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Two-photon resonance enhanced multiphoton ionization photoelectron
spectroscopy of the SH (SD) radical below and above the lowest
lonization threshold

J. B. Milan, W. J. Buma, and C. A. de Lange
Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127,
1018 WS Amsterdam, The Netherlands

(Received 29 May 1996; accepted 19 July 1996

A two-photon resonance enhanced multiphoton ionization spectroscopic study on the mercapto
radical is carried out in the one-photon energy region between 258 and 208 nm. Thirteen previously
unobserved Rydberg states converging uponata or b 13" excited ionic states are reported.
Identification and characterization of several states with excitation energies below the lowest
ionization limit are performed by analyses of the rotationally resolved two-photon excitation
spectra, polarization studies, and photoelectron spectroscopy after excitation of the states. Detailed
comparisons between the experimental and simulated excitation spectra, which show for three states
clear indications of intensity anomalies, as well as the observation of multiple ionization channels
demonstrate that for all states Rydberg—Rydberg and/or Rydberg—valence interactions determine
the finer details of their electronic wave functions. Above the lowest ionization limit two-photon
resonance enhancement is observed for six Rydberg states. These states are found to ionize by
autoionization, rather than by absorption of a third photon. Remarkably, rotationally well-resolved
excitation spectra can still be obtained for two of these states. Comparison of the dominant
electronic configuration of the six Rydberg states allows us to explain these differences in terms of
the possible autoionization channels. 196 American Institute of Physics.

[S0021-960606)01540-1

I. INTRODUCTION vacuum ultraviolefVUV) photoelectron spectroscopfES

The mercapto radicdBH) plays an important role in the measurement¥. Recently, a more accurate determination of
P play P the ionization energy of thex 3%~ ground® and a!A

ultraviolet photochemistry of sulfur-containing species re-cited? ionic states has been achieved by pulsed field ion-

leased into the atmosphere from natural and anthropogenic .. . ) )

. . .1zation techniques. The spectroscopic properties of the ma-
sources. Moreover, as a result of the relatively high cosmic_ " ! . :
abundance of sulfur the molecule is also of interest from al%orlty of these states have been determined in several studies

astrophysical point of view.Several sulfur-containing mol- on trlg:,lgotatlonlf\l arf1d rowbr?tlonal ftr?#gsélﬂons ég El’(egid
ecules such as CS, SO, OCS, angSHhave already been as well as from analyses of t —X an

state!
1 15 + 7—20 : H
detected in interstellar spaée’ but the simplest sulfur com- ¢ 11-P "> band systemSI*% A recent zero-kinetic-
pound, i.e., SH, has not been observed®et.

energy pulsed-field ionizatiofZ EKE-PF) study on thea A
The X 2T ground state of the SH radical has a excited ionic state of SHSD") has enabled the determina-
(10)2(20)%30)2(1m) (504 (2m)° electronic  configuration. tiqn of the4 rotational parameters of the vibrationles_s level of
Spin—orbit interactioiA}, = —376.835 cr® (Ref. 7)] leads this state"* A summary of the r_elev_ant spectroscopic param-
to an inverted splitting with thélLy, state below théll,,  €t€rs of these five ionic states is given in Table I. Apart from
state. The application of a wide range of techniques to stud§hese experimental studies, the 'Skon has also been the
pure rotational and rovibrational transitions has led to a deSubject of a number of theoretical studies investigating the
tailed elucidation of the spectroscopic properties of Xl electronic structure and spectroscopic properties of the ionic
state® The lowest excited state of the radidal 25 ") arises manifold**
from the valence excitationds—2. Its spectroscopic and Returning to the electronic manifold of the neutral mol-
dynamic properties have been investigated and analyzed geule, it will be clear that the higher excited states will con-
several studies focusing on the®S, * —X I electronic band ~ Sist of Rydberg states converging upon the various ionic lim-
systemP 1! its. Until recently nine such states have been repditéd,
Removal of an electron from them2molecular orbital, one of which has been identified as converging upon the
which consists essentially of the nonbonding,3and 3, & 'A (v"=0) excited ionic state. An early one-photon VUV
orbitals centered on the sulfur atom, gives rise to three difabsorption study has resulted in the determination of the
ferent ionic states: th¥ 33~ ground ionic state, and the!A spectroscopic parameters of seven electronic statesthis
andb 13" excited ionic states. The higher-lyiny 3l and  study theD, F, G, andH I states were fitted to a Rydberg
¢ I excited ionic states derive from the removal of an elec-series converging upon the ground ionic state, butGHa,
tron from the % molecular orbital. lonization energies with B 23, andE 23 states were left unassigned. The assignment
an accuracy of 0.01 e\V~80 cmi %) are known from Hel of all seven states has been reviewed on the basis ofdater
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TABLE |. Spectroscopic constantsm™?) of the lower ionic states of SHand SD'.

lonization
lonic state energy Bg Dox104 Ag we WeXe
SH'X 35~ 84 057.8 9.134 4.9 2547.7 498
SD*X 35~ 4.73% 1.29 1829.5 25.4
SH*a A 93 925 9.187 9.1° v — vy=2450"9
SD'a A 93 944 4.86° g
SHh 13 * 102 916" 9.164 4827 v — vy=2450"9
SD'b I3+ f g
SH™A °IT 113 804 7.477 6.31° —-216.68 1672.4 47.8
SD"A ®I1 3.887P 1.68 —-216.52 1200.9 248
SH'c I 126 548 6.229 6.64

aReference 13.

PReference 18.

‘Reference 14.

YReference 12.

*Reference 20.

The ionization energies obtained in the present study fobthg" ionic limit are: 102 754:80 cm * (SH*)
and 102 67480 cmi * (SD").

9values obtained in the present study are given in Table IlI.

initio calculations on the vertical electronic spectrum of thecharacteristics of the states below and above this threshold
mercapto radical, and suggestions have been put forward fahould enable a detailed unraveling of autoionization pro-
a reassignmertt: cesses. Finally, SH is isovalent with OH, an extremely im-
The first(2+1) resonance enhanced multiphoton ioniza-portant radical in combustion, atmospheric, and interstellar
tion (REMPI) study on the SHSD) radical has been per- chemistry. High-resolution multiphoton spectroscopy of ex-
formed by Ashfoldet al?® In this study three Rydberg states cited core Rydberg states of this radical is virtually impos-
were observed, each deriving from a&-24p electronic ex- sible as a result of the high ionization energies of the ionic
citation. The analysis of the rotational fine structure accomstates. Studies of excited core Rydberg states in SH might
panying the two-photon excitation enabled the assignment dhus shed some light on the electronic and dynamic proper-
the symmetries of the excited states and their spectroscopiies of such states in OH.
parameters. Two of these states were identified as the first It is in this spirit that we have initiated an extensive
members of the X 33 npo 23~ and [X 33 " ]npw 2l study of Rydberg states built upon excited ionic cores in SH
Rydberg series converging upon the ground ionic state, whiléSD). In this work, Rydberg states are detected and charac-
the third state was recognized asda state built upon an terized by two-photon resonance enhanced multiphoton ion-
excited ionic core. This state was reasoned to derive from thzation spectroscopy in combination with mass-resolved ion
[a 'A]4pm configuration. It was shown that tH& ™ state  detection, and, in particular, high-resolution photoelectron
corresponded to the state previously observed in the onepectroscopy. As will become apparent the application of
photon VUV work?? where it had been assigned erroneouslyphotoelectron spectroscopy to these Rydberg states is a pre-
to C 2A. requisite for a fundamental characterization of the electronic
From the observation that thee'A andb S excited composition of the states and their photoionization dynam-
ionic states only lie 1.22 and 2.34 eV above tKeS~ ics.
ground ionic statésee Table), respectively, it is clear that SH (SD) radicals are obtained in our studies inysitu
the Rydberg states built upon these ionic cores are energefihotodissociation of k& (D,S) following excitation to its
cally not very distant from the Rydberg states convergindfirst dissociative absorption band which spans the wave-
upon theX 33~ ground ionic state, and should be easily ac-length range from 270 to 180 nfAThe photofragmentation
cessible by means of two-photon excitation spectroscopy. lof H,S (D,S) has been the subject of a large number of
fact, ab initio calculations indicate where such states are exinvestigations in which the spin—orbit, vibrational, and rota-
pected in the vertical electronic spectrdfnSpectroscopic tional state distributions of the SKSD) fragments in their
studies of the electronic and dynamic properties of thesground state have been measured for several photodissocia-
“excited core” Rydberg states are of considerable interestion wavelength$5-331t has been shown that after photodis-
from several points of view. On the one hand, they mightsociation of HS (D,S), using various near-ultraviolet photo-
serve as a stepping stone for the generation of excitet SHdissociation wavelengths, S¢D) fragments are formed in
(SD") ions in well-defined singléro)vibronic states. On the their ground vibronic level with a-3:2 ratio over theIl,,
other hand, such Rydberg states will be located below aand?,,, spin—orbit components, and with a rotational dis-
well as above the lowest ionic threshold. Comparison of theribution over each of these components which can be char-
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6690 Milan, Buma, and de Lange: Multiphoton ionization of SH (SD)

acterized by a Boltzmann temperature €800 K. In the  photoelectron spectra. The present work also includes the

present study k8 (D,S) photodissociation and SEED) two-  study of six other Rydberg states with excitation energies

photon resonance enhanced multiphoton ionization are caexceeding the lowest ionization threshold. Despite this fact

ried out with identical near-ultraviolet excitation wave- we could observe rotationally resolved excitation spectra for

lengths between 258 and 208 nm. two of these states. The results elucidate the intrinsic details
Employing the above approach we have been able t@nd importance of the various autoionization channels avail-

investigate 14 Rydberg states of S8D) which had not able for Rydberg states built upon different excited ionic

been observed before. In a number of publications we haveores.

already reported on the spectroscopic properties and/or

photoionization dynamics of two of these stat&éd**The

n=5 member of the 4 *A]npw ?® series, of whichn=4

had been previously studied, was shown to have several uf- EXPERIMENT

usual propertied* Despite the fact that its excitation energy

exceeds the lowest ionization threshold, rotationally well- ~ TWo kinds of experiments were performed. In the first

resolved and analyzable excitation spectra could be obtainelyP€ €xcited states were located by scanning the excitation

The photoelectron spectra measured after excitation of thi@’a"fl?”gth' while simultaneously monitoring either the’SH

state revealed that ionization occurs by the absorption of 550 ) ion channel or an energy-selected part of the electron

third photon after the two-photon excitation step, rather tharfurent. Subsequently, the photoelectrons were analyzed at a
through autoionization into the ionization continua of theX€d excitation wavelength according to their kinetic ener-

X35 ground ionic state. These results were explained by g'es- ) o . )
slow autoionization mechanism. A detailed description of the employed “magnetic-

High-resolution photoelectron spectroscopy enabled ugottle” spectromgter has been repo_rtec_j elsewﬁ%ﬁmqnd-
to study the photoionization dynamics of the JA]3d7>® state SHSD) radicals were producdd situ by photolysis of

excited staf® whose two-photon excitation spectrum will be H,S (D,S) via excitation to the first dissociative absorption

discussed and analyzed in detail in the present paper. th?and. A single excimer-pumped dye laser provided photons

combination with high-qualityab initio calculations in this oth for the photolysis and the subsequent two-photon reso-

case allowed a detailed unraveling of the photoionizatiorg{ant multiphoton onizatiortMP1) spectroscopy of the SH

. . SD) radicals. The laser system consists of a Lumonics
dynamics. Both the experimental and calculated spectr A 1 .
. . o - HyperDye-500 dye lasgbandwidth~0.08 cm *) operating
showed a strong asymmetry in the rotational ionic branchln%n C500. C480. C460. Exalited40. and MSB. which is
ratios and provided a clear example of a situation in which i ' ' ' '

the classical pict f bhotoionization i | d tepumped by a XeCl excimer las¢cumonics HyperEx-460
€ classical picture of photolonization s ho longer adequa Operating at 30 Hz. The dye laser output is frequency

The need for a quantgm-mechanica_l pi_c‘“fe was also aPPafi5pled using a Lumonics Hypertrak-1000 unit equipped
er_wthfron'rl] the o_bservat:on that photmomzatE)i occzrred oNnlYyith a BBO or KDP crystal. The output, which is polarized

wit achangein angg T momentum upibl=2, w ereas parallel to the time-of-flight axis of the spectrometer and has
transitions up 1AN=x4 were expecied on the basis of 4 pulse width of about 10 ns, is focused into the magnetic-

photoionization selection rules. The same Rydberg state hggye spectrometer using a quartz lens with a focal length of
also been used in a ZEKE-PFI experiment onahi@ ionic 5 nm n order to avoid space-charge effects, the laser

state'® Apart from providing an accurate ionization thresh- power was kept as low as possible. The polarization of the

old and rotational parameters for this state, this study showegyitation light could be changed from linear to circular by

that highn Rydberg states built upon tie"A ionic core are  means of a homemade Fresnel rhomb. For calibration of both

relatively insensitive to electronic and rotational autoioniza-the wavelengths and the photoelectron kinetic energies, reso-

tion processes. nances of xenon and atomic sulfwhich is also produced
The subject of the present paper is the observation angy the photolysis of K5 (D,S) and SH(SD)], in the two-

characterization of all states investigated up until now, exphoton energy range of 79 500—89 800 ¢mwere used’ 3

cept the b *A]5p#*d state. An energy-level diagram de- In the present study photodissociation and REMPI spec-

picting the excitation energies and electronic Configurati0n$roscopy are performed with the same laser. The concentra-

of these 13 previously unobserved Rydberg states is given ifion of SH (SD) radicals might therefore depend on the em-

Fig. 1. The sections in which these states will be discussegloyed excitation wavelength. However, the Si5D)

are included as well in Fig. 1. Seven of these states have agbncentration is expected to be a slowly varying function of

excitation energy below the lowest ionization limit. Photo- the wavelength, allowing for the comparison of intensities of

electron spectra via these states show unambiguously thsignals within a limited excitation interval, say 1000 chor

they are members of various Rydberg series withafld or  less.

b 13" ionic state as their dominant ionic core configuration. H,S (99.6% Messer Griesheimand DS (98%D,

It will be shown that several perturbations must be invokedCampro Scientific were used without further purification.

to understand the anomalies observed in recorded twd=Each was introduced into the spectrometer, in turn, as a con-

photon excitation spectra and the'A:b '3 ratio in their  tinuous effusive “leak.”

J. Chem. Phys., Vol. 105, No. 16, 22 October 1996
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FIG. 1. Energy-level diagram showing the 13 newly observed Rydberg states of SH and the relevant ionization limits. Most of these states have also been

observed for SD. The state marked with an asterisk was only seen for SD. The section in which each of these states is discussed is indicated at the right-hand
side.
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6692 Milan, Buma, and de Lange: Multiphoton ionization of SH (SD)

Ill. RESULTS AND DISCUSSION lated spectra based upon these constants are depicted in Figs.
A. Excitation spectra between 77 500 and 78 500 2(b) and 2d) for SH and SD, respectively. .
om L The lowest Rydberg state 8 symmetry expected in

_ o the vertical electronic spectrum of S{$D) arises from the

Figures 2a) and 4c) show the two-photon excitation [ 1A]14ps configuration and has been observed at 9.14 eV
spectra of the SH and SD radicals in the two-photon range gf, a previous(2+1) REMPI study?® Calculations predict
77 500-78 500 cm" obtained by monitoring only photo- that the second®d state should arise from the [LA]3d
electrons with a kinetic energy of about 2.9 eV. Both spectraonfiguratiod* and is expected to lie some 0.6 eV higher in
consist of two subbands whose energy separationgnergy. Our newly observeéd resonance at 9.67 eV agrees
correspond well with the spin—orbit splitting of th?I1  well with this expectation. All of the transitions identified in
ground statglAj(SH)=—376.835 cm*' (Ref. 7), Aj(SD)  previous one-photon VUV absorption studies andar 1)
=—376.75 cm® (Ref. 10]. From the small isotope shift in REMPI studie&?***indicate that the highest occupiedr2
going from SH[Fig. 2(@)] to SD [Fig. 2c)] it can be con- molecular orbital in the ground state is to a major extent
cluded that the vibrational quantum number does not changeomposed of the 8, , orbitals on the sulfur atom. Our ob-
upon excitation, i.e., the excitation involves a 0—0 transitionservation of a two-photon transition to tha fA]3dw %@
This conclusion is supported by the photoelectron spectrumstate would consequently seem to be at odds with the atomic
(Fig. 3. Laporte selection rule for two-photon excitatidal =0,

Figure 3 depicts the photoelectron spectrum obtained for=2). Ab initio calculations have shown, however, that the
(2+1) ionization via theS, (5/2) rotational line at a one- 3d orbital of the fa *A]3d *® state has somg (5.04%
photon energy of 38 958 cm. The photoelectrons with a andf (0.39% character as wefP These contributions would
kinetic energy of 2.9 eV in Fig. 3 derive from a photoioniza- make the two-photon transition to the fA]3d# ?® state
tion process in which the ground stX€’IT (v”"=0) SH radi-  somewhat allowed.
cal absorbs three photons and is ionized intoaHa ioniza- The simulated spectra displayed in Figgb)2and 2d)
tion continua of the SH ion. The remaining three show reasonable overall agreement with the measured spec-

photoelectron peaks in Fig. 3 can be attributed to a threelr@. A more detailed comparison of the experimental and
photon ionization process of atomic sulfur in which fii, ~ calculated intensities, however, indicates that the two spectra
ground state ionizes into tHis° (4.13 eV}, 2D° (2.29 e\j, Show small differences. First, thQ; and S, rotational

and 2P° (1.09 eV} ionization continua via the two-photon Pranches in the experimgr_nal excitatiqn spectra have. slightly
resonant § 3P, state® These peaks serve as a direct inter-1arger and smaller intensities, respectively, than predicted by
nal kinetic energy calibration for the photoelectrons originat-t€ two-photon rotational line strength calculations. Second,
ing from the SH radical. Figure 3 thus allows for a definite ("€ intensities of the higher members of Bebranch de-
assignment of the ionic core associated with the observef€ase faster in the experimental spectra than in the theoreti-
Rydberg state as the excitadA (v *=0) state. Figure 3 also cal ones. Third, théRﬂ rotanonal bra_mch in the SD spec-
shows that ionization only occurs to this particularA trum has a larger intensity than predicted.

level; no photoelectron peaks corresponding to ionization t% nallnsstlaosc;[(le?/ne;rsth:ng?r:::nit)et:aswi?trrl]ved I;ZT ';?(;arirootﬁ':onal
higher vibrational levels of tha A state, nor to the ener- y y poit.p

getically allowedX 33~ andb 3" ionic states are observed. would expect that for thegf *A]3dw Rydberg configuration

: o the dominant contribution to the spin—orbit paramefer
Rotational analyses of the two-photon excitation spectra P P

N .~ would arise from the spin—orbit coupling of the singld3
showr_w n F|gs_. &) and 2c) have been performed using electron, and that therefore this parameter would be small
combination differences based upon the well-known rota

: .~ “and positive. The observation that the experimentally derived
tional constants of thX 2T ground state and the calculation P P y

. . : value is negative is at odds with such expectations.
of rotational line strengths. The latter have been obtained by . possible explanation for the fast decline of the in-

inserting the wave.functi.ons for both the ground and eXCiteqensity in theS, rotational branch could be found in the
states, expressed in parity-conserving Hund's ¢asbases, presence of heterogeneous predissociation, whose impor-
and matrix elements derived using a conventional linear molg; e might in principle be determined from linewidth mea-
ecule Hamiltoniari} into the appropriate expression for the g;rements. However, since the linewidths in the present mea-
two-photon transition probabilit}f! The comparison of ex-  syrements are to a large extent determined by power and/or
perimental with simulated excitation spectra for severalsatyration broadening effects, we cannot assess the influence
excited-state symmetries led to the unambiguous conclusiogf predissociation very well. Power broadening effects were
that the excited state must be ‘b symmetry. This conclu-  virtually unavoidable for all recorded two-photon excitation
sion is supported by the absence of transitions to excitedpectra, since both the production of $8D) radicals and
state levels with)’<3/2 in either excitation spectrum, and by the resonance enhanced multiphoton ionization probability
the observation that the relative intensities of the variousire reduced by lowering the laser power. Saturation of the
rotational branches can be reproduced reasonably well wittwo-photon excitation step would not only broaden the lines,
the T2, component of the two-photon transition tensor. Thebut would also have an effect on the relative line strenghts.
spectral parameters obtained from the least-squares fit to tf@n the other hand, even if predissociation or saturation
observed line positions are given in Table I, while the simu-would play a significant role, they could not explain all ob-

J. Chem. Phys., Vol. 105, No. 16, 22 October 1996
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FIG. 2. (a) Experimental two-photon excitation spectrum of tle'p]3d 7 2® (v’ =0)—«—X 21 (v”"=0) transition in SH. Individual line assignments

are given by the combs above the spectrdioh.Simulated excitation spectrum for SH using the spectroscopic constants given in Table Il and a Gaussian
linewidth of 2 cm L. (c) Experimental two-photon excitation spectrum of tke!p]3d 7 2® (v’ =0)««—X 21 (v"=0) transition in SD. The resonances
marked with an asterisk do not derive from SD but from SH impuritids Simulated excitation spectrum for SD. Spedtaaand (c) were obtained with
electron detection.
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6694 Milan, Buma, and de Lange: Multiphoton ionization of SH (SD)

spin—orbit and rotational states, however, cannot explain in-

aA tensity anomalies between different rotational branches
ve 0 originating from one ground state spin—orbit component. Ef-

fects of ground state alignment in the $8D) fragments as

a result of the HS (D,S) photodissociation step can be re-

garded as insignificant, as shown by our studies on the

photoionization dynamics via tha[*A]3d %® state®®

In a (2+1) REMPI process the intensity of a MPI tran-

sition is proportional to the product of the two-photon cross
section for excitation to the excited state level from the

L«MN_.NJ ground state, and the one-photon ionization cross section

(') ' '1 ' 5 ' ' ' "1 ' 5 from the upper level. In this multiphoton ionization process

3
Kinetic Energy (eV) deviations from the expected intensities can arise from inter-
ference effects resulting from a near resonance at the one-
FIG. 3. Photoelectron spectrum obtained {@r1) ionization via thesS, photon level as well as from interaction between. Ste_ltes atthe
(5/2) rotational transition to thed *A]3dw 20 (v'=0) state of SH. The resonant two-photon level. The two-photon excitation spec-
peaks not marked in the figure derive from ionization of sulfur atoms andtrum of NO provides several nice examples in which the
serve as an internal calibration. observed rotational structure could only be accounted for if
the contribution of one-photon near-resonant intermediate

served intensity differences between experiment and theorptates was taken into consideratitn® For example, the
Other possible explanations for the intensity anomaliess “I1—«—XIT two-photon excitation spectrum was found
can be found in the influence of the ground state populatiofio be dominated byQ branches as a consequence of the
of the SH(SD) radical or the resonance enhancement of thenajor contribution of the one-photon near-resonArs.*
MPI process employed here. In simulating the spectra wétate in the two-photon transition amplitutfeThe validity
assumed an isotropic molecular sample whose overall pop@f such an explanation in the present case is however ques-
lation in the?I,, andII,,, spin—orhit states of SKSD) is  tionable, bearing in mind that there are only a limited num-
in the ratio 3:2, and whose rotational distribution over eachber of possible candidates for near resonance at the one-
of these states is characterized by a Boltzmann temperatupoton level whose configurations differ only by one
of 300 K32 Deviations from the above distribution over electron from the two-photon resonart fA]3d# 2® Ryd-

TABLE Il. Spectroscopic constantsm™2) derived in the present study for various Rydberg states of SH and SD. For comparison the spectroscopic constants
of the X 2T ground state are given as w&fl.The values in parentheses represent the standard deviation in the last significant digits.

Electronic state T, B, D,%x10™* A, Y,
SH X 21I(v"=0) 0 9.604 4.8299 —376.835
SH [a'A]3d7 2@ (v’ =0) 78 006.36(9) 8.855 (3) 29(2 —-1.186)
SH [a 'A]3do 2A(v'=0) 79 65280
SH [b 1*]4po 2t (v'=0) 81 692.80(45) 8.60928) -19(3) 0.307)
SH [alA]3d6 22 (v =1) 82 287.6567) 8.21434) —-15(4)
SH [a *Al5pa 2 (v’ =0) 82 76680
SH [b 3 *14pm 2 (v’ =0) 83 189-30
SH [a *A]4d complex 86 816:20
SH [b 1=*]3d complex 88 01%30
SH [a *A]5d complex 89 31820
SH [b = *]15p complex 92 726:30
SH [b 13"14d complex 94 57%30
SH [b 13 7]14f complex 95 626:30
SD X AI(v"=0) 0 4.900 1.35 —376.75
SD [a 'A13d7 20 (v'=0) 77 996.6512) 4.668 (3) 9.79(15 —1.257)
SD [a 'A]3do 2A(v'=0) 79 634-80
sSD [a A]3d#" 211" (v’ =0) 80 420.6(3) 4.342 (7) -3.1(3
SD [alA]3d6 23t (v'=1) 81 451.36(13) 4.576 (9) 10 (1) 0.144)
SD [b 13%14po 237 (v'=0) 81946.7(3)° 4.47 (1)° —4.6(7)°
SD [b 13 4pm 2 (v’ =0) 82 814+30
SD [a 'A]5Sp7 2T (v’ =0) 82 96430
sD [a *A]4d complex 86 816:20
sD [a *A]5d complex 89 31820

®Reference 7.
bReference 10.
“The validity of these parameters should be taken with cauiee the text for further detail
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berg state. In fact, only thia *AJ6¢* ?A valence state and simulation also predicts intensity changes for the branches
the [a 1A]4s?A Rydberg state would fulfill such require- originating from theF,(Il,;,) component of the ground
ments, but their calculated excitation energies of 7.07 andtate: here th&®, and S, branches should decrease in inten-
8.31 eV respectively, are so high that one could hardlysity, whereas the intensity of tHe, branch should increase.
consider them near resonant. Since the experimental spectra do not allow, however, for
An explanation which seems more likely and has beerdefinite statements on the intensity changes of these
amply demonstrated in absorption and emission studies diranches, confirmation of the influencelaincoupling from
several other diatomié&“*°involves the interaction with an- these branches is not possible. An analysis of a more quan-
other state at the resonant level. Studies on NO, for exampldifative nature was impossible, since only the excitation en-
have shown that a strong interaction between ttiet3 23" ergy of the perturber is known approximately and not its
and the 3lH’ 21 states caused Hyuncoupling ultimately  rotational parameters.
leads to the total annihilation of the fully alloweR rota- Evidence for the presence of a state with an excitation
tional branch of the\ 23 (v”"=2)—H’' ?II(v'=2) band®®  energy~1600 cm* higher than that of theq *A]3dw °®
Intensity anomalies between different rotational branches ilRydberg state has been obtained with electron and mass-
one-photon studies are usually ascribed to a quantum meesolved ion detection for both the SH and SD radicals. At a
chanical interference between two different transition mo-one-photon energy of 39 817 ¢rha very weak and frag-
ments of comparable strength, due to the interaction betweementary structure could be observed in {Be-1) excitation
rovibrational manifolds with different electronic symmetries. spectrum of SD. Photoelectron spectra obtained at these ex-
In two-photon spectroscopy the interference between tweaitation energies showed peaks deriving from ionization to
different two-photon transition moments of comparable magboth the vibrationless levels of the groukds.~ ionic state
nitude may similarly influence the intensity distribution be- and the excitee A ionic state. For SH two close-lying frag-
tween the allowed rotational branches of a two-photon tranmentary structures were seen with mass-resolved ion detec-
sition. In fact, it was on this basis that in two previd@s-1)  tion. Employing electron detection these structures could be
REMPI studies on two other Rydberg states of @) of  distinguished from each other by simultaneously monitoring
2p symmetry?®>3* arising from the g !A]4pm and photoelectrons with different kinetic energies. The photo-
[a A]5p# configurations,| uncoupling was invoked. The electrons for the lower-lying structure appeared to derive
excitation spectra of both states showed similar intensitfrom an ionization process in which the Skbn is left in its
anomalies as observed here, while for flee'A]J5p72®  ground ionic state, while the other structure at slightly higher
state an equally unexpected negative valuefowas de- excitation energie§~40 cm ), derived from a state with
rived. In these studies further substantiatiorl eincoupling the excited[a *A] ionic core. The former structure most
could not be pursued, since the spectroscopic properties @iobably corresponds to th&[>3 ~]15d5G 2A state seen in
the perturbing states were not known. In the present studyg VUV absorption stud§? while the latter structure might be
however, we do have an indication of at least the excitatiorihe [a *A]3do ?A Rydberg state. Assignment of the latter
energy of one of the possible perturbéwsde infra), and  structure to anotheA component of thed *A]3d\ com-
have therefore tested the above concept of interference kplex is less likely(see Secs. Il B and Il £ The low inten-
simulating two-photon excitation spectra of 2«21 sity of this presumedd 'A]3do ?A Rydberg state in the
transition in the presence of an interaction with a state with2+1) REMPI spectrum of the SH and SD radicals makes it
different electronic symmetry. questionable that its two-photon transition moment is com-
The observed® Rydberg state is just one of the six parable to that to thé&b Rydberg state. The observed weak
Rydberg state€A, 21, 20, 5%, 25, and?l) resulting from  and fragmentary structures, though, could be due to a short-
the configuration 4 *A]3d\. The L-uncoupling operator, lived predissociative nature of the excited fA]3do %A
—1/2uR?)(ITL™—J37L™), is known to mix Rydberg states state caused by substantial Rydberg {p]3do) - valence
which belong to the samlecomplex and differ bpaA=+1.  ([a 'A]6¢*) configuration mixing.
Since the’T state is not accessible by two-photon absorption  Notwithstanding that the observed intensity anomalies in
from the?II ground state, we would expeatpriori that the  the rotational branches of thea['A]3dw ?® state can
direct interaction with &A state would be dominant, and that largely be accounted for by druncoupling interaction with
such an interaction would to a major extent account for oum higher-lying b *A]3do ?A state, the negative value for
observations. If | uncoupling between the identified the spin—orbit parametefA (see Table Il cannot be ex-
[a A]3d7 2P and the unknown g 'A]3do ?A state, plained by such a mechanism. The required reversal ifi)the
placed~1600 cm! higher in energy(vide infra) with the ~ sequence in thé®d state can only derive from a homoge-
same rotational parameters as fiestate is assumed, quali- neous interaction between states with different electronic
tatively correct results are indeed obtained for the rotationaymmetries, such as spin—orbit interaction, because these in-
branches which originate from tHe,(°Il,,) component of teractions affect only one of the twf components. The
the ground state: the intensity of ti@ and S branches in- [a 'A]3do 2A state is not a likely candidate for such a pro-
creases and decreases, respectively, while at the same tiroess. First, a spin—orbit interaction between two Rydberg
the higher members of the latter branch rapidly lose intenstates belonging to thea[2A]3d\ configuration is expected
sity. Furthermore, such an interaction causes an increase tf be negligible, since the off-diagonal spin—orbit matrix el-
the intensity of the’R,, branch in SD. We note that this ement will scale with the Rydberd parameter which is
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expected to be small. Second, if the spin—orbit interactiorB. Excitation spectra between 80 100 and 80 750
with a?A state would be important, the perturbify state cm™*
would btza requireq to have a lower vertical excitatiqn energy  Figure 4a) shows the two-photon excitation spectrum of
than the“® siate in chrder to reverse the tiblevels in this  gp in the energy range of 80 100~80 750 ¢robtained
state. Thela “A]60™ “A valence state, located below thé using linearly polarized radiation and by monitoring only
state, on the other hand, would be better suited as a pefpotoelectrons with a kinetic energy of about 3.3 eV. This
turber. This raises of course immediately the questionhoioelectron energy corresponds to ionization of the mol-
whether the spin—orbit interaction between feRydberg  gcyle into thea A ionization continua. The excitation spec-
state anda "AJ6o* “A valence state might also account for yrym is very weak and shows only sparse rotational structure.
the observed rotational intensity anomalies in the SH and Sihen the polarization of the excitation light is changed from
spectra of thé® state. Indeed, it is found from simulations |inear to circular, some of the rotational branches increase in
that the characteristics of the experimentally observed i”teﬂhtensity, while at the same time at least one branch disap-
sity distribution are qualitatively well reproduced when we pears[Fig. 4(b)]. Moreover, in contrast to other observed
assume that th&b state is coupled to a lower-lyirfg\ state  two-photon excitation spectra of Rydberg states of SD, both
by spin—orbit interaction. The principal difference betweeneycitation spectra show a remarkably low intensity for the
these simulations and those based uponncoupling is  transitions from ther, (%I1,,) component of the electronic
found in the intensity distributions over th, branches. ground state. Attempts to detect REMPI transitions for the
With | uncoupling(vide supra the intensity of th&R, andS,  SH radical in this region were not successful.
branches decreases and the intensity of Rhebranch in- Figure 5 depicts the photoelectron spectrum obtained via
creases, whereas spin—orbit coupling results in the opposite R, rotational bandhead at a one-photon energy of 40 311
behavior, i.e.R, and S, increase andP, decreases. Excita- ¢cm™. The small photoelectron peak with a kinetic energy of
tion spectra with even higher signal to noise ratios than th@out 3.3 eV derives from &-+1) ionization process in
present ones might enable a detailed unraveling of the relayhich the ground statX ’[T (v"=0) SD radical is ionized
tive importance of the two coupling mechanisms. into the vibrationlessa *A ionization continua of the SD
The photoionization dynamics via the fA]3d7*®  jon. The remaining two photoelectron peaks of larger inten-
state have been thoroughly investigated in two separate paity can be attributed to é&-+1) ionization process of the
pers by rotationally resolved REMPI-PES and high-qualityparent DS: the'A; ground state is ionized into thef =0
ab initio calculation$>>® and will therefore only briefly be andvi=1 continua of thex 2B, ground ionic state via the
reviewed here. Rotationally resolved photoelectron spectraearby two-photon resonance at 80 820 ¢rigentified be-
obtained after excitation of this state showed two particulafore as theé'B; (2b;)*(7pa;)* Rydberg staté! We can con-
characteristics of its photoionization dynamics, which weresequently conclude that the observed Rydberg state is built
excellently reproduced bgb initio calculations. First, only upon the excited A (v "=0) ionic state.
transitions up taAN=*2 were observed, whereas transitions  The dependence of the two-photon excitation spectra on
up to AN=*4 were expected. Second, strong asymmetrieshe polarization of the excitation light would seem to indicate
were observed in the ionic rotational branching ratios. Thehat the sparse rotational structure in Figsa)4and 4b)
results of a recent ZEKE-PFI experiment on #éA ionic  should be attributed to a two-phot&fil—«2I1 transition.
staté® in which the fa *A]3dx ?® state was used as an Such a transition may in principle derive its intensity from
initial state for pulsed field ionization revealed the samethree components of the two-photon transition tensor: the
characteristics as seen with direct ionization. A detailed comtotally symmetric zero-rank componeR§, which allows for
parison between the rotational branching ratios resultingdJ=0 transitions, and th&2, and T3 components, which
from a pulsed-field ionization process and those of a direcare associated withAJ=0,+=1,+2 rotational transitions.
ionization process has made it possible to elucidate the inEhanging the polarization of the excitation light from linear
trinsic details of the dynamical properties of the high- to circular results in the disappearance of all contributions
Rydberg states involved in these ZEKE experiments. carried by theT transition tensor, while those carried by the
In this section we identified thea[*A]3d#7 *® (v'=0) T2, andT3 components are expected to increase by a factor
state of the SH and SD radicals. Our assignment was based 1.5. Our observation that at least one rotational branch all
upon the small isotope shift in going from SHig. 2@] to  but disappears when circularly polarized excitation light is
SD [Fig. 2(c)], the knowledge of the ionic core associatedemployed, implies that the transition derives from fﬁ&
with these resonance§ig. 3), energy considerations, and component and, consequently, that the excited state 3H of
rotational analyses of the two-photon excitation spectrasymmetry. On the basis of the quantum defe&t0.15 de-
From the observed line positions of the rotational transitionsived from the excitation energy, and the knowledge of the
spectral parameters for thisb state could be determined ionic core associated with this resonance, the obsefiid
(Table 1). The experimentally observed line intensities andRydberg state should have the same configuration as the
the negative value derived fér suggest that several interac- [a 'A]3dw ?® state discussed previously. The two-photon
tions such a$ uncoupling and spin—orbit interaction deter- transition to this i 1A]3d 2II state, though formally for-
mine the finer details of the spectroscopy of this state. bidden in an “atomiclike” picture can obtain some transition
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FIG. 4. (a) Two-photon excitation spectrum of tha fA]3d# *“ 2[1" (v'=0)«— X2l (v"=0) transition in SD using linearly polarized excitation light.
Individual line assignments are given by the combs above the spectrum. The question marks indicate the excitation wavelengths at which transitions to the
N’=1, 2, and 3 levels would have been expectésee the text for further detajls (b) Two-photon excitation spectrum of the
[aA]3d7 “ 2" (v'=0)«—«X 21 (v"=0) transition in SD using circularly polarized excitation ligtt) Simulated excitation spectrum showing the
contribution of theTY zero-rank component. The spectrum has been calculated using the spectroscopic constants given in Table Il and a Gaussian linewidth
of 4 cmL. (d) Simulated excitation spectrum showing the contribution of T3g tensor component(e) Simulated excitation spectrum showing the
contribution of theTS tensor component. Spectf@ and(b) were obtained with electron detection.
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6698 Milan, Buma, and de Lange: Multiphoton ionization of SH (SD)

in Fig. 4(b), which indicate where such transitions should
occur. One could therefore question the validity of the sym-
metry assignment for the observed two-photon resonant
Rydberg state, since only for an excited state Witlymme-

try are such transitions expected to be absent. Such a conclu-
sion would seem, however, to be in conflict with the ob-
served dependence on the polarization of the laser radiation,
and last but not least, in conflict with the fact that
a’I'——2I1 two-photon transition violates the two-photon
selection rulAA=0,%£1,+2. For the moment we shall there-
fore try to explain the observed intensity anomalies under the
assumption that the excited state is indeedIbfsymmetry.

For the Ja 'A]3dw ?d statel uncoupling, resulting in

Kinetic Energy (eV) an interaction with the 4 *A]3do %A state, and/or spin—
orbit coupling with the[a !A]6¢* valence state, was shown
FIG. 5. Photoelectron spectrum obtained f@r-1) ionization via theR; to be able to {iccoum for the observed mten,SIty distribution
rotational bandhead of the transition to te A]3d= 21" (v'=0) state ~ OVer the rotational branches. Both mechanisms have been
of SD. The peaks not marked in the figure derive from ionization of theinvestigated here also and it was found that amcoupling
parent BS molecule(see the text for further detajls interaction between the a[lA]3d7T [T state and the
[a 'A]3do 2A state could be responsible for the intensity
anomalies observed in the two-photon excitation spectra. We
probability for the same reason as suggested for théave investigated the effects bfuncoupling by simulating
[a 'A]3d 2D state(vide supra. circularly polarized excitation spectra ofH«—«ZII transi-

Rotational analyses of the excitation spectra shown irtion under the assumption of a relatively strong interaction
Figs. 4a) and 4b) have enabled us to identify all observed with the sameA perturber located at 9.87 eV. In these simu-
lines, while a least-squares fit to the line positions resulted ifations it was assumed that the two-photon transition to the
the spectral parameters given in Table Il. Figurés-44(e) unperturbedIl state was carried by tHE? , transition tensor
show the contributions of the various tensor componentgsomponent. These simulations demonstrate that qualitatively
based upon these constants. In Fig,) 4 is assumed that the reasonable agreement could be obtained between experiment
excitation is only carried by the totally symmetric zero-rankand theory: the low frequency end of the calculated
componenﬂ'g, while in Figs. 4d) and 4e) the contributions  ?[1—«2[1 spectrum shows an overall reduced intensity for
from the T2, and T3 tensor components are shown. Despitethe rotational lines from thé, (?I1;,) component of the
the fact that the polarization dependence seems to allow aground state, while at the same time fRegandS,; rotational
unambiguous symmetry assignment for this Rydberg statdyranches, originating from tHe; (?I15,) component, tend to
and despite the reasonably good least-squares fit to the odeminate the high frequency end of the spectrum. No quan-
served line positiongTable 1), all attempts failed to simu- titative agreement with the experimental spectrum of Fig.
late even qualitatively the intensities of the rotational transi-4(b) could be achieved, because of the crude assumptions
tions in the linearly and circularly polarized excitation about the rotational parameters of the state(vide supra,
spectra by taking squares of various sums over the relevamind because of the unknown contribution of #fecompo-
components of the two-photon transition tensor. The moshent. Note in this respect also that only one perturber was
striking discrepancy in this respect is that the circularly po-assumed, whereas in a complétencoupling treatment one
larized two-photon excitation spectrum of Figh#is domi-  would have to také mixing with other states, most notably
nated byR; andS, rotational branches, whereas ffig, and 23~ states, into account as well.

TZ [see Figs. @) and 4e)] second-rank tensor components It is doubtful whether the absence of all transitions to the
also carry significant line strength for all other rotational lowest three rotational levels in the excitéd state can be
branches. explained by the interactig¢s) proposed above. The simula-

A second difference between experiment and theoryions, in whichl uncoupling was incorporated, indicate a
concerns the aforementioned low intensities of the rotationainere intensity decrease for these transitions, but never show
transitions originating from th&,(?[1;,,) component of the a complete disappearance. The absence of a few lines is usu-
electronic ground state. It might be argued that the overalally indicative of the presence of a very localized interaction
population in the groun@l,, and the’Il,,, spin—orbit states in which the perturbed and perturbing states have similar
of SD could differ from the expected 3:2 ratio. This seemsenergies. In that respect the difference in excitation energy
however, very unlikely, since for all other measured energyfor the 2IT and?A states,~800 cmi 2, is too large to account
regions a ratio of about 3:2 is found to be adequate. for a local perturbation at low’ values.

A third difference between the experimental and theo-  The disappearance of a few lines might be explained by
retical spectra, which is observed irrespective of the lasea localized predissociation mechanishtn initio calculations
polarization, is that all transitions to the'=1, 2, and 3 suggest that the states deriving from @560* excitation,
levels are missing. This is illustrated by the question mark$*Il, 2T (2x)], have vertical excitation energies just within

a'A
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the Rydberg region involving the variod$l, 1, and?®  a’l'——2I two-photon transition violates selection rules,
states related to the configurationse?87?4p7 and  but it might borrow part of its intensity from an excit&8l
50%27°3d . The lowesfI] state of this 5'27°60* ! family ~ state. The attraction of this explanation would be that the
can be regarded as a possible candidate to induce electrabsence of transitions to excited states levels Witk3 and
static predissociation of the S@[*A]3d %I (v'=0) level,  the observed polarization dependence behavior arise natu-
since it acquires a purely repulsive character for bond lengthgally. A drawback is that one needs at least a three-step in-
larger than the ground state equilibrium distance. Such ateraction mechanism, such as a three-step indirect
explanation would be consistent with our inability to detectl-uncoupling perturbation, to mix thea[*A]3dw 21 state
the equivalent transition in the SH spectrum. One might obwith the [a 'A]3d 8T state.
ject that such a homogeneous predissociation mechanism is In conclusion, we have identified a previously unob-
not dependent od. A J dependence can, however, derive served Rydberg state of which we know with certainty that it
from vibration—rotation interactio?? which could influence has a b *A]3d configuration based on the determination of
the vibrational overlap in the interaction matrix element.its ionic core from photoelectron spectra and the quantum
This might thus lead to am priori unexpected localization defect derived from its excitation energy. Moreover, from
for homogeneous predissociation. the observed resonance positions of the rotational transitions
When the parameter@able 1)) obtained from the rota- the spectral parameters of thia fA]3d state could be de-
tional analysis of the excitation spectrum are compared witfiermined. A more definite assignment of the exact symmetry
those of the excite@ A ionic state(Table ), we note that Of this state is hampered by a number of conflicting obser-
the 2I1 state has a rotational constay, which is consider- vations. The observed polarization dependence of the excita-
ably smaller than that of tha 'A ionic state. Moreover, an tion spectra would seem to indicate that we deal with the
unexpected negative value for the centrifugal distortion pala "A]3dw ’Il Rydberg state. In that case we cannot ac-
rameterD, is derived. Although the negativ®, value can count very satisfactorily for the absence of thé=1, 2, and
also be accounted for tjyuncoup”ng with aZA state witha 3 levels and the unperturbed character of hlgher levels. If a
lower excitation energy than tH&l state, these data, and the [a "A]3d5 I Rydberg state is assumed, the absence of tran-
failure to observe the equivalent transition in SH, stronglysitions to theN’=1, 2 and 3 levels comes out in a straight-
suggest that valence-Rydberg mixing is important, irrespectorward manner, but then a complicated interaction mecha-
tive of the question whether it might be able to explain thenism with a’Il state would be required to explain the
absence of th&l’=1, 2, and 3 levels in théll state. intensity of this “forbidden” transition and its polarization
Several other mechanisms can be put forward as well. Alependence.
local perturbation, either homogeneous or heterogeneous in
character, might result in a simple intensity transfer if the
perturbation would involve a “bright™?II state and a very
nearby “dark” background state &, 2I1, or 2A symmetry.
However, such a local perturbation between bound states is Figure Ga) displays the two-photon excitation spectrum
generally accompanied by the appearance of extra lines iaf SH in the two-photon energy region between 81 200 and
the excitation spectrum. It is also possible that interferenc&2 200 cm?, obtained by monitoring only photoelectrons
of two identical two-photon transition moments of compa-with a kinetic energy of about 2.5 eV. They derive from a
rable strengths results in the disappearance of a few fhes.(2+1) photoionization process in which the $Hbn is cre-
Such an interference can arise from the interaction betweeated in its second excited state’S*. The rotational analy-
two bright states of the same electronic symmetry and casis of this spectrum allows for the conclusion that the reso-
cause a transfer of intensity in such a way thltAJ rota- nance enhancing state is @ symmetry, as evidenced, for
tional transitions to a particular uppdrare affected in ex- example, by the observation of transitions from both the
actly the same fashiot:**°3 However, until now no evi- 21, and °II,,, ground state spin—orbit components to ex-
dence for a nearby second brighi state has been found, cited state levels witd’=1/2. The analysis has enabled us to
while the 2T states which will be discussed in Sec. Ill D, identify most of the observed lines. A least-squares fit to the
have too high an excitation energy to play a role. A lastline positions resulted in the spectral parameters given in
possibility concerns predissociation of isolated rotationalTable II.
levels due to a three-state interaction involving a local per- The analogous two-photon spectrum for the SD isotope
turbation by a weakly predissociated levéhccidental was observed at slightly higher excitation energies and is
predissociation®* Whatever the nature of the local perturba- depicted in Fig. €). Although this spectrum also shows
tion, we should also observe deviations from the regular lingotational resolution, its analysis was considerably more dif-
positions of other “unperturbed’N’ levels. Our results are ficult and not as unambiguous as for the previous excitation
peculiar in that respect, since all transitiond\to=1, 2 and 3  spectrum. The validity of the spectral parameters obtained
are missing, whereas no energy level shifts could be detectddr this state, presented in Table Il, must consequently be
for N’=4 and higher rotational levels. This sheds considertaken with some caution.
able doubt on an explanation in terms of a local perturbation.  Figures Ta) and 7b) display typical photoelectron spec-
All these considerations lead one to return to fiie tra for the(2+1) ionization process via the newly observed
symmetry assignment discarded previously. Formally’S state of SH and SD, respectively. The dominant photo-

C. Excitation spectra between 81 100 and 82 750
-1
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FIG. 6. (a) Experimental two-photon excitation spectrum of the'E *14po 22* (v’ =0)«—« X2II (v"=0) transition in SH. Individual line assignments
are given by the combs above the spectrum. The question marks indicate the excitation wavelengths at which transitidfis 40 Sheand 6 levels would

have been expected. In the experimental spectrum these are either absent or have an intensity which is lower than what simulations would predict. The

transitions marked with an asterisk derive from excitation of another excited state, whose identity is not{$@ewre text for further detajlgb) Simulated
spectrum for SH using the spectroscopic constants given in Table Il and a Gaussian linewidth df &pExperimental two-photon excitation spectrum of
the [b 13 %]4po 22+ (v'=0)—«—X 2l (v"=0) transition in SD. Spectréa) and(c) were obtained with electron detection.

electron peak in these spectra originates from photoionizaelectronic ionization energy of the SH and SD radicals of

tion of the ground statX 2T (v"=0) of SH (SD) by absorp-

12.74+0.01 and 12.730.01 eV, respectively. The value for

tion of three photons into the third electronic vibrationlessSH agrees reasonably well with the previous determination

ionization continua of the SH(SD") ion. We can therefore

of 12.76 eV from Hel VUV PES measurementsFigures

conclude that the observed Rydberg state is principally buil7(a) and 7b) show, apart from the photoelectrons with a

upon the excitedb =% (v *=0) ionic state. The measured
guantum defects, 1.71 and 1.70 with=4 for SH and SD,
respectively, indicate that the Rydberg electron has<Hhar-
acter. In the first instance the obsenf@dstate should, con-
sequently, be associated with the = *]4po configura-
tion. From Figs. 7a) and {b) we derive a value for the third

kinetic energy of 2.5 eV, weaker peaks whose kinetic ener-
gies are consistent with ionization into the first excited
(v"=1) vibrational level of the samb 3" ionic state, and
with the formation of the first thre& =0, 1, 2 vibrational
levels of the lower-lying excited A ionic state. When the
intensities of these weaker photoelectron peaks are moni-
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FIG. 7. Photoelectron spectra obtained f(#+1) ionization via the
[b1*]4po 22t (v'=0) state of(a) SH, taken at a one-photon energy of

2 3
Kinetic Energy (eV)

40908 cm, (b) SD, taken at a one-photon energy of 40 887 &¢m

for the separation between the first two vibrational levels of
the a®A andb 'S* SH" ionic states, 307 and 306 meV,
respectively, match previously obtained vaftfesery well.

In the single-configuration approximation of a Rydberg
state a Rydberg electron is loosely bound to one specific
state of the ion. For the photoionization of such a state one
expects that the ionic configuration remains unchanged. As
the potential energy surfaces of the Rydberg state and its
associated ionic state have in general the same shape and
equilibrium distance, Franck—Condon considerations would
favor almost exclusively ionization with conservation of the
vibrational quantum number. For ti&8" state investigated
here we see for the final photoionization st&jigy. 7) a de-
viation from thisAv =0 propensity rule and, most important,

a deviation from the expected ionic core preservation. We
must therefore conclude that the prestit state is signifi-
cantly perturbed as a result of which its appropriate descrip-
tion requires not only thel[ ' *]4po configuration, but
configuratiotis) based on thex A ionic core as well. The
difference in excitation energi€240 cm 1) between the SH
and the SD isotopegsee Table I is consistent with the
perturbation suggested above, since this shift is significantly
larger than the negligible isotope shifts seen before for
v'=0~v"=0 transitions, but too small to be ascribed to
differences in vibrational quantum numbers.

A closer analysis of the excitation spectrum of the SH
radical provides additional indications for perturbat®n
Figure Gb) displays the simulated spectrum of®"—«—2I1
transition using the constants derived from the rotational
analysis. Despite the reasonable least-squares fit of most of
the rotational lines in Fig.®), the simulated and experimen-
tal spectra differ in some aspects. The most striking differ-
ence is that the experimental spectrum reveals a sudden drop
in intensity in all rotational branches for rotational transi-

tored as a function of excitation wavelength, excitation spections involving the final upper state level§ =4, 5, and 6,

tra are obtained which are practically the same as those dend that the intensity reappears for highéf values. This
picted in Figs. 68) and Gc¢). Table Ill summarizes the discrepancy between experimenilg. 6a)] and simulated

spectroscopic level spacings for taéA andb 37 states of

[Fig. 6b)] spectra is illustrated by question marks in Fig.

the SH" and the SD ions, as derived from an analysis of all 6(a), which indicate the excitation energies for some of these

recorded REMPI-PES spectfaee also beloy The values

TABLE lIl. Vibrational level spacinggcm™?) for thea 'A andb 1% ex-
cited states of SH and SD" as measured by REMPI-PES, together with
derived vibrational constants. The uncertainty in the measured spacings

40 cm .

lonic states alA bix*
SH* V=V 2479 2469
Vo— Vg 2367 2374

V3— Uy 2297
sp* V=V 1784 1838
Vo— vy 1818 1758

V3=V, 1501
SH* o 2556 2563
weXe 45 47
SD* We 2042 1918
weXe 71 40

rotational transitions. One might question the employed
ground state rotational distribution of 300 K over each spin—
orbit component. However, for all other energy regions,
higher as well as lower, an approximate Boltzmann rota-
tional distribution of 300 K was found to be adequate.

An anomalously low intensity oéll transitions involv-
ing particular rotational levels is usually an indication for the
presence of a very localized interaction in which the per-
turbed and perturbing states have similar energies. Further
experimental evidence for the presence of a localized pertur-
bation is found in the differences between the observed and
calculated line positions, especially those that involve the
upper state levels around’=5. Moreover, in the experi-
mental spectruriFig. 6(a)], some weak and diffuse lines are
present which do not have counterparts in the simulated
spectruniFig. 6(b)]. These lines are marked with asterisks in
Fig. 6(a). In Sec. Ill B various possibilities for local pertur-
bations were discussed. One of them concerned the interac-
tion between a “bright” and a very nearby “dark” back-
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6702 Milan, Buma, and de Lange: Multiphoton ionization of SH (SD)

ground state. The appearance of the extra lines in RF&). 6 From the observed difference in excitation energies between
could therefore involve rotational transitions to an unknownSH and SD(~800 cm ) it is clear that the transition to this
dark state which borrows transition probability from our particular®S™ state involves a change in vibrational quantum
identified bright®>™ state. number. In fact, the difference of about 800 ¢his more or
Despite the fact that the extra lines appear to for® a less what is expected for a transition from Kéll (v”=0)
or °R,, rotational branch at the higher energy part of theground state to the’'=1 level of a Rydberg state whose
excitation spectrurfiFig. 6(a)] the total number of extra lines vibrational frequency is similar to that of ttee’A or b 13 *
was not sufficient to allow for a rotational analysis. Note thationic state(see Table II).
normally with REMPI-PES one would obtain additional in- Figure 9a) displays the SD photoelectron spectrum ob-
formation on the character of the local perturber by comparitained for ionization via theR,, rotational bandhead at a
son of the photoelectron spectra associated with the main arehe-photon energy of 40 637 cth The photoelectron spec-
extra lines. We hardly see any significant differences, probtrum of SH[Fig. 9(b)] has been measured via the strongest
ably due to the close vicinity of the line positions of the mainobserved resonance at a one-photon energy of 41 258.cm
and extra transitions. Presently, we cannot decide about thene resemblance between the two spectra is clear: both show
homogeneous or heterogeneous character of the local intgphotoelectrons peaks deriving from a photoionization pro-
action. Experimental observations to be discussed below wiess in which the ground sta¥?Il (v”=0) absorbs three
show, however, that this perturbation is not responsible fophotons and is ionized into both the secdadA) and third
the deviations from the expected ionic core conservation ifb ‘) electronic ionization continua. In each spectrum a
the photoelectron spectra of thé {3 "]4ps 25" excited =~ Major peak involves photoelectrons which correspond to the
state(Fig. 7). formation of ions in thea *A (v "=1) level. Figure 9 is thus
Inspection of the photoelectron spectra shown in Fig. Zzconsistent with an assignment of the ionic core of this second
reveals that thg2+1) REMPI process yields SH(SD') ‘2" state asa 'A (v " =1).
ions predominantly in the vibrationless level of the's,* The excitation spectra shown in Fig. 8 and the accompa-
ionic state, in agreement with the dominantNying photoelectron spectra depicted in Fig. 9 confirm the
[b !5 *]4po 25* (u'=0) composition, but also with a con- Presence of the g *A]3d6°S* (v'=1) Rydberg state,
siderable probability in the A (v*=1) level. This latter ~Which is considered to be the perturber of the
photoionization probability indicates that the vibronic char-[b 'S *]4po ?S™ (v'=0) Rydberg state. On the basis of the
acter of the perturber is a Rydberg state built uponaffda ~ observed excitation energies in SH and SD, the
ionic core in its first excited vibrational level. Energy con- [a "A]3d58 S (v'=0) state should be located &9.90 eV,
siderations would suggestiZharacter for the Rydberg elec- in good agreement with the resultsatf initio calculations’*
tron. In the single-configuration approximation the configu-As was shown in Sec. Ill A, the only observed origin in this
rations of the p 13 *]4po state and and 'A]3d\ state  energy region was located &t9.87 eV, which was assigned
differ by two spin—orbitals, i.e., the Rydberg orbital and oneto the [a 'A]3da ?A state. In the first instance one might
of the core spin orbitals. Only the two-electron operator(re)assign this origin to theg *A]3ds°2* (v’ =0) state, but
Eezlrij , which is part of the electronic Hamiltonian, has a this would imply that this state would have a vibrational
nonzero off-diagonal matrix element between the two confrequency which would be more than 20% larger than the
sidered configurations. Since electrostatic perturbation onljrequency of its ionic core. This seems highly unlikely, and
occurs between states of identical symmetry we conclud#e therefore conclude that the vibrationless transition to the
that the perturbing state is tha fA]3d8 25" (v'=1) state. [a 1A13d5 25" state cannot be observed in our experiments.
The presence of thea['A]3d6%5" (v'=1) perturber Since the two identifiedS, " states interact strongly, their
has been verified by additional experiments. Figufe) 8 appropriate wave functions should be described by a linear
shows the two-photon excitation spectrum of SD in the two-combination of the two configurations involved:
photon energy region between 81 100 and 81 750 cafb- . . bt
tained by monitoring photoelectrons with a kinetic energy of 27(1)=[b X" J4ps 27 (v'=0)
about. 3.3 ey. This kinetip energy cqrrequnds tRal) +HeYAE[a 1A]3d8 25 (v' =1),
photoionization process, in which SOs left in thev =1 1)
level of thea A excited state. Rotational analysis of this 25+ (2)=[a 'A]3d5 23 * (v =1)
excitation spectrum reveals it to be associated witha-*I1
transition. The spectroscopic parameters derived from the fit +H®YAE[b 2" ]4ps 227 (v =0)
of the observed rotational transitions are listed in Table Il, .
while the simulated spectrum based upon these constants 4t
depicted in Fig. &). In the case of SH a weak and fragmen-
tary structure can be observeaB00 cm * higher in engrgy He=([a 'A]3do 22+|282/rii|[b 21 Japo 2T
[Fig. 8(c)]. Rotational analysis is difficult, but assignment of, X(v'=0Jv'=1) 2)
in particular, the members of aR,; branch, which are
clearly present at the higher energy side of the excitatiorand AE the energy separation between the unperturbed
spectrum, enabled us to derive its rotational parameterstates. Note, that the ordering of &' (1) and?s,*(2) states
(Table 1l). Figure &d) shows the simulated SH spectrum. is reversed for SD with respect to SH. In such a two-state
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FIG. 8. (a) Experimental two-photon excitation spectrum of te'A]3ds 25+ (v'=1)—«—X 21 (v"=0) transition in SD. Individual line assignments
are given by the combs above the spectridoy.Simulated excitation spectrum for SD using the spectroscopic constants given in Table Il and a Gaussian

linewidth of 2 cmL. (c) Experimental two-photon excitation spectrum of te'A\]3d6 25" (v'=1)—«—X 21 (v"=0) transition in SH. The straight
horizontal lines derive from the removal of strong sulfur resonances at those posidp@mulated excitation spectrum for SH using the spectroscopic

constants given in Table Il and a Gaussian linewidth of 3 trpectra(@) and(c) were obtained with electron detection.
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6704 Milan, Buma, and de Lange: Multiphoton ionization of SH (SD)

perturbation aroundN’=5 in the [b '3 ]4po 23" (v'=0)
LT state which we had to assume, cannot be caused by the
a. [a'A]3do 22" (v'=1) state, since a level crossing is only
predicted for considerably higher valuesdf. Second, with
the two-state interaction model we would principally expect
the formation of ions in the vibrationless level of thé>*
state and the *=1 level of thea A ionic state. Minor de-
viations are not unusual, but the significant probability for

making ions in the "=1 level of theb > state when pho-
M\J\l} toionizing via the b 'A]3d6 25" (v'=1) state is certainly

W not expected. Finally, the off-diagonal matrix eleméift
' ' ' ' ' ' ' ' ! ' ' [Eq. (2)] includes the overlap of the vibrational wave func-
tions [v’ =1([a *A]3d6 %2 ")|v'=0([b ' ]4po 23 7)].
Generally, the potential energy curve of a Rydberg state is
b'p* a'A quite similar to that of the ionic state upon which it con-
vi=1 0 w=1 0 b verges. Experimentally and theoretically it has been shown
: that the potential energy curves of tad¢A andb 3" ionic
states of SHSD) resemble each other to a large extent. This
observation would imply that the vibrational overlap would
be very small, and would consequently lead to the conclu-
sion that the interaction betweeb 3 "]4po 23" (v'=0)
and [a 'A]13d8 23" (v'=1) states is negligible. It might be

argued that the actual interaction is not betweér0 and
N/\,/\J U LMM v'=1 levels of the two states, but between vibrational levels
. : : . ! with the same vibrational quantum number. In that case,
('J '1 % é "t % however, we would have expected to observe the
Kinetic Energy (eV) [alA]3d625" (v'=0) as well as the fj 13 "]4po ="
(v'=1) levels, contrary to our experiments. Moreover, the
FIG. 9. Photoelectron spectra obtained f(#+1) ionization via the photoelectron spectra via thé EE+]4pO’ state should in
[a1A]3d8 2" (v'=1) state of(a) SD, taken at a one-photon energy of that case have shown significant intensity inah®\ (v =0)
40 637 cm'?, (b) SH, taken at a one-photon energy of 41 255 &m peak, and not only in tha *A (v "=1) channel.
The conclusion must be that at least one other state
needs to be included in the interaction mechanism. We sus-
interaction model we expect that the REMPI-PES spectra vipect that Rydberg-valence interactions affecting both the
each?>" state would roughly reflect the composition of the [b 2 ]4po 22" and [a 'A]3d6 %S states are at least par-
Rydberg state wave functions. Comparison of the REMPI4ially responsible for the observations mentioned above. If
PES spectra obtained via the* (1) (Fig. 7) and®>"(2) (Fig.  one introduces a Rydberg-valence mixing involving at least
9) states indeed shows that for tAB*(2) state ionization one of the Rydberg states considered and [théS, " ]6¢*
occurs with a relative decrease in the formation of 'SH valence state, the resulting potential energy ci{gvef the
(SD") ions in thev =0 level of theb 13" ionic state. Atthe Rydberg states) will deviate from the anticipated ofs.
same time an increase in the probability of forming ions inThus, by introducing Rydberg-valence mixing the Franck—
thev "=1 level of thea A ionic state is observed. A direct Condon overlap termuy’ =0|v’'=1) between the twd3"
comparison between the branching ratios observed in thetates may not be small. From the observation that the
photoelectron spectra and the wave function composition i,a *A]13d6 22" (v'=1) state has the smaller rotational con-
however, not possible since the intensities in these spectitant of the two states in SH one might tentatively suggest
also depend on the relative photoionization cross sections timat it has more valence character and thus is more affected
the two ionic cores. Our REMPI-PES spectfigs. 7 and ® by Rydberg-valence mixing. In agreement with this conclu-
indicate a larger photoionization probability to the'S* sion would be the paucity of rotational transitidiég. 8(c)],
ionization continua, since the observed ionic raidA  which presumably reflects the short-lived nature of this ex-
(vt=1):b 3" (v"=0) in Fig. 9 is much smaller than the cited state due to predissociation.

b!3* (v*=0):a’A (v*=1) ionic ratio in Fig. 7. In this section we have identified the {3 *]4po 23"
Although the excitation and photoelectron spectra of thgv'=0) and the b 'A]3d§°3" (v'=1) Rydberg states of
two %37 states discussed here show unambiguous evidendke SH and SD radicals. The complete assignment as

for an interaction between the two states, we neverthelegd 13 14po 22" (v'=0) and [a A]3d6 %" (v'=1) was

must conclude that the two-state model is still an oversimbased upon rotational analyses, isotopic shifts, quantum de-

plification. This becomes evident when we consider the folfects, and the determination of the ionic cores associated

lowing observations. First, the excitation energies and rotawith these resonances. Inspection of the REMPI-PES spectra
tional parameters of the two states in SH show that the locdbas revealed a substantial interaction between these states.
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about 3.8 eV[Fig. 10d)]. Monitoring the same photoelec-
a. trons in SH resulted in a very sparse spectrimat shown
here with only a few resonances at and around a one-photon
energy of 41 500 cm'. As observed for SH, the SD reso-
nances in Figs. 18) and 1@d) disappear completely by
changing the polarization of the excitation laser from linear

to circular.
b. Confirmation that all observed SEBD) resonances do
indeed derive from resonance enhancement at the two-
B e Sy Y B h— photon level by states of the SI$D) radical has been found
2600 §2800 83000 83200 83400 83600 by measuring excitation spectra with mass-resolved ion de-

tection. These spectra, obtained by monitoring the* SH
(SD*) channel, are less well-resolved but do show reso-
c. nances which correspond to the strongest lines in the spectra
obtained by electron detection.
Although the excitation spectra shown in Fig. 10 are to a
large extent rotationally resolved, the rotational analyses and
A —— — T | the accompanying identification of rotational transitions ap-
82300 82500 82700 82900 83100 83300 peared impossible. The polarization dependence of the two-
photon excitation spectra demonstrates, however, that each
d. SH (SD) spectrum is dominated b branches associated
with the T3 component of the two-photon transition tensor.
This leads to the unambiguous conclusion that the transitions
seen in Fig. 1) (SH) and Figs. 1(c) and 1Qd) (SD) must
derive their intensities from two-photofll««2II transi-
83;{)0 ‘ 835(')0 tions. We emphasize that for the SD radical tf&——2I1
transitions were observed, whereas for the SH radical only
Two-photon Energy (cm') one transition and an indication for a second one were found.
Figure 11 displays photoelectron spectra obtained for
FIG. 10 Two-photon ~ excitation ~ spectrum  of  the (2+1) ionization of SH using several one-photon energies in
[b X "]4pa °II (v'=0)——X“Il (v"=0) transition in SH employing o energy region of interest. From these spectra it becomes
(@ linearly polarized excitation light(b) circularly polarized excitation . .
light (0  Two-photon  excitaion  spectum  of  the Cl€ar that a number of ionization channels are important. In
[b1S]4pm 20 (v'=0)—«X 2l (v"=0) transition in SD employing Fig. 11(a), obtained at a one-photon energy of 41 695 &m
linearly polarized excitation light(d) Two-photon exgitatiqn spectrum of jonization occurs predominanﬂy into the Vibration|dm§+
the [a *A]5pa Il (v'=0)— —X Il (v"=0) transition in SD employ- iz ation continua as evidenced by the strong intensity of
ing linearly polarized excitation light. All spectra were obtained with elec- .
tron detection. the photoelectron peak at2.7 eV. Figure 1(b), on the
other hand, obtained at 41 495 ¢hshows that at this par-
ticular excitation energy ionization to tlee'A (v *=0) state,
However, the two-state interaction model used seems to beading to 3.8 eV photoelectrons, is important.
an oversimplification. A description of the real situation  The photoelectron spectra of Fig. 11 allow for a definite
would call for at least one other state to be involved in theassignment of the ionic cores involved in bot— 21
interaction model. transitions as the secortd A) and third(b '3 ™) electronic
state of the SH ion. Figure 11 also shows that these ions are
o predominantly formed in theip *=0 vibrational levels, al-
D. Excitation spectra between 82 300 and 83 600 though small peaks associated with ionization to vibra-
cm tionally excited levels of tha A and theb 3" ionic states
Figure 1Qa) shows the two-photon excitation spectrum are visible as well.
of SH in the energy range of 82 600—83 600 ¢nobtained Further inspection of Fig. 1&) shows three additional
using linearly polarized radiation and monitoring only pho- moderately intense peaks. The peak located-atl eV is
toelectrons with a kinetic energy of about 2.7 eV. The sameisible in almost all of the recorded photoelectron spectra,
spectrum, but this time under circularly polarized conditions,and is in the energy region whe{2+1) ionization of ground
is shown in Fig. 1(b). Obviously, the change in polarization state SH, but also of S and,8l is expected. Because the
results in a complete disappearance of the resonances.  lowest ionization thresholds of these spetié&>°are nearly
The two-photon excitation spectrum of the SD radical inequal and therefore do not to allow for the separation of
the same energy region and under the same experimentakcitation spectra of the various species, we have monitored
conditions as in Fig. 1@) is depicted in Fig. 1&). In SD a  the excitation wavelength dependence of the integrated peak
second excitation spectrum could be observed in this energgt ~5.1 eV. The spectrum obtained is dominated by transi-
region by monitoring photoelectrons with a kinetic energy oftions from the®P ground state of the sulfur atom to the

f T I T
82500 82700 82900 83100
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FIG. 11. Photoelectron spectra obtained (@r 1) ionization via(a) the  FiG, 12, Photoelectron spectra obtained far-1) ionization via (a) the

[b E l4pm Hl(v =0) state of SH using a one-photon energy of 41695 [y, 15 +14p4 2[] (' =0) state of SD using a one-photon energy of 41 516
cm -, (b) the [a “A]5p 7 “II (v’ =0) state of SH using a one-photon energy cmL, (b) the [a 1A]5p# 211 (v’ =0) state of SD using a one-photon energy
of 41495 cm™. of 41 588 cmL.

n=13-25 members of the'6°)np 3P Rydberg series> A [1,, ground state spin—orbit component would involve ion-
careful inspection of the excitation spectrum also reveals lowzation to rovibronic ionic limits ranging from 13.85to 14.11
intensity resonance structures which show a close resengV. It might be tempting to associate the latter value with the
blance to the SH excitation spectrum displayed in FigallO ionic limit of the A I ionic state, since it agrees nicely with
This observation indicates that ionization into %éS ™~ con-  results from Hel VUV PES measuremenffsThe former
tinua contributes to the ionization dynamics of the states unvalue, however, is too small to be related to this ionic state,
der investigation. Apart from this moderately intense photo-even if we would assume photoionization from tfid,,,
electron peak, the photoelectron spectrum shown in Figground state spin—orbit component to the lowest of the three
11(a) also displays a peak at4.8 eV of considerably lower different spin—orbit components of th& 3 ionic state.
intensity which can be identified as deriving from ionization Moreover, if theA 31 ionic state would be involved, the
to thev "=1 level of theX 33 state. photoelectron spectra would be expected to reveal three low
Low kinetic energy photoelectrons of1.3 eV are Kkinetic energy photoelectron peaks associated with ioniza-
present in all recorded photoelectron spectra. The excitatiotion to the three spin—orbit components of tA€l ionic
spectrum obtained by monitoring these slow photoelectronstate, instead of only one. An explanation in terms of photo-
shows some rotational structure superimposed on a continusnization from(vibrationally) excited states of SH can simi-
ous background. It is worth noting that similar low kinetic larly be ruled out.
energy photoelectrons could also be observed in photoelec- The third moderately intense peak deserving attention
tron spectra obtained at lower excitation energies, in particuappears at-4.5 eV and can be observed for example in Fig.
lar in the energy region discussed in Sec. Il C. Although itis11(a). This peak is thought to be due to an impurity in the
not clear from which species these photoelectrons originatd;,S sample, most probably COS.
we can definitely exclude the possibility that they are asso- The examination of the photoelectron spectra obtained
ciated with resonance enhanced photoionization of SH. Ifor (2+1) ionization of the SD radicalFig. 12 allows us to
they would derive from the SH radical, one would be forcedidentify in a similar way the photoelectrons which have se-
to conclude that th€2+1) photoionization process from the lectively been monitored in obtaining Figs. (&Dand 1Qd).
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These photoelectron spectra show that the”9Bns are  on the properties of the Rydberg states investigated. Here we
dominantly formed in thev*=0 vibrational level of the find indications for such an influence as well in the unexpect-
b !3* and thea A ionic states. Photoelectron peaks whichedly weak transition to theg *A]5p# *II(v' =0) state of

can be associated with vibrationally excited levels of thethe SH radical. This observation presumably reflects the
a *A and theb '3 " ionic states are also visible in Fig. 12, but short-lived predissociative nature of tRH state resulting

to a lesser extent. The SD REMPI-PES spectra show evifrom Rydberg-valence configuration interaction.

dence as well for the formation of SDions in theX 33~ It is clear that on the basis of the spectra obtained in the
ground ionic state, especially the =0 and to a minor ex- present section merely qualitative arguments can be put for-
tent thev *=1 vibrational level. ward. A detailed analysis of the interactions betweerfAll

The excitation and photoelectron spectra discussedtates would at least require excitation spectra with a signifi-
above show that the observed resonances must be associagadtly higher signal to noise ratio which would allow for an
with vibrationless transitions to twéll Rydberg states built unambiguous rotational assignment.
upon thea 'A andb 37 ionic cores, respectively. We note, In this section we have discussed two newly observed
however, that the difference in excitation energies betweefll states of the SH(SD) radical, described by the
the two isotopegsee Table Ji, seems somewhat larger than [ *A]5p7 and [b 'S "]4p7 configurations. An assign-
what has been observed for other=0—+«p"=0 transi- Ment of these states could be obtained by the polarization
tions in the present study. From Fig.(@ipand the analogous dependence of the excitation spectra, and by the REMPI-PES
spectrum for SHnot shown we calculate quantum defects Spectra. Despite their proximity, these two states do not seem
of 1.87(SH) and 1.84(SD) for n=5 with respect to tha A to show a significant interaction. Indications for an interac-
ionic state. These quantum defects are somewhat large fort®n with dissociative valence states, on the other hand, fea-
5p Rydberg electron, but certainly do not point tocidr 55 ture more prominently.
orbital. Hence, the single-configuration description of this
particular state is taken ag fA]5p# 2II(v’'=0). Analo-
gously, Figs. 1) and 1@c) enable us to estimate the quan-
tum defects of SH and SD with respect to the'S* Figures 18a) and 13b) show wavelength scans of the
ionic state as 1.63 and 1.66, respectively,SH radical obtained in two-photon energy regions exceeding
leading top '>*]4pw ?II(v'=0) as the appropriate the lowest ionization energy of thé 33~ threshold of the
single-configuration description. SH" ion obtained using mass-resolved Skbn detection.

The presence of two states of the same symmetry in aithe resonant ion signal in Figs. 3 and 13b) is superim-
energy region which spans a mere 1000 ¢might suggest posed upon a continuous background of 'Skdns. These
that a correct description of these states would go beyond thens most probably derive from a direct two-photon ioniza-
single-configuration approximation, because an interactiotion process of theX 2II ground state of the SH radical,
between the states should explicitly be taken into account. lalthough they might also in part be generated via direct two-
this respect it is worthwhile to consider once again the exciphoton ionization of HS followed by one-photon photodis-
tation spectra, and compare them with those of thesociation of HS".%" Exactly the same excitation spectra are
[b 13 *14po 23 * (v’ =0) state(Sec. Il Q. In the excita- obtained when the ‘Schannel, instead of the SHchannel,
tion spectra of the latter state it was observed that the speés monitored. However, the resonances do not show up in the
trum, in which theb ' (v*=0) ionization channel was H,S" channel. The ion intensities in the" @ind SH chan-
monitored, is for all practical purposes equal to the spectrunmels are estimated to be more or less the same. Attempts to
obtained by monitoring the *A(v*=1) ionization channel. detect these MPI transitions by employing electron detection
From this, and the observation of a nearbywere not successful. Apart from an occasioft1) reso-
[a'A]3d6 %3 *(v'=1) state we concluded that configura- nance originating from théP ground state of the sulfur
tion interaction plays a significant role in the description ofatom, and the omnipresent photoelectrons with kinetic ener-
these states. For the states under investigation here a comies of about 0.3—0.6 eV, no other electron signal could be
pletely different behavior is observed, since the ionic-coredetected. When excitation spectra are recorded monitoring
resolved excitation spectra seem to be uncorrelated. Thikhe “slow” kinetic energy electrons of 0.3-0.6 eV, the reso-
would point to a description in which the two states do notnances present in Figs. & and 13b) could not be ob-
interact significantly, and consequently can exhibit more orserved. These photoelectrons originate partly from direct
less independent excitation spectra. On the other hand, theo-photon ionization of SH, and partly from direct two-
tentative conclusion that ionization to the®s ™ ionization  photon ionization of HS and atomic sulfur.
continua contributes to the ionization dynamics and that this  Excitation spectra of the SD radical in the same energy
channel seems to be correlated with kth& * channel would  regions are displayed in Figs. 3 and 13d). As for the
suggest that it might be necessary to take another Rydbelghter isotope, these transitions could only be observed em-
state, built upon the ground 33 ionic state, into account ploying mass-resolved ion detection. From the apparent
for a more appropriate description of thb 2 *]4p7 21  small isotope shift in going from SEFigs. 13a) and 13b)]
state. to SD [Figs. 13c) and 13d)] it can be concluded that the

In the previous sections we have concluded thatvibrational quantum number does not change upon excita-
Rydberg-valence mixing probably has a significant influenceion, i.e., the excitations involve 0-0 transitions. Evidence

E. Excitation spectra between 86 300 and 96 000 cm !
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FIG. 13. Two-photon excitation spectra @) the [a 1A]4d Rydberg complex of SHp) the [a 1A]5d Rydberg complex of SH) the [a *A]4d Rydberg
complex of SD, andd) the [a 'A]5d Rydberg complex of SD. The spectra were obtained using mass-resolved ion detection and are corrected for the
continuous background signal of $kbr SD* ions.
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that resonant excitation takes place aboveXt& ™~ thresh-  photon ionization of S, SH, and,8. Probably, the autoion-
old at the two-photon level, rather than at the one-photornzing electron signal is so small in comparison with the enor-
level, is found in the energy separation between the subbanasous nonresonant background signal from these three
seen in Figs. 1&)—13d). These energy separations corre-species that its resonance enhancement cannot be observed.
spond well with the spin—orbit splitting of thé 2T ground ~ Employing SH (SD") mass-resolved ion detection instead
state. of electron detection enables us to reduce the background
The spectra obtained for SKED) show a remarkable signal to that associated with one species, i.e., thé SH
similarity, which would lead one to believe that they are (SD) ion, a reduction which clearly allows for the observa-
successive members of the same Rydberg series. The rotgen of these MPI transitions.
tional analyses of the excitation spectra have not proved fea-  Alternatively, the apparent absence of photoelectrons de-
sible. Some insight concerning the assignment of these statgiging from a (2+1) photoionization process might be ex-
can be obtained, however, by taking their excitation energieplained by a dissociative ionization process. Such a process
as the average of the energy positions of the subbands visibl@ould give rise to photoelectrons with a broad distribution of
in the excitation spectra. From the effective quantum numxkinetic energies which probably cannot be distinguished
bers thus calculated with respect to théA ionic state, from those deriving from the direct ionization processes.
n*=3.89[Figs. 13a) and 13c)] andn*=4.84[Figs. 13b)  Such a mechanism would offer an explanation for the fact
and 13d)], and theb 'S ionic staten*=2.62[Figs. 13a)  that we could detect the MPI transitions by monitoring the
and 13c)] andn*=2.86[Figs. 13b) and 13d)], the similar-  S* channel, which showed approximately the same intensity
ity of the excitation spectra, and the autoionization characas that of the resonant SHSD") channel. Note, however,
teristics of these statewide infra), we conclude that they that the presence of resonant ®ns can equally well be
should be assigned to the=4 [Figs. 13a) and 13c)] and  explained by autoionization followed by one-photon
n=5 [Figs. 13b) and 13d)] members of amd Rydberg (pre)dissociation of theX 33~ ground ionic state of SH
series converging upon thea'A ionic state. The (SD").2°In our opinion dissociative photoionization is un-
[a *A]3d# *® and’ll members of this Rydberg series have ikely, since consideration of the relevant vertical transition
been discussed in Secs. Il A and Il B, respectively. ThEirenergiegl shows that a least two photons need to be ab-
excitation spectra have provided indications founcou-  sorbed from the Rydberg states to access dissociative ionic
pling. The mixing between the six different states derivingcontinua. We conclude that for the states whose excitation
from the [a *A]nd\ configuration is expected to increase spectra are shown in Figs. (8-13(d) autoionization domi-
with n as the orbital angular momentum of theelectron  nates the overall ionization process. Decay into the underly-
will gradually decouple from the molecular axis. It follows ing ionization continua of thé&X 3%~ ionic ground state is
that the bands observed in Figs(&3and 13b) might notbe  preferred over absorption of the extra photon needed for
due to single states, but could rather consist of transitions tp+ 1) jonization.
several A components of the g *A]nd\ configurations. In general, autoionization processes prevent the observa-
Compared to the spectra discussed in the previous sectiongen of rotationally resolved excitation spectra, as these pro-
the excitation spectra exhibit a plethora of rotational linescesses lead to an extensive broadening of the rotational lines.
This can also be considered as an indication for the involveonly a few examples of photoionization spectra are known
ment of several transitions, rather than a single one. In thify which autoionization, in particular spin—orbit autoioniza-
way, the difficulties encountered in analyzing these spectrgon, proceeds on a sufficiently slow time scale to allow for
can be rationalized. rotational resolutiori**8-%2The linewidths and line shapes
The observation of rotationally resolved excitation specor such autoionizing Rydberg states are then clearly deter-
tra above the lowest ionization threshold, together with ouimined by the rate of autoionization. In the present study the
inability to observe these transitions with electron detectionjines of our Rydberg states have essentially the same widths
demonstrates that after two-photon excitation of these stategs the lines of the Rydberg states discussed in the previous
the molecule does not ionize by the absorption of an extrgections. The values obtained for the state shown in Fig.
photon into thea *A, b 'S*, A°II, or ¢ 'II electronically  13(a), when using the lowest possible laser power, vary from
excited ionization continua of the SH(SD") ion. Such a .60 to 0.90 cri’. Again we conclude that these linewidths
(2+1) ionization process would be accompanied by photogre to a large extent determined by broadening effects. Ap-
electrons with appropriate kinetic energies, but such higtparently the autoionization rates for these states are not large

kinetic energy electrons could not be detected. On thf othefnough to have a measurable influence on the linewidths
hand, the resonance enhancement seen in the S under the present experimenta| conditions.

mass channel provides irrefutable evidence for ionization of ~ Apart from the rotationally well-resolved excitation
the molecule after two-photon resonant excitation. Aspectra displayed in Figs. (8 and 13b), we have also dis-
straightforward explanation for the presence of a resonardovered four other bands above the lowest ionization energy
SH" (SD") ion signal and the absence of(2+1) electron  of the X 33~ threshold of the SH ion. Excitation spectra of
signal would be that the two-photon resonant state autoionthese four bands are depicted in Figs(al414(d). Two of

izes rapidly, leading to the formation of SHSD") ions in  these bands, in Figs. (e} and 14d), are not only situated
their X °X~ ground state. Note that the photoelectrons deriv-above thex 33~ threshold, but also above the first electroni-
ing from this autoionization process have about the sameally excited threshold of the SHion (a *A). The rotational
kinetic energy as those resulting from a nonresonant two-
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with more or less the same kinetic energy as those derived

from the autoionization process of the SH radical. This simi-

larity in kinetic energies explains the presence of atomic sul-
fur resonances in Figs. (¥ and 14c). Note that the wave-
length scan of Fig. 14) was obtained by monitoring the

SH* ion channel. The presence of atomic sulfur resonances

b in this spectrum is due to strong sulfur resonances in the S

' ion channel. Cross talk between thé nd SH channels
gives rise to a negative baseline shift in the*SBin channel.
As the states depicted in Fig. 14 exhibit evidence for lifetime
broadening, it is clear that their autoionization rates are much
faster than those of the states depicted in Fig. 13.

c. Similar to the procedure employed for the assignment of
the states responsible for the resonance enhancement in Figs.
13(a)—13d), we can assign the excitation spectra of Figs.

l l 14(a) and 14c) to then=3 (n*=2.73 andn=4 (n*=3.69

successive members of ard Rydberg series converging
upon theb 37 ionic state. Likewise, the broad transitions in

I
92450

=
92250

9lt250 941150 94%50 94!350 Figs. 14b) and 14d) can be attributed to H '3 "]5p
d. (n*=3.33 and b 3 *]4f (n*=3.93 resonances, respec-
tively. The 4po and 4p members of thelf 1S *]np series
l l have been dealt with in Secs. Il C and Ill D, respectively.
[ " 1L‘~»\_" As discussed before for the assignments of thé4]4d and
| ' | ' | ' | 5d Rydberg complexes, the bands observed in Fig&)+4
95250 95450 95650 95850

14(d), are most probably not due to single states, but rather
Two-photon Energy (cm™) to transitions to several components of thel 13 *]nd\x,
G 14, Twoohot " va 6 the (b5 *]3d Rydb [b 1=*]5p\, and b '3 "]4f\ configurations.

. 14. Two-photon excitation spectra e ydberg . . .
complex of SH, (b) the [b 1S *]5p Rydberg complex of SH(c) the _ The above as&gnmentssrel_at(_a rqtan_onally resolved exci-
[b IS *]4d Rydberg complex of SH, ang) the [b 13, *]4f Rydberg com-  tation spectra above th& °%~ ionization threshold to
plex of SH:(a) was obtained using mass-resolved'Skn detection, while Rydberg states converging to the'A ionic limit and rota-
for (b)~(d) electron detection was employed. The positions ofthandF, — innaly unresolved excitation spectra to Rydberg states con-
transitions are indicated by the arrows(in)—(d). The narrow lines in the . Tt . ]
spectra are due to transitions of the sulfur atom. verging to theb E ionic limit. AnOther_pC'SS'b'e assign-
ment for the rotationally resolved excitation spectra and the
spectrum depicted in Fig. 1& would be to attribute them to

structure of these bands is no longer resolved and only th@ifferent A components of thelf '3 "]3d\ configuration.
ground state spin—orbit splitting shows up as two subbandEMPIoying the first assignment, we need to rationalize the
Another difference between the Rydberg states observed gdifference in lifetimes b)_/ considering the electronic chargctgr
Figs. 13a) and 13b) and Figs. 148)—14(d) is that the latter  ©f the Rydberg states, i.e., R){dperg states would autoionize
MP! transitions can be detected by employing electron deSIOWer if they converge to tha"A ionic limit, rather than to
tection as well. The spectra depicted in Figs(tl414d) theb =" ionic limit. Employing the second option would
were obtained by monitoring photoelectrons which deriveTean that we should invoke very different autoionization
from autoionization into the continua of theS ~ state after  ates for the’x ™, I, and”A Rydberg states belonging to the
two-photon resonant excitation. This two-photon resonantb *= “13d\ configuration. Although on the basis of the cal-
electron signal is superimposed on the direct ionization backculated effective quantum numbers we cannot exclude the
ground signal of BS, SH, and atomic sulfur. In contrast to last assignment, we tend to favor the former one because
the situation described for the Rydberg states shown in Figdrevious experiments have provided evidence for long life-
13, this resonant electron signal is large enough to be distirfimes of Rydberg states with an*A ionic corel****First,
guished from the enormous nonresonant background signdhe photoionization spectrum of the OH radical shows bands
The narrow lines observed in Figs. (3%-14(c) can all be  With sharp rotational structurd,which were tentatively as-
assigned to two-photon atomic sulfur resonances. Most o$igned to several members of ad Rydberg series converg-
them agree with transitions to Rydberg states previouslyng upon thea *A excited ionic state of OF. Second, the
investigated®® while others will be the subject of a forthcom- results of recent ZEKE-PFI experiments on #éA ionic

ing article®® These two-photon resonant states are locategtate of the SHSD) radical have revealed that highRyd-
above the groundS® ionic state of sulfur, and were excited berg states with aa IA ionic core are relatively insensitive

in the present experiments from tAB ground state. Auto- to autoionization processé$Finally, a(2+1) REMPI-PES
ionization of these states results in the formation of atomicstudy on the & *A]5p# 2® Rydberg state of the SKSD)
sulfur ions in the*S° ionic ground state and photoelectrons radical has indicated that this state shows very unusual
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