effects within high vibrational levels of sociation, i.e., to atomic recombination and fluorescence in
the B 33, state were conducted by Olssthand the phe- the absence of a third body quencher.
nomenon was further investigated by Herzberg and Theoretical investigations of th 33, and higher lying
Mundie3! Prior to these studies it had been established thastates of $ have, to date, been limited. Swopeal*® per-
emission from theB 33 state abruptly breaks off at high formed self-consistent-field (SCPH and configuration-
rotational levels within the’ =8 and 9 levels, with no emis- interaction(ClI) calculations using an augmented double-zeta
sion seen from the’ =10 level??*3These and the observa- basis set on 13 low-lying electronic states including the
tions of Herzberg and Mundie indicate a limit for predisso-X °% ', B °%, B” °II,,, and'Il,. From these calculations
ciation lying somewhere between theé=9 level (at high it was concluded that thH1, state was weakly bound, lying
rotational excitatiop and the origin of thev’=10 level.  at an energy of around 37 600 cf and dissociates into two
Herzberg attributed the predissociation mechanism to a typground-state sulfur atoms. More recently a complete theoret-
Ic case, i.e., the predissociation limit lies appreciably higheical study of theB—X and B"—X band systems, including
in energy than the true dissociation energy of the predissocialculation of transition dipole moments, was carried out by
ating state, thereby giving an upper limit for the dissociationPradhan and Partridgé Wave functions and potentials were
energy of $ of Dy=35500 cm™. This result was contrary obtained via multireference configuration-interaction
to the conclusions drawn from the work of Rosenal®®  (MRCI) calculations. Oscillator strengths, transition prob-
who, from the breaking off in emission of bands with abilities, and radiative lifetimes were calculated and were all
=8 and 9, assigned the predissociation as cadevitth the  shown to be in good agreement with experimental data.
crossing of the potentials lower than the dissociation energy  Most of the experimental and theoretical studies of the
of the predissociating stateRicks and Barrow reexamined S, B—X band system have focused on the lower lying, non-
predissociation within theB-state levelsv’=8, 9, and 10 predissociated vibrational levels. In this study, we concen-
carefully analyzed the breaking off in emission at the onsetrate on the predissociated levels abeove= 10. Prior to this
of predissociation foP%S,, 3s,, and®2s4S. They obtained work, only plate spectra existed of transitions to these higher
three limiting curves of predissociation corresponding to thevibrational levels; hence extraction of dynamical information
F., F,, andF3; componentgonly the F; component was such as predissociation rates from spectral linewidths has
observed fow ' =10), all of which extrapolated to the same been largely nonquantitative. The nature of the second pre-
limit of 35999.0+2.5cmi! above the ground-state mini- dissociation has received little attention, although Barrow
mum. From their data, they estimated the energy of thend du Parc attributed it to an inner wall predissociation
crossing pointE,, using the method of Herzberg, and inter- (Mulliken’s typec ™) via theB” %1, state. We have investi-
preted the predissociation as case Ib. Therefore, the limitingated theB—X band system of Sover the range of excited-
value of predissociation, 35 999+®.5 cnmi %, should corre- state vibrational levels ¥v'<22 using cavity ring-down
spond to the true dissociation limit. Since the last valud’of spectroscopyCRDS.%°~*? Together with this experimental
observed in emission decreased with increasing vibrationahvestigation, we conducted complementaty initio calcu-
level, Ricks and Barrow were able to assign the predissocidations to clarify the nature and ordering of the possible
tion as type 15 in Mulliken’s classification, i.e., an outer states responsible for the observed predissociations within
wall crossing, thus eliminating the repulsive inner wall of thethe B state. The resultardb initio potentials, an improved
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RKR potential for theB state, and Fermi golden rule calcu- (@ (b

lations of predissociation rates were used to estimate the —”/\
strength of the interstate interactions and thus to rationalize ’_//\
the experimental observations.

T I L n { | L 2
35500 35600 35700 35800 35800 35900 36000 36100

Wavenumber / cm” Wavenumber / cm™

Il. EXPERIMENT

The experimental arrangement used to record the CRD © @
spectra of $has been described in detail elsewH&rand ‘_/\ //\
we give here only the specific details pertinent to this study. __/_/\ //\

Spectra were recorded of ®rmed in a flow system within 36200 36300 36400 36500 36600 36700 36800

a 1.5-m glass vacuum tube. Two high-reflectiyiyR) mir- Wavenumber / cm’ Wavenumber / cm”

rors (2-m radius of Curvatube located in adjl,JStable moumfs FIG. 1. CRDS spectra of vibrational bands of tthS"'EJ—X 32; tran-

at the ends of the flow tube, formed the ring-down cavity,stion: (a) the (10,0 band;(b) the (11,0 band;(c) the (12,0 band;(d) the
and light escaping from one of the mirrors was detected by &3,0 band. Also shown irib), (c), and(d), above the experimental spectra
photomultiplier tube. Spectra of tHe—X (10,0), (11'0)’ and are spectral simulations obtained using the methods described in the text.
(12,0 bands were recorded using the frequency-doubled out-

put of a dye lasekSpectra Physics PDLy3operating with
Fluorecein 548 and pumped by the 532-nm output of
Nd:YAG laser (Quantel YG680. To record spectra of the
(v’,0) bands withv’ =13-22, the dye laser, operating with
Coumarin 500, 540, and 540A dyes, was pumped with thé\. S, B *%; v'=10

355-nm third harmonic of the Nd:YA(_S laser. The dye-laser Figure Xa) shows the CRDS spectrum of t& 33
fundamental was frequency doubled in a BBO or KDP CIYS-_x 3y~ (10,0 band over the wavenumber range

tal to generate the necessary UV light between 250 and 28§5 488—35 800 cmt. The LIF spectrum of this region
nm. Spectral calibration of the dye-laser fundamental wagy, s the lowesi’ .(i e.,J'=1) of the Q' =0 component
performed by simultaneously recording optogalvanic lines O(Ni'[h other, higherd’ levels appearing only weakfybut the

neon lexcned n ? hollow ;:art]hode discharge. To cover thespns gpectrum shows extensive rotational structure. At-
complete spectral range of the experiments, two HR mlrrorfempts were made to simulate this spectrum by extrapolating

sets were required, the first having maxi.mum' reflectiyity al gpe deperturbed constants obtained from the previous vibra-
central wavelength of 290 nniVirgo Lightning Optical a1 hands seen in earlier, high resolution LIF studi€sir

Corp.), and the second centered at 243 fRese_arch Elec_tr_o attempts were, however, largely unsuccessful owing to
O_pt|C5). At the _central wa_velength fo_r the high-reflectivity strong rotational perturbations by thg °II, state, which
mirrors, the 1& ring-down time was typically 1. Absorp- re still evident in much of the spectrum: ti&33, v’

tion spectra were obtained b_y direct Ieast-;quares f|tt.|ng OL 10 level lies close to the dissociation limit of tB state.
the logarithm of the exponential decay function to obtain theA combination of our room-temperature spectrum and an

variation of the ring-down time with wavelength. ongoing fluorescence-depletion stétighould clarify the ob-

H S, was %r(l)_(éuc_ﬁ? |r|1_|a continuous flow frorr:jr:\)mmturg of served structure. From our spectrum, however, we estimate
atoms and B5. The H atoms were generated by passing g, yigth at half maximum heightFWHM) values for the

mhicromaveldiscuar%e thlrlpugmkr)éB OTiHigf?. Eurity flowing rotational linewidthsI'<1 cm ! since the spectrum clearly

t rough a e’?gt of muliite _tu €. he etliciency oi ﬁro-_ shows sharp structure: the homogeneous broadening results
dgctlon was mcrease_d_ by lightly coating Fhe ”?””'te twbing ¢, predissociation and indicates a natural lifetineps.

with a solution _contamlng ortho-phosphoric acid, methanoI,These linewidths should be compared with our instrument
and water. Typically, pressures of 1.0-2.0 Torr ofWere oo hion determined from previous studif€ to be well

flowed continuously through the tubing, with the microwavedescribed by a Gaussian function of FWHM 0.09 ¢mthis

generator operating at an input power of approx”m‘te'ylnstrumental resolution is limited by the UV laser linewidth.

The estimates of SB—-X (10,0 linewidths andv’ =10 life-

Levels withv’>18 are diffuse and completely unstructured
%nd, forv’ > 20, the experimental spectra showed only weak
signals.

30-40 watts. The k& (Matheson 99.5% puritywas gradu-

ally introduced into the ring-down cell 5 cm upstream of thetimes cannot be quantified more precisely because fitting to

H-atom inlet. Care had to t_’e taken When adding thE Bo individual lines was prevented by the high density of over-
as to suppress the formation of particulate sulfur productsf,appmg rotational lines

within the ring-down cavity as these decreased the ring-
down time and dirtied the mirrors. Typical operating pres-o o g Sy~ =11-22
sures of HS for the spectra reported here werd 0 mTorr. P2 u

1. Spectral linewidths

Figure 1b) shows a CRD spectrum of tkig¢1,0 band of
the B-X transition over the wavenumber range

Using the CRDS apparatus, spectra were taken of she 85 800—36 160 cim. It is clear from this spectrum that the
B3,—X 3Eg_(v’,O) band system with’ ranging from 10  predissociation is much more pronounced 6 11 of the
to 22 spanning a total wavelength range of 282—-250 nmB 33 state than fow’=10, since now the rotational fine

Ill. RESULTS
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in the fitting procedure, with the broadening of the spectral
lines described by a Lorentzian function with FWHMThe
spectral fits to thg11,0 band returned a value df =10
+1cm ! corresponding to a predissociative lifetime of
530" & fs. The absence of marked structure in the spectrum
meant that no rotational dependence for the linewidth could
be deduced, and this lack of variation is reflected in the rela-
tively large (10%) error in the estimated linewidth.

Figures 1c), 1(d), 2, and 3 show CRD spectra of the
B-X(v',0) bands withy' =12—v' =19, together with simu-
lations derived using the least-squares fitting procedure. All
simulations assume a temperature of 300 K. It is evident
from Fig. 1(c) that predissociation has become still more
rapid atv ' =12 of theB state since the rotational structure is
even less pronounced than for ttil,0 band. The Lorent-
zian component of the spectral linewidth reaches a maximum
FWHM value of 141 cm ! at v’ =13 [Fig. 1(d)], indicat-
ing a lifetime of 380: 30 fs, though again there may well be
some rotational dependence to this value which cannot be
L e resolved in the spectrum. As the vibrational energy ofBhe

37450 37500 37550 37600 state is increased beyond =13, the rotational structure
Wavenumber / cm™ gradually becomes sharper and more pronounced, as is illus-
FIG. 2. CRDS spectra of vibrational bands of theBs®s,; — X 33, tran- tr_at_ed in Figs. 2 and 3;’ indicating that the rate- of prgdisso-
sitio-n:ia) the(14I,OC) band;(b) the (15,0 band, together Wuith spec?ral simu- clation .decreases fop’>13. The S|gnal—to-n0|s_e ratio is
lations obtained as described in the text. poorer In the spectrum of thB—X (150 band [Flg. Z(b)]
than in the otheB—X spectra and the spectrum is cut off at
37 430 cm'%; the reason being that the reflectivities of both
structure is almost entirely washed away by homogeneougur mirror sets are comparatively low in this spectral region,
broadening, leaving only a small ripple on top of an almosttherefore decreasing the ring-down time to less thas and
continuous band profile. Also shown in the figure is a simu-degrading the experimental sensitivity. The linewidth
lation of theB °%, —X 33 (11,0) band assuming a rota- reaches a minimum valugor v’>10) of 6+1 cm tatv’
tional temperature of 300 K. This simulation was derived= 16 of theB state[Fig. 3(@)], and this linewidth corresponds
using quoted literature values for tb(e329_ state constans  to a predissociative lifetime of 8833, fs. Again, we were
and modified values of thB-state constants deduced from a unable to assess how the predissociation rates are affected by
least-squares fitting procedure described in the next sectiomolecular rotation.
Along with the spectroscopic constants in the Hamiltonian  For excitation to vibrational levels aboue =16, the
matrix, the spectral linewidtkassumed independent of rota- FWHM of the Lorentzian lifetime-broadened component of
tional quantum number and) was included as a parameter the spectral line shapes once more increasesuvferl7

3 ~
& m
N’

L I " 1 L L 1
37000 37100 37200
Wavenumber / cm™

(b)

A

M )
37700 37800 37900 38100 38200
Wavenumber / cm™ Wavenumber / cm™
() (@)
1 1 1 n 1 ) 1 n n ) 1 A n 1
38300 38400 38500 38600 38700 38800 38900
Wavenumber / cm™ Wavenumber / cm™

FIG. 3. CRDS spectra of vibrational bands of th§E53EJ—X 32; 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.
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TABLE I. Values of the®’S, B 3 state constants and linewidths for the TABLE II. Equilibrium values of molecular constants for tBe3 | state
vibrational levels 1%&v’'<19 derived from the least-squares fitting proce- of S, derived from a weighted least-squares fit of the combined data for the
dure outlined in the text. All values are in ¢ Numbers in parentheses are v’=11-20 levels(this work) andv’=0-9 levels(from Refs. 6 and ¥

the standard deviatio(20) of the parameters obtained from the fit. Numbers in parentheses are the standard devidfioh of the parameters
obtained from the fit. For comparison, literature values from experimental
B33,v’ T, B, N r, and theoretical studies are listed.
10 =<1 Literature values (crmt)
11 36 109.93) 0.2043) 1.34) 10(1)
12 36 477.45) 0.2012) 1.5(5) 12(1) Value (cm'l) Experimentdl Calculated
13 36 843.87) 0.1983) 1.7(4) 14(1) B. 0.22582) 02239 02234
14 37 201.06) 0.1965) 1.94) 10(2) o 0.00142) 0.0023 0.001 98
15 37 563.%6) 0.1944) 2.23) 8(1) ye 35:16%10° ‘ ‘
e 5x1,
16 3789%.1) 01932 240 &1 T, 31832.77) 31835 31826
17 38 230.94) 0.1911) 2.7(4) 7(2)
we 435.23) 434.0 434.0
18 38558.97) >15 o.x 2.722) 275 255
19 38 8902) >20 e : : :
%Ref. 25
bRef. 39.

[Fig. 3b)] =7+1cm™, and for the(18,0 band[Fig.  (excludingu’=10). The latter three equilibrium constants
3(0)], all rotational structure is lost and the band becomesg|ate to the rotational constants for the different vibrational

diffuse, indicating linewidths in excess of 15¢C levels via
(lifetime<<350 fs). For levels withy' >18, the slight step at . 1o
the start of the ban¢arising from transitions to the different By=Be—ac(v+3)+y:(v+2)". @

) components of th® statg, which was clearly apparentin e defineT, as the energy separation of the minima of the
earlier spectra, is now lost, indicating that the bands becom@ =0 components of the ground and excited states, consis-
even more diffuse. Gradually the spectra become very weajent with previous author¥. Term values are obtained from
and we did not look for bands with’>22. The linewidths T, by adding the vibrational energy in thg state(from the
derived from the least-squares fitting procedure for thepotential minimum and subtracting thex 32§ state zero
B3, —X %%, band progression ¥v'<19 are summa- point energy of 362.11 cit and a value of. A=15.78 cm
rized in Table I. —1 corresponding to the ground-state spin—spin splitting.
The values of the equilibrium constants obtained from
the above fitting procedures are given in Table Il and for the
purposes of comparison, previous values listed by Huber and
Herzberd® and those calculated by Pradhan and Partfitige
The fits to the band contours for >10 give values not  are included in the table. The values obtained here from the
only for the spectral linewidths, but also for band origins, combination of our results and other recent wofkdiffer
rotational constants, and spin—spin splitting constants. Thejightly from the quoted literature values, reflecting in part
fitting process was performed using the computer progranhe higher resolution and accuracy of the &:/Bpectra com-
PGOPHER'’ in which adjustable parameteftiie excited-state pared to the original photographic-plate studies, and partly
rotational constant3’, the band origin;T,, and the spin—  the nature of the deperturbation analysis used/fex9. The
spin splitting constant\’) of a rigid-rotor Hamiltonian ma-  yjprational term values are reproduced to accuracies of
trix, as well as the SpeCtral linewidths, were floated in Orderi6 Cm71 by these constants, which is less than the experi_
to minimize the squares of the differences between the obmental precision to which they can be determined because of
served and calculated spectra. The ground-state constangzomplete deperturbation far’<9. Our objective in ob-

were fixed at previously determined valfeSince the bands  taining these equilibrium spectroscopic constants was to en-
show no individually resolved rotational structure, the wholegple the construction of an RKR potential for tBe3s

band contour was fitted until the total standard deviationstate, as discussed in the following section.

reached a minimum. We were able to model the band con-

tours successfully without the complications caused by th

extensive perturbations evident fof <10 because the pre- E/AESSLCULATION OF THE PREDISSOCIATION

dissociated bands lie well above the dissociation limit of the

B” 311, state. Derived values of the spectroscopic constants Given the detailed observations of the variation of line-
are shown in Table | and vary smoothly with vibrational widths over the wide range of vibrational levels &0’
level, confirming that the perturbations experienced in the<22) obtained from the CRDS experiments, we now seek to
lower part of the vibrational progressiorv’(<10) have formulate a quantitative model in order to explain the nature
switched off. The values of the constants obtained from thef the predissociation mechanisms occurring in the high vi-
CRD experiment, together with deperturbed constants fronbrational levels of theB 33 state of $. The calculations
Green and Westefti® were used to obtain combined values that make up the model were performed in two stages: first,
for the equilibrium molecular constants, we, weXe, Be, detailedab initio calculations were carried out to determine
ae, andvy, for the B-state levels extending from' =0 to 19  the ordering of states and characterize frdependence of

2. Spectroscopic constants
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the possible repulsive potentials responsible for the predisso- E

u Q-
ciation. These repulsive potentials were then used together 3
with an experimentally determined RKR potential for the SH,‘?
B 33, state to perform Fermi golden rule calculations of the o SCPYFSCP,) 36572 om”
predissociation rates. A comparison of calculated and experi- SCP)+SCP,) 36396 cm’
mental rates enabled us to estimate the magnitudes of the 5p- 2
spin-orbit interactions responsible for the predissociation. Yo ——
A. Determination of S , potentials Iy, 1 SCP,)+SCP,) 36175 cm”
Ab initio potentials for theB 3%, and B” °II, states SCRY¥S(P) 35999 em’
have been calculated previoush/but no such potentials o SCP*+SCP,) 35602 cm”
were available in the literature for the higher, repulsive states L, ot
with a sufficient degree of accuracy for our calculations of
v'-dependent predissociation rates. We therefore undertook 'z 0
the necessargb initio calculations of potential curves, in- Iz L
cluding the B 33, and B” 31, states, but restricted our-
selves to states of ungerade symmetry since only these states n, 3
have the appropriate symmetry for the predissociation of the !
B 3EJ state®® FIG. 4. Correlation diagram for the ungerade states arising from tie,$(

The predissociating states must correlate to ground-stateoms. The S(P,) + SCP,) asymptote is omitted because this combination
atomic fragments, gP) + S(3P), whereas th& 3EJ state giyes rise to no ungerade states. Ihg energigs of the asymptotes are specified
. . - . . P with respect to the base of the)S°X; potential well.
is correlated with the first excited atomic limit %) 9
+S(*D). Consideration of the Wigner—Witmer correlation
rules demonstrates that there are eight possible ungerade m@ultireference analog of the Pople correction. Calculations
lecular states arising from the two ground-state atomic fragwere carried out on a Silicon Graphics SGI Power Challenge
ments, namely= , I, 2x33 7, 3I1,, ®A,, °2;, and  at the University of Bristol Computing Service.
°TI,. Thels, , 33 ), and®A, states are known from emis- The potential energy curves determined from the MRCI
sion studie¥' to lie below theB 33, state and correlate with calculations, but shifted slightly in energy as described be-
the 3P,+ 3P, asymptote which lies 35 602 ch above the low, are shown in Fig. 5. The potential minimum of the
X33y state potential minimurif: The B” °II, state also X %5 state has been selected as the zero of energy and all
arises from the combination of two 8f) atoms but some other potentials are referenced from this point. Bheinitio
questions still exist about whickP; spin-orbit components calculations do not take into account the effect of spin-orbit
of the ground-state sulfur atoms this state correlates withcoupling and all eight calculated ungerade states arising from
Recent observatiohsf B” state vibrational levels near to the the SEP)+S(3P) combination should therefore tend to the
S(P,)+S(EP,) limit at 35999 cm?, proposed by Ricks same asymptotic limit; the calculated asymptotic energies
and Barrow" to be the dissociation limit of the first predis- actually lie within 880 cm* of one another. The calculations
sociating state, suggest that not all decomponents of the return a value for the separation of the®Bf+ S(®P) and
B” *I1, state converge to this limit; some are more likely to SGP)+ S(*D) asymptotes of~9050 cmi! (taken from the
converge to the next highest atomic limit’8¢) + SCPy) at  mean of the calculated %)+ S(P) energies for the vari-

36 175 cm . From these and other observations the correlaous potential curvéscompared to a value of 9239 crhde-
tion diagram for the ungerade states formed by'PJ( rived from the known atomic energy levels of sulfur. For the
+S(EP) shown in Fig. 4 has been proposet.

Ab initio calculations of these and some of the higher

lying potentials identified in the correlation diagram were 60000

performed using the commercially available package of pro- 55000

grams MoOLPRO 96° All the calculations used the

correlation-consistent  valence-quintuple-zetacc-V52) 50000

Gaussian basis set of Dunning and co-workeend were g 45000 SCP) +8(D)
. . . [

carried out inD,, symmetry. A restricted Hartree—Fock cal-  ~

culation was conducted in order to determine approximate & 40000

forms for the ground-state molecular orbitals. These orbitals SCP) + SCP)

were then used as a first guess for calculating the excited- 33000

state wave functions and energies for a total of 21 internu- 30000

clear distance$10 of which were concentrated in the region L5 2 2.5 3 35 4 45 5

of the potential crossings between 2 and Bida multiref- R/A

erence configuration-interacticRCI)**°2 calculation us- - . .
9 o ) FIG. 5. Ab initio potential energy curves for the low-lying ungerade states

Ing complete active spac.e SQEASSCH™ orbitals. Internal of S, relevant to this study. Also shown as a dashed line is the RKR poten-
contraction of core orbitals was used and the effects ofial for the B 35 state. The zero of energy is taken as the bottom of the

higher order excitations were accounted for by using thex *s; potential well.
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calculation of predissociation rates described later, it is im- 20
portant to correlate the repulsive molecular states with the
correct atomic limits, as shown in Fig. 4, since different en-
ergetic asymptotes will result in different kinetic energies
imparted to the dissociating atomic fragments and therefore
affect the de Broglie wavelengths of the continuum wave
functions. As we illustrate in Sec. V, the de Broglie wave-
lengths and the relative phases of the bound and continuum
wave functions are important factors influencing the rates of e e A &g
predissociation of SB 3%, v’ states. The energy separa- T A S R v A A TR TRT
tions of the3P;, 3Py, and'D atoms from the’P, state of v
Su”,ur, gre 396'8_’ 573.6, and.9239..0 dnreSpeCtlvel)ﬁ Th,e FIG. 6. Experimentally observe®) variation of the linewidths of S
ab initio potentials were shifted in energy so that their as-g 3y-_x ®S4(v',0) transitions with upper-state vibrational quantum
ymptotes were consistent with the energies of the proposeaimbery’. Also shown are the theoretically calculated linewidths obtained
atomic correlations. Having modified the potentials in thisusing the mocjesl described in thle text for contrik;utions to the prgdissociation
way, we found that predissociation of thé=10 level of the oM O theB" L, stateA the 11, state;ll the"2,, state. The diamonds

) () connected by the solid line show the sum of the calculated linewidths.
B state was prevented by a small calculated maximum on the
1, state potential: this potential shows a shallow minimum
at R~2.4 A and a small maximum &~2.7 A. We thus B. Predissociation rates
chose to position th&l1,, potential curve such that the maxi-
mum lay just above the energy of tiBe3> v’ =10 state,

[

Linewidth / cm”
>

SA

Following theab initio and RKR calculations of the,S
. . . . . molecular potentials of ungerade symmetry described in the
which ePIa”ed a vertical shift of the potential by preceding section, we now concentrate on determining the
—500 ¢ ) ) . contributions from each repulsive state to the observed pre-

The ord.e.n.ng of the .repulswe mplegular states Ok?t"’“ma‘?jissociation rates of the& 33 state vibrational levels by
from theab initio calculations shown in Fig. V are consistent ggtimating the magnitudes of the interstate spin-orbit interac-
with the correlation diagram in Fig. 4 and follow the sametjons. A combination of potential curves and spin-orbit cou-
pattern as is observed for the electronic states of The  pjing functions permits Fermi golden rule calculations of the
relative positions of the’Y, and °II, states are also in predissociation rates which can then be compared with our
agreement with experimental evidence that implicates thesgxperimental results. Using the RKER 33, state potential,
states in mixing with the @ component of theB” state, together with theab initio inner repulsive wall of th&” 3I1,
thereby accounting for the observationséfg and3Hg ion-  state bound potential and thH,, and®3 repulsive poten-
pair states of Sfrom double-resonance studies. tials, predissociation rates were calculated as a function of

The ab initio potential for theB 33 state was not suf- vibrational quantum number’ using the progransconT.>®
ficiently precise for our subsequent calculations of predissoThe calculations were performed for each of the repulsive
ciation rates which require accurate energies of the vibrapotentials individually in order to determine their relative
tional levels of theB state. We therefore constructed an RKR contributions to the predissociation rates. For predissociation
potential from the spectroscopic constants for Bi8>;  Via theB” °II, state, we extrapolate the results of a spectro-
state listed in Table Il using the computer prograrr.>®  SCOpIC determinatidif of the R-dependence of the spin-orbit
The B S, RKR potential obtained extends as far as theCoupling to theB %, state for’<9. To avoid introducing
energy ofv’ =20 and is shown in Fig. 5, together with tap & complicated and arbitrary parametrization of then-

initio potentials. The figure illustrates the accuracy ofahe KNOWn) spin-?rbit couglirlg variation with internuclear sepa-
initio calculations for such a complex, many-electron systemf"?‘t'on_ f_or the”11, and EU_ state;,_howevgr, W€ assume, for
but the discrepancies between the RKR ahdinitio values simplicity, a constant spin-orbit interaction independent of

justify the modest corrections of the energies of the repulsivg' This approximation results in a model with just one ad-

curves described above. Numerical integration of the radi |ustable parameter, the magnitude of the spin-orbit coupling

Schrdi tion for th-state RKR potential using th etween bound and repulsive states, and, as we show below,
chraiinger qua lon for f=-state potential uSINg e o aples us to model the variation of the predissociation rates
programLEVEL>’ generated vibrational wave functions and

i ) i i with v’ in a simple fashion. The rates of predissociation are
energies; the energies were compared with experimental oRfatermined not only by the magnitude of the spin-orbit cou-

servations and were found to be accurate to within 5tm pling between bound and repulsive states, but are also

even for the higher vibrational Ieyels) ’(? 17). .The 5m3{” strongly affected by the degree of overlap between the bound
discrepancies reflect the uncertainty with which the vibra~iprational wave functions and the continuum wave func-
tional energy levels are calculated from the equilibrium mo-tjons of the same energy.

lecular constants in Table II, and the RKR potential can be  Figure 6 shows the results of our calculations gf S

concluded to be a very good approximation to the true poB 33, state lifetimes compared with our experimental data.
tential. Numerical values for thab initio and RKR poten-  The calculations were performed for zero rotational angular
tials used in this study can be obtained from the authors omomentum N’ =0) since, as discussed previously, we were
request? unable to determine experimentally the rotational depen-



J. Chem. Phys., Vol. 108, No. 16, 22 April 1998 Wheeler, Newman, and Orr-Ewing 6601

dence of the predissociation rates. Shown in the figure arand our calculations of the potentials confirm that the states
the linewidths that would result for predissociation via thedo cross at an internuclear separation shorter than the equi-
B” °M,, MI,, and®3, states individually; summing the librium distance for theB state. The calculated rates, how-
calculated rates for each predissociative state and convertireyer, imply that thd8” state is not responsible for the second
to homogeneous linewidths gives the total linewidth showrnonset of predissociation at' > 16.

in the figure. It was found that the same general form of the

variation of linewidth withv’ was obtained in each case as 2. The 11, state

Nf increased, but that the a_ctuall magnitude va[iled only The 11, state has been postulated as being responsible
slightly compared to the total linewidtfby ~1-2cm=as ¢ yhe predissociation of the,®B 33 state via an outer-

N' is increased to 40, corresponding to the tails of the vibra, o crossing in the region af’ =11. A second predissocia-

tional bands in Figs. 153ThisN" dependence is probably a o imit could arise from an inner-wall crossing of the same

consequence of a centrifugal contribution to the potential, J ctates at higher energy but our calculations suggest that

energy functions. An additional, rotation-dependent couplingiq jnner-wall crossing will occur at an energy well above
mechamsm T‘%% arise from rtlljel_ t(:]r_m u;}_the Ham|lt0n|<_31n, the B-state dissociation limit. We are able to test the role of
previous analysissuggests that at highthis term may give o117 state by comparing our experimental data for predis-

rise to a coupling amounting to about 10% of the magnitude, qjation rates with calculated rates using our RKR ahd

of the spin-orbit coupling interaction described in the next, o potentials for theB 33 andII, states, respectively.
section. Hence, we can discount substantial rotational effeciigor the interaction betweelrjw these tL\J/vo statés no functional
in the analysis and concentrate on the variatioh @fith v . ’

We di ) h buti h I di form for the variation with internuclear separation of the
Ve discuss In tm t %‘,30”"' lutlons tog € overall pre ,'Sso'spin—orbit coupling between the states has been determined
ciation rate from theB” *II,,, “II,, and>%, states a®

. d th itud £ ih . bi i b either theoretically or experimentally. As discussed above,
varies, and the magnitudes of the spin-orbit couplings bee cnose an approach intended to minimize the complexity
tween these states and tBe’X | state that are determined

- ) X of our model by limiting the number of parameters. We
empirically so that the calculations correspond with the ex'opted to use a constant value Hfs independent of the
perimental measurements to the degree shown in Fig. 6. SO

internuclear separation, and we find that with an appropriate
choice of the magnitude of the spin-orbit coupling, this
simple model is sufficient to match the experimental obser-
TheB” 3I1,, state can, in principle, contribute to the pre- vations.
dissociation of theB 33 state via an inner-wall coupling As can be seen from Fig. 5, the gradient of #ieinitio
above theB” °I1, state dissociation limit. To evaluate this 1, potential is quite flat in the region of the crossing point
contribution to the predissociation rate, we usedahénitio ~ with the B 3 state, and there is a shallow minimum at
B” %I, potential to determine continuum wave functions. shorter internuclear distanceR+42.4 A) followed by a low
The magnitude of the spin-orbit coupling betweenBné, | maximum atR~2.7 A. We suggest that the combination of
andB"” °I1, states was taken from an experimental determithese topographical features can explain the sudden jump in
nation based on a deperturbation analysi8ofindB”-state  predissociation rate betweerl=10 and 11. The flatness of
vibrational levels below the predissociation liitThe the repulsive potential has the effect of making the phase
R-dependent coupling function derived from this analysis isdifference between the bound and continuum wave functions
of the form critically sensitive to the variation with internuclear separa-
tion of the steep repulsive wall, and this phase difference
H3AR)=a;+a,(R-R) +as(R-R?, @) strongly influen(r:Jes ri[)he overlap of boundpand continuum
whereR,, the internuclear separation about which the spinwave functions and hence the calculated predissociation
orbit coupling function is expanded, was taken to be 2 A, andates. The'I,, potential was therefore moved both to shorter
we assume the continued validity of this function above theand longerR in an ad hocfashion(though within a modest
dissociation limit of theB” state. The parametess,, a,, range about the calculated position order to reproduce the
andag were derived by Green and Westefirom a detailed  observed variation of predissociation rate wittstate vibra-
fitting procedure and the resultant values amg  tional level,v’. We found that the best fit with experimental
=299cm?, a,=187cmt A1 andaz=421cm A2 observations, and in particular the observed trendl @fith
This spin-orbit coupling function results in an interactionv’, was obtained by shifting the repulsive potential by 0.07
energy of~30-50 cmi! at the inner wall of theB state at A to a larger internuclear distance. Once the correct form of
v'>12. Using this coupling function and thB"-stateab  the variation of predissociation rate witly’ had been ob-
initio potential, the calculated linewidths for tBestate were tained, themagnitudesof the linewidths were modeled by
determined to vary from 0.002 far'=10 to 0.98 cm® for  tuning the strength of the spin-orbit coupling until calculated
v'=19, thus making only a small contribution to the experi-and experimental predissociation rates were in agreement.
mentally measured linewidths throughout the range of ob¥or the calculations shown in Fig. 6, an interaction energy of
served vibronic levels. We thus conclude that coupling to théd0 cmi * was used, and this value clearly gives excellent cor-
B” 3I1, state is not the dominant mechanism of predissociarespondence between the observed and calculditedN’
tion of the B 33 state. Barrow and du Partgsuggested =0) linewidths of all the studied vibrational levels up to
that the second predissociation limit of tfe state arose v’=16. If theab initio potential without this 0.07 A correc-
because of the inner-wall crossing of this and Bfestate, tion (but with the energy adjustments described previgusly

1. The B" *11,, state
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is used, the linewidth is found to oscillate more rapidly with SGp,)+S(EP,) asymptotes, and to fine-tune the crossing
vibrational level than is observed experimentally because opoint of the*II, potential with theB state; we also deter-
the effects of interference between bound and continuurtined empirically the spin-orbit interaction matrix elements
wave functions. The overlap of the bound and continuunpetween the bound %3, and repulsive'll,, 53 states.
wave functions for our corrected potentials is discussed furNo rotational dependence for the predissociation rate can be

ther and illustrated in Sec. V. inferred from the experimental observations and so all our
calculations have been performed wiH set to zero. The
3. The °%; state N’ dependence of the linewidth was investigated using the

As mentioned above, the inner-wall crossing of the@bove model and we found that the effect of increadifias

to cause the magnitude of the linewidths to become greater

B 33, andB” 1, states does not significantly enhance the s , =
calculated predissociation rate fot>16 and the inner-wall DY ~10%—20% of the observed values, while still retaining
the same trend of variation with vibrational level. Having

crossing of theB 33, andIl,, states lies above th@-state . . 7
dissociation limit. We propose that the second predissocis€Stablished a model for the predissociation ofEhetate, we

tion onset in the $B 33 state, which leads to increased "W consider the details of the predissociation mechanism
linewidths of transitions in th® °%; — X 33 ;" spectrum for revealed by the model.

vibrational bands lying to shorter wavelengths than thea. Mechanism of the B 33 state predissociation

(16,0 band, is a consequence of a second outer-wall crossing
of the bound state by a repulsive potential in the vicinity of
the energy ofv’ =18. We therefore included thab initio

°3,, repulsive potential in the model to account for the very >~ o lain th hanism | ti
strong predissociation occurring at around=18. It is 't IS NOW possible o explain the mechanism in terms of in-

worth emphasizing that ouab initio calculations imply ~teractions with thes” °I1,, ', and®Y, states. The latter
many interactions occurring in this region, as three repulsivé\’\’o,St,ates are repuls_lve; t_he _former stgte may cause predis-
curves cross the bound state in the region above the ener?gua_tmn \{|a_|nte_rac_:t|on with its repulglve inner wall above
of v’ =18 (see Fig. 5, all of which have several compo- e (_jlssomanon limit to form SP) + S( P_). We rgpeat the
nents. We thus use tH& ; state as a representative examplecaution that although we refer to the highest lying of these
since it is calculated to cross tiBestate at an energy lower States as théx. state throughout, this choice of label is not
than the other states in this energy region. Our calculation§UPPOrted by spectroscopic evidence and is based on the out-
do not demonstrate unequivocally that the state causing tHegPMe of ourab initio calculations. . .
second predissociation onset 545, symmetry, but we use ~_ The first predissociation of thB %, state, occurring

the results of our calculations for th& ; state as a sample Slightly belowv’=10, can indeed be attributed to an inter-

potential curve to demonstrate that a repulsive potential oftction with a neariju state, in &%greement with the éizrilgi_
this form, lying at this energy, can explain the rapid predis-"@! conjecture of Ricks and BarroWwMore recent studi

sociation of theB state forv’>16 using physically reason- detected fluorescence only from the lowest rotational levels

able magnitudes for the spin-orbit coupling. As mentioned®’ B >y ©'=0v’=10. The fact that nd—X(10,0) Q'
previously, theab initio 53, potential curve was slightly =1 transitions are observed in LIF lends support to the pre-

shifted in energy to give the correct asymptotic limit for the diSSociation occurring via spin-orbit coupling with g dfate,
SCP,)+SEP,) fragments. since theAQ =0 selection rule ensures that only tAE,

To reproduce the experimental predissociation rates fof! =1 component of thd state can interact with the pre-
v'>16, we used a constant coupling strength between thdissociating state for low rotational levels. Higher rotational
1 3 _ _ _ . .

5%~ andB33 states of 100 cm, independent of the in- levels of theB °% | Q' —0_v’—_10 state can predissociate by
temuclear separation. As shown in Fig. 6, this interactior? J-dependentS-uncoupling interaction which effectively
models the experimental observations very well and provided!Xes °Xy, character into thé, state as rotation is in-
a satisfactory explanation of the second predissociation limi€'€ased. In our room-temperature spectra, we may legiti-

using a spin-orbit coupling interaction comparable to thatMately assume that afl’ components predissociate at al-
required to model the first predissociation limit. most the same rate, since this mixing(@tharacter sets in at

low J. Calculations based on the model proposed in the cur-
rent work suggest a homogeneous component of the line-
width of 0.002 cm'! for transitions tav’ =10, N’ =0 corre-

The results of the calculations described in Sec. IV andponding to a lifetime for this level of 3 ns which is in very
summarized in Fig. 6 are in very good agreement with theclose agreement with the experimental fluorescence-lifetime
experimentally observed variation of linewidths Bfstate measurements<(3 ns)?* The results of our minor modifi-
levels withv’=10. Theab initio calculations give the form cations to the energies of the potential curves leavevthe
of the repulsive potentials but their energies must be shifted=10 level just below the calculated crossing point of the
slightly to correlate asymptotically with the energies of theB 33 andII, potentials. At shorter internuclear distances
correct pairs of ground state sulfur atoms. The model exthe (calculated 11, state has a shallow minimum &
plaining the predissociation mechanism is physically reason=2.4 A, with a slight maximum aR~2.7 A. These features
able and contains very few adjustable parameters: the onlgxplain the slow onset of the predissociation since there will
adjustments to thab initio potentials were to correct for the be very little overlap of the bound’=10 and continuum

With the extensive experimental observations given in
Sec. lll, and the description in Sec. IV of the predissociation
occurring in high vibrational levels of th 33 state of $,

V. DISCUSSION
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FIG. 8. Potentials and calculate® 3 v’ (solid lineg and ®3, state
(dashed lineswave functions of the same energy f¢a) v’'=17; (b) v’
=18.

FIG. 7. Potentials and calculate® 33, v’ (solid lineg and 11, state
(dashed lineswave functions of the same energy f¢a) v’ =10; (b) v’
=11.

tions is a likely cause of the sudden diffuseness in the spec-
wave functions, as depicted in Figay: the continuum wave trum for levels withy’'=18.

function is much decayed in amplitude in the region of the
curve crossing. This poor overlap in the region of the crossB. Classification of the predissociation
ing, and hence weak predissociation, is contrary to the com-

mon observation of a rapid increase in the predissociatiogtate has been the subject of much discussion, as outlined in
rates in the vicinity of a crossing between a bound and J '

31,33,34 | |i ; ;
steeprepulsive potential, illustrated, for example, by our re_aSec._ . In light of our experlment_a_l af_‘d theoretical
cent studies of SHA 25+ predissociatiod®6 studies, we conclude that the strict classifications for both the

b : first and second onsets of predissociation are type &s

As the amount of vibrational excitation within thg as originally suaaested by Herzbera in 13The flatness
state is increased, the degree of bound-continuum wave fund’ 19 Y sugg y 9 o
of the “II, potential around its crossing point with th

tion overlap increases substantially as illustrated in 7 . .
P y D) state and the very shallow minimum at smaller internuclear

for B ®3, v'=11. The de Broglie wavelengths of the con- >. : . )
. . ccifstances, however, make this assignment arguable: the clas-
tinuum wave functions, the phases of these and the boun

wave functions. and. of course. the number of nodes in th(glfication might be better expressed as intermediate between

+ L
bound wave function, change gradually with further vibra-S25€3 la and Ic". The predissociation limit is close to the

tional excitation, causing the overlap to reach a maximum a9|SSOC|at|on limit of the predissociating state, though there is

v’ =13. For vibrational levels beyond’ =13 the overlap possibly a minor difference resulting from the small maxi-

l . . .
starts to decrease, causing the predissociation rate to become ™ ON the TI, potential since tunneling through such a

slower and resulting in a sharpening of the linewidth. AsWIde barrier is unlikely.

Irnen'tloned prewou;ly, if théll, state is moved to slightly C. Comparison with the predissociation of O, and Se,
onger and shorter internuclear separation, the calculated pre-
dissociation rates oscillate in a very different fashion with It is instructive to make a comparison of our deductions
v', reflecting the sensitivity of the overlap of bound andabout the predissociation of thi& 33 state of $ with the
continuum wave functions to the exact location of this repul-well-characterized predissociations in tBe states of the
sive state. The onset of the second predissociation occurs ahalogous, valence-isoelectronic systemsafd Sg. In O,,
aroundv’ =17, where the linewidths of the experimental the B 33 state is predissociated for levels abave= 290
spectra start to increase once more. In our model calculawith a maximum linewidth of 3 cm® atv’ =4. This predis-
tions, the lowest lying of the three repulsive states in thissociation was originally attributed to a spin-allowed interac-
region, namely thés,, state, was chosen to reproduce thistion with a®II,, state’5? A subsequent high resolution study,
second interaction. Figure 8 shows the calculated wave fundiowever, indicated that although tAH, state was respon-
tions for the interaction of thB state with thi’> | state for  sible for some weak predissociations, the dominant pathway
v’'=17 and 18. The substantial overlap of these wave funcfor predissociation to occur was via a spin-orbit interaction

The classification of the predissociation of theBs®s.
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with a °TI, state®® Other weak interactions responsible for set of a second strong predissociation at arouhe 18 in
predissociation in the Schumann—Runge band system wethe B state. For these bands only an estimate of a lower limit
attributed to crossings with repulsivél, and°3 states. of 15 cmi* for the linewidth is possible.
For v'=5, a 33 state contributes to O B state To complement this experimental study, we performed
predissociatiofi? Ab initio calculations of the potential en- detailedab initio calculations to understand the nature of the
ergy curves of @ predict the®II, state to cross the inner predissociating states, and, furthermore, have used the result-
wall of the B state(case I predissociatiopwhilst the®Il,,, ant calculated potentials together with an improved RKR po-
M, 53, , and®3, states all cross on the outer lintbase  tential for theB 33, state to derive an analytical model that
Ic™ predissociation®® The calculated ordering of states for reproduces quantitatively the experimental data. abéni-
S, in Fig. 5 in this current study is exactly the same as thatio potentials were slightly shifted in energy to give the en-
predicted by Schaefer and Milférfor O,, but the crossings ergies appropriate for the different 3g;) asymptotes. The
in the S system occur much higher on tlBestate potential model uses Fermi golden rule calculations of the predisso-
well. The spin-orbit interaction energyIl,|HS93S ) for  ciation rates to enable a comparison between theoretical pre-
predissociation in @ has been calculated to be 65¢in  dictions and our experimental measurements. The model in-
indicating that the values of 90—100 chused in the calcu- dicates that the first predissociation, setting in at arowhd
lations presented here fop &re physically reasonable, as the = 10, is caused by a spin-forbidden interaction witAT#,
spin-orbit coupling is expected to increase with atomic numstate which possesses a very shallow minimum Rat
ber[for O(®P;) theJ=2 to J=1 energy gap is 158.5cm  ~2.4 A (just inside the crossing point of tr-state poten-
whereas in S{P,) it is 396.8 cm1]. We also note for com- tial). The observed form of the variation in linewidth with
parison that in our calculations on the predissociation of SHs reproduced if the wholab initio repulsive potential is
A 23", the spin-orbit coupling values were close to moved by 0.07 A to larger internuclear separation, and this
100 cn L4546 variation is attributed to the rapidly changing overlap of
The currently accepted view of the predissociation of thebound and continuum wave functions. The magnitude of the
O, B state is that &l1,, state is primarily responsible for the spin-orbit interaction matrix element responsible for the pre-
interaction®? and the $ B state is also crossed by %I, dissociation is estimated to be 90 chand is taken to be
state. As shown by our calculations, it is quite feasible thaindependent oR. We suggest that the second predissocia-
the second predissociation of thg B state is caused by tion is caused by one or more of a variety of stafss, ,
interaction with a°Il, state rather than th&S state we °II,, or 33 ) since our calculations reveal that there are
have invoked here, and hence we refrain from any definitivevumerous crossings of the outer wall of thestate potential
assignment of the nature of the electronic symmetry of thisit energies around and above the energy obthel8 level,
predissociating state pending calculations of the spin-orbiand all of the states have more than dheomponent. The
coupling to the’IT, and®3 states. observed behavior can be modeled successfully, however, if
Predissociation of th&0, state of Sgby a Q' state is  the lowest lying of thesab initio potentials, thes. | state, is
very strong and levels above the crossing point are so diffustteated as a single potentiddence neglecting th& compo-
that they are not observéd® The perturbation responsible nents and an interaction energy of 100 cfis invoked be-
for the predissociation also manifests itself by causing largéween it and theB state, independent of internuclear separa-
level shifts of the boundsharp levels. The maximum ex- tion. A combination of theab initio B”-state potential and a
pected linewidth is estimated to be as much as 140'cat  previously determined, experimentally derivBd-B” spin-
v’ =24. This predissociation is again caused by a spin-orbibrbit coupling function enables us to conclude that coupling
interaction; this time the magnitude of the interaction is cal-to the repulsive wall of th®” state constitutes at best only a
culated to be 373 citt, again lending support to our predic- very minor channel for predissociation of tfgestate. The
tion of a matrix element of 90—100 crhin S,. theoretical model is unlikely to be the sole description of the
predissociation behavior that accounts quantitatively for the
observed rates. The model is attractive, however, because it
VI. CONCLUSIONS contains a minimal number of adjustable parameters and the

We have used the experimental technique of CRDS ty2lues of those parameters can be physically justified.
characterize further and clarify the predissociation mecha- Future work will include refinements to the calculated
nisms occurring in the 32J state of $for v’ =10. In these po_tennals by extend!ng the.ba3|s sgt andaaninitio calcu-
experiments, homogenous line broadening of spectral line@tion of the spin-orbit coupling matrix elements between the

n 3 5 1 5% — i
was estimated from band contour fits to variows,0) vi- B State and th&” °II,, *I1,,, “II,,, and”%, potentials for
brational bands withy’ =10 to 19 within the $ B 33,  comparison with our predictions. Further analysis of the
u

—X 33 spectrum. The rotational lines of tH{&0,0 band B-X(10,0) band using fluorescence-depletion experiments
have hgomogeneous components to their linewidthsIof to clarify the rotational assignments is already undert{fay.

<1cm ! and the band shows sharp, as yet unassigned, ro-
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