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Resonance-enhanced multiphoton-ionization photoelectron spectroscopy
of even-parity autoionizing Rydberg states of atomic sulphur

S. Woutersen,® 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 7 November 1996; accepted 23 January)1997

Several previously unobserved Rydberg states of the sulphur atom above the lowest ionization
threshold are identified and assigned usingt+(9 resonance-enhanced multiphoton-ionization
photoelectron spectroscopy. All states were accessed by two-photon transitions from either the
3p ground or thé'D excited state, prepared bysitu photodissociation of k5. The observed states
derive from the {D°)5p and @P°)4p configurations. For the?D°)5p °F and @P°)4p °D

triplets, extensive photoelectron spectroscopic studies enable a detailed comparison of the
autoionization and photoionization rates of these states19@7 American Institute of Physics.
[S0021-960627)01317-2

I. INTRODUCTION (°D°5p 3°F and @P°)4p 3D states, the excitation spectra
_ _ show resonance enhancement as well from several other
A detailed knOWledge of the energy levels, OSCl”atorstates deriving from thezoo)5p and (2P°)4p Configura_
strengths, and photoionization cross sections of the S atom {gns. Combination of photoelectron spectra obtained for ion-

of fundamental interest for understanding the spectroscopigation via these levels and the relative transition intensities
and dynamics of open-shell atorhand is of astrophysical |eads to assignments of these states.

relevance because of the high abundance of sulphur in the
interstellar medium and in the s@rEven-and odd-parity ex-
cited states of the atom have begn extensively_investigateﬁj_ EXPERIMENTAL DETAILS
by one-photon vacuum ultraviolet absorptioh and
photoionizatiofi studies, and by (2 1) resonance enhanced The experimental setup has been described elsevifiere.
multiphoton ionization(REMPI) spectroscopy-** Recently  In short, the frequency-doubled output of an excimer
we reported on a (2 1) REMPI-photoelectron spectroscopy pumped dye laser is focused into the ionization chamber of a
(REMPI-PES study of the S atom, in which Rydberg states “magnetic bottle” electron spectrometer. With this electron
converging upon the lowest ionic state were investigated. spectrometer, REMPI spectroscopy is performed using either
In this study, some 20 hitherto unobserved even-parity Rydkinetic energy-resolved photoelectron detection or mass-
berg states belonging to thé)nf 3F and ¢S°)np 3P resolved ion detectiol
series have been characterized. Photoelectron spectroscopy The dye laser wavelength calibration was performed us-
and analysis of the quantum defects of the latter seriefg two-photon transitions to known states of atomic sulphur
clearly showed that it is perturbed aroumd=7 by the and xenon, and resulted in an uncertainty of 0.3 trat the
(?’D°)4p 3P interloper state. Moreover, the extensive obsertwo-photon level in the line positions tabulated in the follow-
vation of the (‘So)np 3P series enabled the lowest ioniza- ing.
tion energy to be determined with improved accuracy as  Two kinds of experiments have been performed. First,
83560.8-0.1 cm . excited states were located by scanning the excitation wave-
In the present study we shall be concerned with Rydbergength while simultaneously detecting either the i8n sig-
states converging upon excited ionic states, and located iRal or the electron current. Secondly, at a given excitation
the energy region above the lowest ionization thresholdwavelength the photoelectrons were analyzed according to
Here, new states have been observed that derive from thfeir kinetic energies.
(°D°)5p and ¢P°)4p configurations, and which include the  Sulphur atoms are producéu situ by subsequent pho-
(?’D°)5p 3F and €P°)4p 3D states, accessed from tAB  todissociation of HS and HS, which results in the formation
ground state. These states can decay into*8%econtinua, of H(2S) and SEP, D).'® The SEP,):SCP,): SCPy)
and as it turns out, the autoionization rates are small enougfine-structure branching ratio for this process has been found
that at sufficient laser intensities, photoionization into theto be only slightly colder than the statistical distribution
2D° and?P° continua will compete with autoionization. The 5:3:115
observed ionic state branching ratios then reflect the relative  |n the present study, photodissociation and subsequent
magnitudes of the one-photon absorption and autoionizatioREMPI spectroscopy are carried out with one laser only. The
rates of these excited states. Apart from the transitions to theoncentration of sulphur atoms in the ionization chamber
may therefore depend on the excitation wavelength. How-
3present address: FOM-Institute for Atomic and Molecular Physics, Kruis-€Ver, the S concentration is expected to be a slowly varying
laan 407, 1098 SJ Amsterdam, The Netherlands. function of the wavelength, allowing for the comparison of
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6832 Woutersen et al.: Rydberg states of atomic sulphur

intensities of peaks lying within a limited excitation energy
interval.

H,S (99.6%, Messer Grieshejmis introduced into the
ionization chamber using an effusive inlet. Typical operating
pressure are I¢* mbar in the ionization chamber and 10
mbar in the flight tube.

photoelectron signal (a.u.)

Ill. RESULTS AND DISCUSSION

A. General considerations

The ground-state electronic configuration of atomic sul- 85000 85300

phur is 1s?2s?2p®3s23p*, which gives rise to the three
terms 3P, D, and!S in order of increasing energy. The
3P ground state is inverted, thtP; and P, states lying

369.06 and 573.64 cnt above the’P, state, respectively; M

the energies of théD, and 'S, states are 9239.61 and

22 179.95 cm.'® Removal of an outer electron produces  4um
the S ion in its lowest electronic configuration, .p3% giv-

ing rise to the*S® ground and?’D° and ?P° excited ionic

states, which lie 83559.1, 98 428mean valug and FIG. 1. Wavelength scan@ot corrected for dye efficiengycovering the

108 107 cm?® (mean valug above theS | ground state, re- two-photon energy region from 87 000 to 89 000 ¢mScan(a) has been
spectively recorded employing mass-resolved ion detection, monitoring theh@n-

. nel. Scangb) and(c) have been recorded employing kinetic energy-resolved
In the present Stl_de, two-photon transitions from thephotoelectron detection, monitoring electrons with kinetic energies of 1.8
sp ground and'D excited state have been observed. StricteV in (b) and with kinetic energies larger than 2.5 eV(&).

two-photon  selection rules are|AJ|=0,1,2 with
J=0+~J=1 forbidden, and the parity selection rubeld—
odd even-even For ((D°)5p and @P°)4p states the prin- In the two-photon energy region from 88000 to
cipal quantum number is low enough to justify application of89 000 cm!, the signal-to-noise ratios are rather low when
the LS-coupling scheme. In fact, the?@°)5p’ F; and Mass-resolved ion detection is used. For this reason, excita-
(?D°)5p 3F, 5, states were found to lie-70 cni'! apart, tion spectra employing kinetic energy-resolved electron de-
which is reasonably large compared to the spin—orbit spliti€ction were recorded as well. The resulting excitation spec-
ting of ~30 cni ! in the 2D° ionic core. In theL S-scheme tra are shown in Figs. () and (c). When electrons with
the additional two-photon selection ruleAS=0 and Kinetic energies of 1.8 eV are monitored, transitions from the
|AL|=0,1,2 (with L=0<L=1 forbidden apply. D, state to the strongly autoionizing?@°)np and
(?D°)nf Rydberg states reported previouslgan be repro-
duced forn=10—-15 [see Fig. 1b)], though our measured
B. (*D°)5p *F and (*P°)4p °D autoionizing states transition energies differ systematically by about 1¢m
from the ones reported in this study. When electrons with
kinetic energies larger than 2.5 eV are monitored, the
The two-photon energy region from 83 600 ¢h just  (2+1) REMPI transitions from théP; ground state are
above the lowest ionization energy, up to 89 000 érwas  observedsee Fig. 1c)].
scanned employing mass-resolved resolved ion detection, In Fig. 1(a) 13 intense peaks can be distinguished that
monitoring the $ channel. This region contains mostly tran- correspond to transitions from th&P,, 3P;, and 3P,
sitions from the'D, excited state to higher members of the ground-state fine-structure levels to two triplet states, which
(?D%np and €D°)nf Rydberg series, which have been ex- lie 87 820 cm! and 88 800 cm! above the®P, ground
tensively documentett. However, in the region from 87 200 state, respectively. The line positions of these transitions are
to 89 000 cm?, shown in Fig. 1a), several intense peaks listed in Table I. The initial state of every transition can be
corresponding to transitions from thi® ground state are identified by observation of theP, — 3P,, and®P, — 3P,
seen as well. These transitions have not been observed ground-state splittings in the spectrum. The linewidths of the
Ref. 11, since in that experiment atomic sulphur was preresonances in Fig. 1 are 1.0 ¢t but can be reduced to
pared by photodissociation of OCS, which yields mainly0.6 cmi * when lower laser powers are employed. Since the
S(*D,), and very little SEP). Some of the transitions from laser bandwidth and Doppler broadening are responsible for
the 3P state can in fact be seen as very weak features in tha contribution of~0.6 cmi'%, it appears that there is little
wavelength scans of Ref. 11, but they have not been comlifetime broadening, indicating slow autoionization rates.
mented on. Three other broad peaks in these spectra were On the basis of quantum defect considerations, the states
attributed to transitions from th&P state'! As these peaks in this energy region are expected to have either a
could not be observed in the present experiments, it seen{€D°®)5p or a (P°4p configuration (at an energy of
more probable that they derive from molecular resonances88 800 cm !, the effective quantum number is 3.38 with

S* photoion signal (a.u.)

Nnssighidetrpbotl

1 L 1
87500 88000 88500 85000

2

two-photon energy cm™)

1. Wavelength studies
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Woutersen et al.: Rydberg states of atomic sulphur 6833

TABLE I. Observed transitions from the ground state to autoionizing triplet states. The uncertainty in the wave
numbers is estimated to be 0.3 th In the last three columns the ionic state branching ratios observed by
photoelectron spectroscopy for ionizativia the given levels are reported. Previously unobserved term levels
are denoted by asterisks. All photoelectron spectra have been recorded with equal laser intensity.

2hv (cm™Y)  Excited state ener@ycm 1) Initial state Excited state *S°(%)® 2D°(%) 2P°(%)

87251.1 87 8247 3Py (?P%4p °D, 90 1 9
87 428.8 87 8249 5P, (?P%)4p °D, 87 0 13
87 433.6 87 8297 3P, (?P%4p °D, 72 4 24
87 440.2 87 83673 3P, (2P%4p °D, 10 8 82
87 824.7 87 824% p, (?P%4p °D, 89 1 10
87 829.7 87 8297 °p, (?P%)4p °D, 80 4 16
87835.9 87 8359 3P, (?P%)4p °D, 25 7 68
88226.1 88799%7 3P, (?D°)5p °F, 79 20 1
88 403.6 88 799%7 3P, (D% 5p °F, 72 27 1
88421.2 888173 3P, (?D°)5p 3F, 57 43 0
88 799.6 88 799% p, (D°)5p °F, 87 13 0
88817.0 888170 3P, (?D%)5p 3F, 70 30 0
88841.2 888412 °p, (’D%5p °F, 58 42 0

%Excited state energy calculated with respect tofBg ground state.
bS*(4S°) produced by autoionization of the excited state.

°Energy level reported previouslyo lie at 88 799.2-2 cm 2.

respect to théD® ionic limit and 2.38 with respect to the of 0.7, going from 4 to 5p, which is of the order of the
2p° jonic limit). Photoelectron spectra obtaineih these expected factor (4/5)~ 0.5.

resonancegsee Table )l unambiguously identify the ionic A detailed scan, shown in Fig.(@, was recorded in
core as’D° for the triplet at approximately 88 800 cthand  order to determine the relative line strengths of the fine-
2pP° for the triplet at approximately 87 820 crh. structure transitions. These can be compared with theoretical

The (D°)5p triplet may be either 4P, 3D, or °F state. values for a®P—3F two-photon transition, which can be
The®P state, which can couple by electrostatic interaction tocalculated using the spherical tensor formalism described in
the (*S°) ep 3P continua, is expected to be strongly autoion- Refs. 18 and 19. In the S-approximation, both the Hamil-
izing, and the accompanying lifetime broadening will prob-tonian in the absence of the radiation fi¢dg, and the di-
ably render this state unobservable by REMPI methods. Ipole operatoD, commute with the total spin operatsr It
fact, in a study of atomic oxygeli,the linewidth FWHM of  can then be shown that for linearly polarized light the rela-
the autoionizing {ID°)3p 3P state has been found to be tive line strengthsl(J—J') of a yLSJ—y'L'S'J’ two-

800 cm L. The linewidth of the D°)5p 3P state in atomic  photon transitionwhere y stands for all quantum numbers
sulphur can be expected to be of the same order of magnéther thanL, S, andJ) are given by

tude. The observed resonances must therefore be attributed

to either a®D or °F state. The fact that only two fine-
structure levels of the triplet are observed to be accessible
from the 3P, ground-state level(see the spectrum at
88400 cm! in Fig. 1) strongly suggests that the triplet is
3F rather thar’D, since the’F, level cannot be reached by

a two-photon excitation from th&P, level. In contrast, three
transitions from théP; level would be expected if the triplet
were a®D state, since all three of thtD, , 5 fine-structure
levels are accessible from thé®; level. Accordingly, the
(°D%)5p triplet is assigned a¥ . Using the two-photon se-
lection rules, the®F fine-structure levels can be assigned
unambiguously. The state at 88 841.2 ¢mmust be as-
signed as théF, fine-structure level, as it is accessible from
the 3P, level, but not from the’P; level. Furthermore, the
state at 88 799.6 cit must be assigned to tH&, level, as

this is the only*F level accessible by two-photon absorption
from the 3p0 state. The remaining state at 88 817.0¢m FIG. 2. Detailed wavelength scans recorded employing mass-resolved ion

_ detection, showing the transitions listed in Table I. The three scarig) of
must Consequemly be tﬁ§3 level. Thus, the3F2,3,4 order were recorded with equal laser intensity; likewise (ior. The bars represent

. . . . (o) 3
ing is the same as for the first senes memB®N4p °F.  caculated two-photon line strengths P —°F (a) and*P—°D (b) fine-
Furthermore, the fine-structure splitting decreases by a factetructure transitiongsee the text for details

87433.6
87440.2
87824.7
87835.9
(=2

87829.7

%D 87251.1
87428.8

photoion intensity (a.u.)

1}-: 88421.2
88799.6

e 88817.0

[—— 88841.2

L 88403.6

-
O
N
ot
0
00

two-photon energy (cm™)
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6834 Woutersen et al.: Rydberg states of atomic sulphur

TABLE Il. Calculated relative line strengths for tH@,—3F,, transition. possible on the basis of two-photon selection rules. The the-
i 3E. i - - .
The values have been normalized w.r.t. #ilg—3F4 line strength. oretical values of the relative line strengths O?I%J—>3DJ/
3 3y 13— two-photon transition have been calculated befdrEqua-
tion (1) reproduces the values given in this previous paper.

2 ; g-ggg From these calculated values it follows that tHe,— 3D,
" 3 1000 transition should be 6.2 times stronger than te— 3D,
2 2 0.071 transition. Since the resonance at 87 835.9 tiis observed
2 3 0.500 to be ~8 times stronger than the resonance at
2 4 1.928 87 829.7 cm?, it seems justified to assign the state at
87835.9 cm?! as ®D; and the state at 87 829.7 cth as
3D,. As can be seen in the scan shown in Fi¢h)2the
observed fine-structure line strengths agree reasonably well
1(J—J')=3(2)'+1)(2J+1) with the values predicted on the basis of the present assign-
- ) ments.
x[ L S} 1(y'L" Q% yL)|?6s's In a previous REMPI-PES study of atomic sulpfua,
J L O resonance at 66 758 ¢rh has been attributed to a spin-
A forbidden'S,— (2P°)4p 3D, transition, which would place
+15 (23 +1)(23+1) the @P°)4p 3D, state at an energy of 88 925 ¢t The
L'y 2 fact that at 79 683.5 cit a very strong transition from the
x’ } I(y'L'[|Q¥yL)|?8ss, (1) ‘D, excited state to the 88 925 crhlevel is observedsee
JoL 2 Table 1ll), and that only very weak signals corresponding to

where the reduced matrix elemen{s’L’||Q°yL) and transitions from théP, and®P; levels can be observddee
<7’L’||Q2||yL> of the zero- and second-order irreducible Fig. 1(c) and Table I, suggests that this state must rather
tensor operator@ are defined in Ref. 18. E#L’, the first ~ be assigned as a singlet state, possip°f4p ‘D, (see
6j-symbol vanishes, and the relative line strengths can b&ec. G.
calculated algebraically. The resulting values for a It seems that none of the states given in Table | can be
3p,—3F,, two-photon transition are given in Table II. In accessed from either tH®, or thelS, excited state, except
F|g 2(a) they are Compared with the experimenta”y deter-fOf the level at 88 799.7 Cﬁ'il, which is assigned here as
mined line strengths. The scans in this figure were recordefD°)5p *F,. In a previous REMPI study of atomic
using mass-resolved ion detection, with identicaBHpres- ~ sulphur) a weak two-photon transition from tH&, state to
sure and laser intensity. In the calculation thethis level [which the authors have tentatively assigned as
S(CP,):SCP,):S(AP,) distribution was assumed to be 5:3:1, (*P°)4p °D,] has been observed. In addition, in the present
following Ref. 15. The agreement between the theoreticagtudy a very weak transition from th®, excited state to the
and experimental line strengths seems to justify the assigrievel at 88 799.7 cm' was observed at a two-photon energy
ments of the®F, fine-structure levels. Closer inspection of of 79 561.0 cm* (see Table Il No other transitions from
Fig. 2(a) suggests that the &p,):SCP,):SCP,) distribu-  the 1D, state to any of the levels given in Table | are ob-
tion deviates slightly from the statistical distribution 5:3:1, served. The fact that such spin-forbidden transitions to the
showing a preference for ;) and SEP,). However, the (°D°)5p °F and ¢P°)4p D do not occur or are very weak
deviations may also be due to changes in photodissociatiofidicates that the.S-coupling scheme may be considered
cross sections of either SH or$§, or to dye gain effects. ~ appropriate.

The possible {P°)4p triplet states aréP and®D. The _
(2P°)4p 3P state will be strongly autoionizing and can prob- 2- Pfotoelectron studies
ably not be observed for reasons mentioned previously. It Photoelectron spectra have been recorded for all the
therefore seems that the triplet can only béDastate. This 3P—3D and *P—°F transitions, and the observed ionic
assumption is confirmed by the observed transitions. Thetate branching ratios are given in Table I. As can be ex-
spectrum shows that only one of the triplet fine-structurepected, the branching ratios for a given excited state are vir-
levels is accessible from th&P, level, which is to be ex- tually independent of the initialP fine-structure state from
pected for a3D1,2,3 state, since thel=3 level cannot be which it is excited.
reached frond = 0, and] = 0—J = 1 two-photon transitions Apart from photoelectron peaks due to {21) REMPI,
are strictly forbidden. All three of théD1,2‘3 fine-structure  all the photoelectron spectra show a peak at a photoelectron
levels are accessible from tRB; and®P, levels, whichisin  energy of hv—10.36 eV, which is due to autoionization of
agreement with the two triplet structures observed in thehe excited state into thé*$°)el continua. In fact, the two
spectrum at 87 430 and 87 830 ¢ The assignments of processes compete, and the excited state can either decay by
the fine-structure levels are given in Table |. The state atutoionization, leaving the ion in thts° ground state, or
87 824.7 cm? can immediately be assigned #B3,, as this  absorb another photon and subsequently ionize, leaving the
is the only level accessible from tH@, level. The assign- ion in one of the two excited ionic states or the ground ionic
ment of the two remaining levels at 87 829.7 andstate. As the photoionization probability is proportional to
87 835.9 cm*, which must be théD, and®D; states, is not the photon flux, the relative branching ratios are expected to
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TABLE lIl. Observed excited state levels and ionic state branching ratios in the energy region 87 000—89 &Gihdrtentative assignments. Previously
unobserved levels are denoted by asterisks.

2hv (cm™ %) Excited state energy (cnt)? Initial state Lit. value 2D°(%) 2P%(%) Assignment
78 385.6 87 624.2 D, 87 624 12 88 ePo)4p 1P,
79561.0 88 799.6 p, 88 799 81 19 D% 5p °F,
79 638.7 88877.3 D, 88 876 68 32 €D°)5p °D,
79 649.5 888881 p, 100 0 @D%)5p F,
79 668.7 889071 D, 45 55 fD°)5p 3Dy
79683.5 88922.1 D, 88 924 - - (?P%)4p P,
811882.7 91121.3 p, 91123 3 97 (¢P%4pls,
87227.3 87 623.4 °p, 87 624 20 80 €P°)4p P,
87 414.2 878108 3P, 11 89 €P°)4p 3s;
87624.1 87624.1 p, 87 624 12 88 @P%)4p P,
87 810.5 878105 p, 23 77 @P)4p 3s;
88303.1 88 876.7 3P, 88 876 62 38 €D°)5p °D,
88 466.2 8886213 3P, 74 26 D% 5p °D,
88 481.2 88877.3 3P, 88 876 64 36 fD%5p D,
88 492.2 88 88873 p, 100 0 €D°)5p 'F,
88510.6 88 9067 3P, 71 29 D% 5p °Dy
88526.5 88922.6 3P, 88 928 13 87 €P°)4p D,
88 861.6 88861% p, 76 24 fD%5p °D,
88877.2 88877.2 3p, 88 876 71 29 €D°)5p °D,
88906.3 8890613 p, 77 23 fD%5p °D,
88 922.7 88 922.7 3p, 88 924 13 87 €P°)4p D,

3excited state energy calculated with respect to®Rg ground state.
PExcited state energy previously reported by Applitgal. (Ref. 10.
‘Excited state energy previously reported by Ventikachataral. (Ref. 9.
“YExcited state energy previously reported by Steadman and (Baér 7).

depend on the laser power, th®° branching ratio diminish- determination of the integrated intensities shows that in Fig.
ing as the laser power increases. This power dependence 3b) the ?P° and ?D° branching ratios are indeed signifi-
indeed observed, as can be seen in Figa). &d(b), which  cantly larger than in Fig. @), whereas th&P°:2D° ratio
show photoelectron spectra recorded for ionizatienthe  stays the same, as expected. A similar power dependence of
(?P°)4p 3D, level at a two-photon energy of ionic state branching ratios has been reported previously for
87 829.7 cm? (see Table), employing low laser power in (2+1) REMPIvia autoionizing states of atomic oxygéh.

(a) and high laser power itb). Although comparison of the The ionic state branching ratios for ionizatima the

peak heights in Figs.(8) and(b) is not allowed, as the peaks (?P°)4p 3D, states show a strond dependence. An ex-

in Fig. 3(b) are broadened by space charge effects, carefuimple is shown in Fig. 4, where the photoelectron spectra for

=
. 4 4
s 5 a s b.
=
&
" )
o P
o
=
3
) P 1o
8 2Do D
2 1
QQ" T L T T T M e 1 r T T T (A 1
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-
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[
w
ES
[

photoelectron energy (eV)

FIG. 3. Photoelectron spectra following excitation of tR@{)4p 3D, state employing lowa) and high(b) laser intensities.
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2pe
50 a. b.

p

]

photoelectron signal (a.u.)

photoelectron energy (eV)
FIG. 4. Photoelectron spectra observed following excitation of #R8)@p 3D, (a) and €P°)4p 3D, (b) fine-structure states.

ionization via the 3D; and 3D, components are displayed, through spin—spin interactions with thé<P)ep 3P con-
recorded with equal laser intensities at two-photon energienua, which can affect théF, component, but not th&F,

of 87 433.6 and 87 440.2 cm, respectively(see also Table and3F, components. However, as th&° branching ratios

). lonizationvia the D, and®D, components is observed to are still appreciable for théF,; and 3F, components, the
produce mainly*S° ions, whereas ionizatiowia the 3Dy most important autoionization channel is probably electro-
component produces only 1098° ions and 809%¢P° ions,  static interaction with the*S®) ef 3F continua.

proy|d|ng an interesting exqmple of state-selgctlye p_hotomnb Other (2P°)4p and (2D°)5p states in the energy

ization. Under the assumption that the photoionization cros§egion 87 00089 000 cm

section is independent df, this would imply that the auto-

ionization rate for thé D, component is at least an order of In addition to the transitions discussed above, many
magnitude smaller than for the other two components. Thigther resonances can be seen in Fig. 1, corresponding to
effect can be understood on the basis of the autoionizatiotiansitions from théP ground state to energy levels in the
selection rule$® As there are no even-pari§D continua  region from 87 000 to 89 000 cm. Most of these reso-
associated with th&S° core, the®D state cannot autoionize nances are weak. Also, transitions from the, state to
electrostatically and must autoionize entirely through spirsome of these excited states are observed at two-photon en-
interactions, possibly spin—orbit coupling. The selectionergies of about 80 000 cit. The transitions from théD,

rules for such a coupling would allow for the interaction with state can easily be recognized as such by their photoelectron
several*S° ionization continua. The observation that the spectrd. The line positions of the transitions are given in
(°P%)4p 3D, state, however, has a considerably smallerTable Ill. Some of the energy levels have been reported pre-
autoionization rate than the’R°)4p 3D, and D, states, viously, accessed from either tH®, or S, excited state.
suggests that the dominant interaction concerns spin—orbhen this is the case, the reported energy is also given in the
coupling with the ¢S°)ep P continua. As theé’P continua  table. Photoelectron spectra have been recorded for all but
have noJ=3 component, and since autoionization can onlyone of the transitions. In general, these spectra show a peak
occur withAJ=0, only the®D, and®D, states can autoion- deriving from autoionization into thé'S° continua and

ize into these continua, while thtD, state is expected to (2+1) ionization into the’D° and ?P° continua. Since in
remain unaffected. this section we are primarily interested in the identification

All the photoelectron spectra for ionizatiovia the  of states responsible for the resonance enhancement in the
(?P%)4p 3D levels show a small peak corresponding to theexcitation spectra, and since the branching ratio to*sfe
production of S(?D°). This is probably due to configura- autoionization continua is dependent on the intensity of the
tion interaction of these states with théDC)5p 3D state  excitation laser, Table Il only contains such ratios for the
(see Sec. C 2D° and?P° ionic states.

The photoelectron spectra for ionizatiomia the In Table Il tentative assignments are given, which are
(?D°)5p °F states show only transitions to tHf®° and based on the relative intensities of the transitions and the
43° jonic states, the latter being accessed by autoionizatiorobserved ionic state branching ratios. As has been mentioned
The #S° branching ratio depends weakly on theqguantum  above, the excited states in this energy region are expected to
number, being larger fofF, than for®F; and ®F,. This  have either a{D°)5p or a ¢P°)4p configuration. Since
suggests that the autoionization process proceeds partignization of a Rydberg state should in principle occur with
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core preservation, the photoelectron spectra should give an
unambiguous identification of the ionic core. However,
(?D°)5p and @P°)4p states having the same angular mo-
mentum compositionl(,S,J) are likely to show substantial
configuration interaction. Furthermore, the photoionization
matrix elements may differ considerably for different cores,
and a strong peak in the photoelectron spectrum may well be
due to a minor contribution in the wave function. This makes
the assignment a delicate matter. In what follows, each of the
tentative assignments given in Table Il will be discussed
separately.

The state at 87 624 cnt has been reported previou¥ly
and has been assigned &D?)5p P;. The fact that no
transition from the’P, level to this state was observed in the _ _ S
present study, and that no transitions from Jtﬁg state have _IIZ_IG. 5. Detailed wavelength scans showmg some qf the transitions listed in

. . . able lll. The scans were recorded employing kinetic-energy resolved elec-
occurred in previous two-photon excitation studieson- g, detection, monitoring electrons with kinetic energie®.5 eV. All
firms the assignment of this state'd®; . However, the pho-  scans were recorded with equal laser intensity. The bars represent calculated
toelectron spectra recorded at two-photon energies df/vo-pho.ton line strengths foiP— 3D fine-structure transition@ee the text
87 624.1 and 78 385.6 cm both show &2D%:2P° ratio of o details.

1:7, which suggests that the configuration3®%)4p rather

than €D°)5p. In Ref. 10, a photoelectron spectrum has also

been recorded, which only showed (§S°), probably be- ization to the’?D® ionic state. This can now be understood, as
cause of the lower laser powers employed in the experimenthe effects of configuration interaction between the
Accordingly, the state is reassigned here Z&°f4p P, . (°D°)5p 3D, and the €P°)4p 3D, levels will similarly be

The state at 88 878 cnt has been reported previouSly visible in the photoelectron spectra of the latter level. The
at an energy of 88 8762 cmi 1, and has been assigned aspresent assignment leads to the conclusion that the
(?P%)4p 3P. This is rather unlikely, since th&P state is *P—(?D°)5p °D transitions are much weaker than the
expected to be strongly autoionizing, and n6(%&°) was *P—(2D°)5p °F transitions, implying that for the latter the
observed in the photoelectron spectrliitere, an alternative absolute two-photon absorption cross sections are signifi-
assignment is proposed. The fact that the excited state antly larger. At present no calculations of these cross sec-
observed to be accessible from #®,, P;, and®P, levels tions are available, buab initio calculations on oxygéef
implies that it must have a total angular momentdm?2 have shown that for this atom the two-photon absorption
(J=0<J=1, two-photon transitions are strictly forbidden cross sections fofP— (?D°)3p 3D are indeed five times
Furthermore, the transition from tH®, level to the excited smaller than foP— (?D°)3p °F.
state is very weak compared to other transitions from the The other two components of ti® triplet may be ex-
D, level in the same energy region, suggesting that the@ected to lie near the ?DP°5p 3D, state. For the
excited state is a triplet level. For reasons already mentione@?D°)5p 3D state the splittings are expected to be smaller by
it is unlikely that it is a €D°)5p 3P, or a (P%4p 3P, a factor §)*~0.5 as compared to thepdseries member. It
level. The €D°)5p 3F, and @P°)4p 3D, levels have al- therefore appears that the term levels at 88 906.3 and
ready been assignddee previous sectionand the only re- 88 861.6 cm?, the photoelectron spectra of which show
maining triplet state withJ=2 is therefore {D°)5p °D,.  2P°:2D° branching ratios of~1:3, might be the’D, and
For this reason the excited state is reassigned a%D; components. This assumption is supported by the obser-
(?D°)5p 3D,. Note that this assignment is supported by thevation that neither of these states is accessed frontRge
photoelectron spectrum. level. Detailed wavelength scans employing kinetic energy-

A consequence of such an assignment is that theesolved electron detection were recorded in order to obtain
(?D°)5p °D state would lie above the’D°)5p °F state, accurate estimates for the relative intensities of the transi-
whereas for the3D°)4p °F and ¢D°)4p 3D states the or- tions from the?P; and®P, levels to these statésee Fig. 5.
dering has been found to be reversed. An explanation for thi€omparison of the theoretical values for the relative line
effect might be configuration interaction between thestrengths for &P— 3D transitiorf® and the observed inten-
(’D%5p D and @P°)4p 3D states, causing the sities suggests that the level at 88 861.6 émmight be as-
(D% 5p 3D level to shift towards higher energy, while the signed asD; and the level at 88 906.3 ¢m as®Ds.

(?D°)5p °F state remains unaffected, as there is’Rcstate A strong transition from théD, state is observed at a
associated with the?P°)4p configuration. Such a configu- two-photon energy of 79 649.5 ¢rh, corresponding to an
ration interaction nicely explains tHd>°:?D° branching ra- energy of 88 888.1 cm' for the excited state. No transitions
tio of 1:2 observed for ionization of the presumed from the®P, or P, ground-state levels to this excited state
(?D°)5p °D, state. In the previous section it was observedare observed, but a weak transition at a two-photon energy of
that all the photoelectron spectra obtained fo#(2) ioniza- 88 492.2 cm*, which has no®P, or 3P, counterparts, is
tion of the €P°)4p 3D, level showed contributions of ion- tentatively assigned as a transition from ftiy level to this

88303.1

88466.2
88906.3

photoelectron intensity (a.u.)
88510.6

}- 88861.6

R
~
o~
o0
o0
[>2]

two-photon energy (cm™)

b 84812
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excited state. The state is likely to be a singlet, since theatio is the state at 88 923 ¢rh, which shows &P°:2D°
transition from the'D, state is very strong and the transition branching ratio of 7:1. A strong transiton at
from the®P state is rather weak. The photoelectron spectrag 683.5 cmi® from theD, state to this level suggests that
show that (2+1) ionization occurs exclusively to thD° it is in effect a singlet state. Accordingly, it is assigned as
ionic state, implying that the configuration i$0°)5p and  (2P°)4p !D,. As has already been mentioned in the previ-
that the state possesses r@{)4p character whatsoever. ous section, a transition from tH&, state to this level has
The possible {D°)Sp singlet states aréP;, 'D,, and  been observed, and assigned 8% 4p 3D,.” However,
'F3. ‘P, and 'D, states can also arise from théP()4p  the present study shows that tHd)4p 3D state lies at a
configuration, which implies that if the excited state weremuch lower energy.

either ¢D°5p P, or (°D°5p 'D,, at least some
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