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Single-photon spectroscopy of singlet sulfur atoms and the autoionization
lifetime measurements of the superexcited singlet states
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Single-photon excitation spectra from the lowest singlet1D2 level of sulfur atoms were recorded
with a tunable vacuum ultravioletsVUV d radiation source generated by frequency tripling in noble
gases. The photolysis of CS2 at 193 nm was used to produce the singlet Ss1D2d sulfur atoms that
were then excited to neutral superexcited states with the tunable VUV radiation. These superexcited
states undergo autoionization into the first ionization continuum state of S+s4S3/2

o d+e−, which is not
directly accessible from the Ss1D2d state via an allowed transition. The excitation spectra were
recorded by monitoring the S+ signal in a velocity imaging apparatus while scanning the VUV
excitation wavelength. Three new lines were observed in the spectra which have not been previously
reported. The full widths at half maximumsFWHMd of each of the observed transitions were
determined by fitting the profiles of each absorption resonances with the Fano formula.
Autoionization lifetimest of these singlet superexcited states were obtained from FWHM using the
Uncertainty Principle. Abnormal autoionization lifetimes were found for the 3s23p3s2Dodnds1D2d
and the 3s23p3s2Dodnss1D2d Rydberg series, in whichts5dd and ts7sd are shorter thants4dd and
ts6sd, respectively. This is contrary to the well-known scaling law oftsn* d~n*3, which should be
followed within a series unless there exist perturbations from other series or new channels open up
to which some members of the series can decay. Possible perturbations from the nearby triplet series
are suspected for causing the broadening of the 5d and 7s levels. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1875032g

I. INTRODUCTION

Spectroscopic measurements indicate that sulfur and
oxygen ions dominate the torus plasma of the Jupiter satellite
Io.1,2 In the Sun, sulfur is one of the more abundant
elements.3 Thus the study of the photoabsorption and photo-
ionization of sulfur is of great astrophysical interest. Sulfur is
also interesting because the ground state is an open shell and
it is a heavy atom where spin-orbit coupling is large and
correlation effects can determine the properties of the excited
state. The electronic configuration of atomic sulfur is
1s22s22p63s23p4, which gives rise to the following electronic
states3P2,1,0,

1D2,
1S0, where the3P2 is the ground electronic

state. The photoabsorption and photoionization spectra of
atomic sulfur have been extensively studied in the past.4–6

Tondello reported the absorption spectrum and the absolute
cross section of sulfur in the energy region from the ioniza-
tion threshold at 119.67 nm to 90 nm using the flash pyroly-
sis method.4 More detailed analysis in the region between
100 nm and 109 nm was carried out by Joshiet al.5 More
recently, Berkowitzet al.measured the photoionization spec-
trum of sulfur in the region between the first ionization
threshold and 92.5 nm.6 They assigned many of the lines to
the Rydberg series which converge on the4So, 2Do, 2Po states
of the S+ ion that originate from the ground state of sulfur.
They also showed that the autoionization features of the
3p3s2Dodnd 3Do levels are broad while those of the

3p3s2Dodnd 3So, 3Po levels are narrow. These studies focused
on the triplet states and few experiments have been reported
on the singlet states. This is especially true for studies that
determine the lifetimes of the singlet states of sulfur. Joshi
and co-workers assigned two singlet Rydberg series
3s23p3s2Pdns 1P1 and 3s23p3s2Pdnd 1D2 that start from the
singlet 3s23p4 1D2 state and converge on the2Po ionic state.
Using two-photon spectroscopy Pratt observed and assigned
several new Rydberg series arising from two configurations
of s2Dodnp and s2Dodnf, which have been excited via two-
photon transitions from the singlet 3s23p4 1D2 state.7 He
measured linewidths of 2.0–2.5 cm−1 for these two-photon
transitions, and concluded that the linewidths in the sulfur
spectra were resolution limited, rather than lifetime broad-
ened. No data have been reported for the autoionization rates
for the singlet levels of sulfur, except a recent report on the
level 3s23p4s2Dod4ds1D2d at 11.317 eV.8 The observation of
fluorescence suggested that the autoionization rate constant
for the s2Dod4d 3Po levels must be of the order of 109 s−1 or
smaller.9 The slow autoionization rates of the
3s23p3s2Dodnd 3Po levels can be understood on the basis of
parity change upon ionization to the 3s23p3S+s4Sod+e− con-
tinuum withinLS coupling. In order to build a3P level from
this continuum, the free electron needs to be ap electron
with angular momentum ofl =1, which thus results in even
parity rather than the odd parity of the autoionizing
3s23p3s2Dodnd 3Po levels. As discussed previously,6,7 within
the LS coupling approximation, direct ionization of the sin-
glet states between the two lowest ionization thresholds is
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forbidden to the S+s4Sod+e− continuum by the spin selection
rule. These singlet states can only autoionize through spin-
orbit and/or spin-spin interactions that lead to the breakdown
of theLS coupling and the autoionization rate is expected to
be slow.

Fewer studies have been done on the singlet states com-
pared to the triplet states of the atom because of the difficulty
of preparing enough singlet state sulfur atoms in a molecular
beam. It will be shown that this limitation can be overcome
by using laser photolysis of a proper precursor to produce
enough singlet state atoms in a pulsed molecular beam.
Strong signals can be obtained for the autoionizing states
because the photolysis and ionization lasers cross the mo-
lecular beam at the same place and at about the same time
when the atom density is at a maximum. This coupled with
the high collection efficiency of the ion velocity imaging
system provides an excellent signal to noise ratio for these
studies.

The photodissociation dynamics of CS2 at 193 nm have
been extensively studied10–15 and it is well known that the
photolysis of CS2 gives rise to sulfur atoms in both the
grounds3Pd and exciteds1D2d states. In this paper, a tunable
VUV radiation source is used to study the single-photon ex-
citation spectroscopy of the lowest1D2 level of sulfur atoms,
and to determine the autoionization lifetimes of several ex-
cited singlet states between the two lowest ionization thresh-
olds of S+s4S3/2

o d and S+s2D3/2
o d.

II. EXPERIMENT

The ion velocity imaging apparatus that has been previ-
ously described in detail16 was used for the present measure-
ments. It consists of three stainless steel chambers all
pumped with separate turbo-molecular pumps. The first
chamber is the molecular beam source chamber, which
houses a piezoelectric pulsed valve with a nozzle having a
diameter of 0.25 mm. The molecular beam is skimmed twice

before it interacts with the laser beams. The second chamber
is the reaction chamber where the molecular beam crosses
the laser beams. During the experiments the typical pressure
in this chamber is 4310−5 Pa. The counter-propagating laser
beams enter the reaction chamber in a direction that is per-
pendicular to the molecular beam and intercept the molecular
beam in the center of the ion optics of the time of flight mass
spectrometersTOF-MSd. The ion optics of the TOF-MS con-
sist of three plates, a repeller, an accelerator, and a ground
plate, the last of which is the entrance to the flight tube for
the mass spectrometer. High voltages with the appropriate
ratio for ion velocity imaging are applied to the repeller and
accelerator plates to focus the ions at the microchannel plate
detector. The typical voltages used in the present experi-
ments are 1500 V and 1042 V for the repeller and accelera-
tor, respectively. In order to avoid any effects of electric field
on the linewidth measurement, the voltages on the ion optics
are applied 300 ns after the arrival of the ionization laser in
the interaction region. The pressure in the flight tube during
an experiment is about 8310−7 Pa. This is low enough so
that the ion cloud can fly for 62 cm without a collision in the
field-free flight tube before it strikes the detector. The detec-
tor assembly consists of two microchannel plates and a fast
P47 phosphor screen. A charge-coupled device camera and a
photomultiplier tube are mounted behind the screen to col-
lect images and record the TOF spectra, respectively. The
gate from a Boxcar IntegratorsSR250d was set on top of the
S+ ion peak in the TOF spectra, and the integrated signal was
recorded as a function of the VUV wavelength.

The CS2 molecular beam is crossed with an unfocused
193 nm laser beam produced by a GAM lasersEX5d, and the
Ss1D2d atoms are ionized by a counter-propagating beam of
coherent VUV radiation that is obtained by frequency tri-
pling a UV laser. A Scanmate 2 dye laser operating with the
Pyridine 2 dye is pumped by the 532 nm output of a

FIG. 1. Single-photon spectroscopy of
the singlet atomic sulfur Ss1Dd at dif-
ferent pressures of the four-wave mix-
ing gas. The Rydberg assignments are
based on the data listed in the NIST
Atomic DatabasesRef. 17d. Peaks
with question marks have not been
previously reported. In sectionsad the
VUV light is produced by frequency
tripling in Kr; in sectionsbd the VUV
light is produced by frequency tripling
in Xe. The scan rate of the dye laser
was 0.004 nm/s.

144321-2 Huang et al. J. Chem. Phys. 122, 144321 ~2005!
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Nd-YAG sYAG—yttrium aluminum garnetd laser sSpectra-
Physics, Pro-230-30d. The wavelength of the dye laser is
calibrated with a wavelength metersCOHERENT
WaveMasterTMd. The dye laser output is frequency doubled
in an Inrad autotrack unit which keeps the UV output rela-
tively stable as wavelength of the dye laser is scanned. The
UV beam is separated from its fundamental with a prism and
is focused with a quartz lens into a gas cell which has a
lithium fluoride sLiFd lens as the exit window. The cell was
filled with Krypton sKrd or Xenon sXed gases in order to
generate VUV light in different wavelength regions. The fo-
cal length of the quartz lens is 15 cm and the UV light is
focused about 6.5 cm in front of the LiF lens that has a
6.5 cm focal length in the VUV region. This assures that the
VUV light is collimated when it crosses the molecular beam
while the UV light is diverging.

III. RESULTS

A. Excitation spectra

Photodissociation of CS2 at 193 nm produces sulfur at-
oms in both Ss3Pd and Ss1Dd states, and the VUV radiation
arrives at the reaction center 20 ns after the 193 nm photoly-
sis laser. A strong S+ signal appears in the TOF spectra when
the VUV wavelength is tuned in resonance with the transi-
tions between the lowest Ss1Dd level and the superexcited
singlet levels above the first ionization continuum. The S+

ions are produced via the autoionization of the superexcited
singlet sulfur atoms to the S+s4S3/2

o d+e− continuum. No S+

ion signal can be detected when the Kr or Xe gas is evacu-
ated from the VUV gas cell, i.e., in the absence of VUV
radiation. The S+ ion signal as a function of VUV wave-
length is recorded using a Stanford Research Boxcar Aver-
ager sSR250d. The single photon excitation spectra of the
singlet sulfur Ss1Dd are shown in Fig. 1 in two sections. In
section sad, the VUV light in the region from
81950–82350 cm−1 is generated by frequency tripling in Kr,
while in sectionsbd from 84550 to 85050 cm−1 by frequency
tripling in Xe. The conversion efficiency for generating VUV
from UV varies at different gas pressures. The spectra shown
in Fig. 1 at different pressures indicate that they are repro-
ducible and the widths of the peaks are not due to power
broadening. The relative intensity of the VUV light within a
section should be comparable, but it is not comparable be-
tween the two sections because the efficiencies for VUV con-
version in Xe or Kr are different from each other. It should
also be noted that in sectionsbd there is a direct ionization
continuum background underlying the resonance peaks be-
cause the photon energy in this region is high enough to
ionize Ss3Pd state atoms. However, the ionization cross sec-
tion for Ss3Pd state seems to be flat in this energy region just
above the first ionization continuum, so the direct ionization
of Ss3Pd is not expected to affect the measured linewidths.5,6

The residual UV radiation from the frequency tripling pro-
cess has no effect on the linewidths on the spectra in section
sad, although the total energy of VUV+UV is much higher
than the ionization continuum for the singlet states. So we do
not expect that the broader linewidths in sectionsbd are
caused by further excitation of the levels by the UV photons.

The assignments in Fig. 1 are made according to the energy
levels listed in the NIST Atomic Spectra Database.17 The
peaks with question marks in sectionsbd are not in the NIST
database and have been observed here for the first time.
Their possible assignments will be discussed below. These
peaks are at photon energies of 84 778±1, 84 811±1, and
84 888±1 cm−1. The uncertainty in the energy should be
within 1 cm−1 considering the bandwidths,0.6 cm−1d of the
VUV light and other systematic errors.

The slowest scan rate available on the dye laser
s0.001 nm/sd was used to record each of the lines shown in
Fig. 1 so that a more precise linewidth for each transition
line could be determined. The resulting spectra at this scan
rate are shown in Figs. 2–4. Assuming that the dye laser has
a Gaussian line shape, then the line shape of the VUV radia-
tion obtained by frequency tripling will also be approximated
by a Gaussian shape. The bandwidth in the VUV should be
at most 0.6 cm−1 because the fundamental of the dye laser
has a bandwidth of 0.09 cm−1 in this wavelength region.
Convolution of a Fano profile18,19 and a Gaussian function
for the laser bandwidth of 0.6 cm−1 has been used to fit the
experimental profiles. As shown in the figures, the fits are
very good. The full width at half maximumsFWHMd is de-
termined from the deconvoluted Fano profile of each line,
and the corresponding autoionization lifetime is calculated

FIG. 2. The fits to the Rydberg lines.sad s2Dod4d 1D2
o level at an excitation

energy of 82 037 cm−1; sbd s2Dod6s1D2
o level at an excitation energy of

82 306 cm−1; scd s2Dod5d1D2
o at an excitation energy of 84 630 cm−1. The

energy of each of the Rydberg levels equals the sum of the excitation photon
energy and the energy of the Ss1Dd state which is 9 238.6 cm−1 above the
ground Ss3P2d level.

144321-3 Spectroscopy of singlet sulfur atom J. Chem. Phys. 122, 144321 ~2005!
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using the uncertainty principle, i.e.,DEt=h/2p. The FWHM
of each line and the corresponding lifetime are reported in
Table I. The autoionization lifetime varies from hundreds of
femtoseconds to a few picoseconds.

B. Possible assignments of the new peaks

The three new peaks observed in the photoionization
spectrum are at photon excitation energies of 84 778±1,
84 811±1, and 84 888±1 cm−1. At these energies and all
other energies shown in Fig. 1sbd, the Ss3Pd can be ionized
since the energies are higher than the first ionization energy

of 10.36 eV.17 However, as shown in Fig. 5, all images taken
on the peaks are identical and originate mostly from the ex-
citation of the Ss1Dd atoms, as has recently been reported.8

The image taken at about 84 690 cm−1 arises from the ion-
ization of the sulfur atoms produced in the Ss3Pd state. The
absolute energies for all the levelssshown as peaksd in Fig. 1
equal the sum of the excitation photon energy and the energy
of the Ss1Dd level of 9 238.6 cm−1.17

Quantum defectsm are calculated using the relationship
m=n−n* , wheren* is the effective principal quantum num-
ber defined by

FIG. 3. The fits to the Rydberg lines in
the excitation energy region between
84 760–84 816 cm−1. The energy of
each of the corresponding Rydberg
levels is the excitation energy plus the
energy of the Ss1Dd state which is
9 238.6 cm−1 above the ground Ss3P2d
level.

FIG. 4. The fit to the Rydberg line in
the excitation energy region of
84 820–84 940 cm−1. The energy of
the corresponding Rydberg level is the
excitation energy plus the energy of
Ss1Dd which is 9 238.6 cm−1 above
the ground Ss3P2d level.

144321-4 Huang et al. J. Chem. Phys. 122, 144321 ~2005!
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n* = ÎRs/fEsIPd − Enlg.

Here, Rs is the Rydberg constant for sulfursRs

=109 735.44 cm−1d, Enl is the energy of Rydberg state, and
EsIPd is the ionization potential of the state to which the
Rydberg state is converging. In the assignmentss2Dodnd/ns
shown in Fig. 1, the Rydberg states converge on the first
excited state ofS+, 2D. The S+s2Dd includes two spin-orbit
states, the2D3/2 and the2D5/2, but the weighted average of
the 2D3/2

o limit s98 412.0 cm−1d and the 2D5/2
o limit

s98 443.8 cm−1d was used to calculate the effective principal
quantum numbern* as described in Ref. 6. Considering there
are two different Rydberg series corresponding to the2D3/2

o

limit and the2D5/2
o limit as described injcl coupling,7,20,21the

effective principal quantum numbers can then be calculated
according to their own limits. The results are shown in Table
II. As can be seen, for thes2Dod nd series the quantum de-
fects in bold that were calculated with the2D3/2

o limit in the

second to last column are a closer match than those calcu-
lated assuming the2D5/2

o limit, so it is probably more appro-
priate to assigns2Dodnd series ass2D3/2

o dnd instead of
s2D5/2

o dnd. Similarly, for the s2Dodns series it is probably
more appropriate to assign S+s2D5/2

o d instead of S+s2D3/2
o d as

its limit. Then two of the new peaks at 94 015.6 cm−1 and
94 049.2 cm−1 can be assigned as3s23p3s2D3/2

o d7s and
3s2p3s2D5/2

o d5d, respectively. We have been unable to assign
the peak at 94 127.0 cm−1. The present assignments are
based on only a few lines and to confirm the assignments a
longer spectral scan is required so that more lines in the
series can be observed.

IV. DISCUSSION

Although photoabsorption and photoionization spectra
of sulfur have been studied extensively and many of the
autoionization levels of the sulfur atom have been previously

TABLE I. The energies of the autoionization Rydberg lines observed in the spectra along with their FWHM,q
parameters, and lifetimes obtained by fitting the profiles with the Fano formula. The uncertainty of the FWHM
is about 0.2 cm−1.

Level
scm−1da Erscm−1db

FWHM
Gscm−1d

q
parameter

Lifetime
spsd Transition assignment

91 276 82 037 0.9 .60 5.9 s2Dod4ds1D2
od-3s23p4s1D2d

91 545 82 306 0.7 .60 6.6 s2Dod6ss1D2
od-3s23p4s1D2d

91 517 82 278 Too weak s2Dod4ds3P2
od-3s23p4s1D2d

93 869 84 630 4.2 .60 1.3 s2Dod5ds1D2
od-3s23p4s1D2d

94 035 84 797 7.8 10 0.7 s2Dod7ss1D2
od-3s23p4s1D2d

94 016 84 778 0.8 −8 6.6 sUnknownd- 3s23p4s1D2d
94 049 84 811 0.8 −7 6.6 sUnknownd- 3s23p4s1D2d
94 127 84 888 14.6 −10 0.4 sUnknownd- 3s23p4s1D2d

aAbsolute energies for the observed levels, which equal to the VUV photon energyssecond columnd plus the
energy of the Ss1Dd 9239 cm−1.
bVUV excitation photon energy.

FIG. 5. The images taken on all the
peaks show the characteristic energy
and angular distributions of the Ss1Dd
fragments and the image taken on the
continuous background at about
84 690 cm−1 shows those of the Ss3Pd
fragments produced by photolysis of
CS2 at 193 nm.sRef. 29d.

144321-5 Spectroscopy of singlet sulfur atom J. Chem. Phys. 122, 144321 ~2005!
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assigned,4–6 to our knowledge the only report on the auto-
ionization lifetime of the superexcited singlet level is in Ref.
8 for Ss2Dod4d 1D2. There have, however, been a few mea-
surements of the autoionization lifetime for atomic oxygen.
The O s2Dod3p 1P1 and1F3 levels were first observed in the
emission studies by Edlen22 and by Eriksson and Isberg.23

The transitions involving the1P1 level were broadened by
approximately 0.2 cm−1 with an autoionization lifetime of
3310−11 second to the4S3/2

o continuum. The transitions in-
volving 1F3 level were sharper and hence the lifetimes were
longer.23 Recently, Pratt and co-workers reported the auto-
ionization of Os2Dod3p 1P1 and 1F3 levels excited from the
Os1D2d state by two-photon absorption.24 They evaluated the
autoionization lifetimes of the1P1 and1F3 levels and found
that they were longer than 3310−10 s and 5.8310−10 s, re-
spectively. Smithet al.measured the autoionization lifetimes
for the s2Dod3p 1,3P ands2Dod3p 3D, 3F states by measuring
the Rabi oscillations which were induced when the atoms
were excited from the ground3P2 state by multiphoton pro-
cess. The autoionization lifetimes are of the order of 10−10 s
for all the states except thes2Dod3p 3P state which has a 6 fs
lifetime.25 More recently, single-photon ionization of atomic
singlet oxygen Os1D2d was investigated by Flesch and
co-workers.26 The photoionization efficiency spectrum was
recorded between the onset of the firsts2Sod and the second
s2Dod ionization thresholds. But no lifetime measurement
was reported.

Gibson et al. reported the photoionization spectrum of
sulfur in detail between the first ionization threshold and
92.5 nm. They assigned many of the triplet autoionization
states which converge to the4So, 2Do, 2Po states of the S+ ion
originating from the ground state of Sulfurs3P2d.6 Of the
four series converging to2Do, they found that three of them,
s2Dodnd 3Po, s2Dodns 3Do, s2Dodnd 3So, were sharp and one,
s2Dodnd 3Do, was broad. In the two-photon spectroscopy
studies of the singlet atomic sulfur by Pratt,7 several new
autoionizing Rydberg series assigned to thes2Dodnp and
s2Dodnf configuration were reported. Very narrow linewidths
were expected for those levels because autoionization is for-
bidden withinLS coupling. Within theLS coupling approxi-
mation, direct photoionization to a4So state is forbidden
from the singlet states of the atom between the first and the
second ionization thresholdfto the s2Dodg since no singlet
continua exist in this region. Thus, the only way these states
can be ionized is via autoionization to4So as a result of

spin-orbit, spin-spin interactions that couple atomic states
with different spins.27,28 These states were therefore pre-
dicted to have long lifetimes. As discussed above, the order
of magnitude for the lifetimes of the1D states in oxygen
atom was found to be approximately of 10−10 s. However in
the current measurements, the autoionization lifetime varies
from hundreds of femtoseconds to a few picoseconds. The
much shorter autoionization lifetimes in atomic sulfur indi-
cate that the spin-orbit, spin-spin interactions in sulfur are
much stronger than in oxygen. Thus, the autoionization rate
constant of atomic sulfur is higher than similar states for
singlet atomic oxygen. This can be readily understood in
terms of the mass of sulfur atom which is twice that of the
oxygen atom so one would expect that spin-orbit interaction
is much stronger. Furthermore the spin-spin interaction will
also play an important role in the autoionization process. In
highly excited states, the state mixing between the states
with different spin is expected under the spin-spin interac-
tion. The existence of state mixing between the very rapidly
ionizing triplet states and the excited singlet states will pro-
mote the autoionizing rate of the singlet states.

The profile of an absorption line in the ionization con-
tinuum of atomic spectra can be represented by the Fano
formula:18,19

ss«d = safsq + «d2/s1 + «2dg + sb. s1d

Here «=sE−Erd / 1
2G indicates the departure of the incident

photon energyE from an idealized resonance energyEr

which pertains to a discrete autoionizing level of the atom;G
is the width of the line;ss«d represents the absorption cross
section for photons of energyE; sa and sb represent the
cross sections corresponding, respectively, to transitions to
states of the continuum that do and do not interact with the
discrete autoionizing state; andq is a numerical index which
characterizes the line profile. Following the Fano procedure,
we are able to fit those autoionization lines with the appro-
priate parameters. A comparison of the different parameters
obtained from the fits is listed in Table III.

According to Fano, Eq.s22d in Ref. 17,

1
2pq2 = usFuTuidu2/ uscEuTuidu2G. s2d

Here 1
2pq2 represents the ratio of the transition probabilities

of the initial state to the “modified” autoionizing discrete
stateF and to a bandwidthG of unperturbed continuum state

TABLE II. New Rydberg assignments of the autoionization lines, the effective principal quantum numbersn* ,
and the quantum defectsm are calculated using the2D3/2

o and2D5/2
o ionization limits.

n* m

Level scm−1d New assignment 2D3/2
o 2D5/2

o 2D3/2
o 2D5/2

o

91 276 3s23p3s2D3/2
o d4d 3.921 3.913 0.079 0.087

91 545 3s23p3s2D5/2
o d6s 3.997 3.988 2.003 2.012

93 869 3s23p3s2D3/2
o d5d 4.915 4.898 0.085 0.102

94 035 3s23p3s2D5/2
o d7s 5.007 4.989 1.993 2.011

94 016 3s23p3s2D3/2
o d7s 4.996 4.978 2.004

94 049 3s23p3s2D5/2
o d5d 5.015 4.997 0.003

94 127 ? 5.061 5.042
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cE. The greater the ratio is the smaller the transition prob-
ability to the continuum states. When the transition probabil-
ity to the continuum states is negligible, the autoionization
through the discrete state has a profile represented by a reso-
nance curve with a half-widthpuVEu2 which originates from
the Fermi Golden rule. In this case, the profile is symmetric
and has Lorentzian shape.VE is

VE = scEuHuwd, s3d

where w is the discrete autoionizing state,cE is the con-
tinuum state.

It is interesting to note that the profiles of the
s2Dod4ds1D2

od at 91 276 cm−1, s2Dod6ss1D2
od 91 545 cm−1

s2Dod5ds1D2
od at 93 869 cm−1 are symmetric. For these lines,

the q parameters used to fit the Fano profiles could be any
value that is greater than 60. This means the transition prob-
ability from Ss1Dd to the continuum state S+s4S3/2

o d+e− is
negligible which is not surprising because the transition of
Ss1Dd to the continuum state S+s4S3/2

o d is supposed to be
forbidden in theLS coupling. Actually these profiles could
also be fit with Lorentzian functions with the same widths as
their Fano fits. However, the profiles at 94 016, 94 035,
94 049, and 94 127 cm−1 are asymmetric, only the Fano for-
mula will fit them well. Theq parameters used to fit these
profiles are much smaller than those used for the symmetric
peaks as shown in Table III, which means the transition prob-
ability of Ss1Dd to the continuum state cannot be neglected.
This contribution causes interference with opposite phases
on the two sides of the resonance; in particular, the transition
probability vanishes on one side of the resonance which
leads to an asymmetric Fano profile. The breakdown ofLS
coupling is obvious here. Although the only continuum state
here should be S+s4S3/2

o d+e−, as we can see in Table III, the
sa are different for different discrete autoionizing states. This
suggests that the continuum states corresponding to different
discrete state are different because the interactions between
the discrete Rydberg states and the continuum could modify
the continuum which leads to the different transition prob-
abilities to the continuum.

Table I also shows that big differences exist in the auto-
ionization lifetimes between thes2Dod4d level and the
s2Dod5d level, as well as between thes2Dod6s level and the
s2Dod7s level. The autoionization rate of thes2Dod5d state is
about five times faster than that of thes2Dod4d state, while
the autoionization rate of thes2Dod7s state is about 11 times
faster than that of thes2Dod6s state. These observations are
contrary to the scaling rule that states the linewidthsG of a

given autoionizing series will tend to decrease with increas-
ing effective principal quantum number n* as
G~1/sn*d3.18,19 Current observations suggest that there exist
perturbations in the energy region shown in Fig. 1sbd that
give rise to the broadening of the linewidths. The perturba-
tions probably come from the interactionssi.e., mixingd of
these singlet states with the nearby triplet states, which have
faster autoionizing rate. The energy region shown in Fig.
1sbd corresponds to the wavelength region 1062.2–1065.7 Å
of the photoionization spectrum of Ss3Pd by Gibsonet al.6 In
this region there are some broad autoionization peaks arising
from the triplet Rydberg states. A level at 94 047 cm−1 was
assigned to the 3p3s2Dod5d 3Po level by Gibsonet al.,6 but it
was later corrected as 3p3s2Dod5d 3Fo at 94 044 cm−1 by
Joshi et al.5 According to NIST database17 the
3p3s2Dod5d 3Po level should be at 94 414 cm−1. This triplet
level of s2Dod5d 3Fo is 5 cm−1 away from the unassigned
peak at 94 049 cm−1 and 9 cm−1 away from the
3p3s2Dod7s 1D2

o level s94 035 cm−1d. Another level at
94 032.6 cm−1 was assigned by Pratt injcl coupling scheme
as 3p3s2D3/2

o d5f level,7 which is 2.4 cm−1 away from the
3p3s2Dod7s 1D2

o level s94 035 cm−1d and could be singlet or
triplet state if assigned inLS coupling. However, the nearest
level to the 3p3s2Dod5d 1D2

o level s93 869 cm−1d is the
3p3s2Dod7s 3Do level s93 824 cm−1d,5 which is 45 cm−1

away. The nearest level to the unassigned level at
94 127 cm−1 sexcitation energy at 84 888 cm−1d is the
3p3s2Pod3d 3Do level at 94 180 cm−1.6 The weak broad
shoulder between excitation energies of 84 820 and
84 860 cm−1 sFig. 4d could be the satellite transition from the
Ss3Pod to the level at 85 433.6 cm−1 assigned by Tondello4 as
3p3s2Dod3d 3So but by Gibsonet al.as 3p3s2Dod5s 3Do.6 Un-
fortunately, no image was taken in this region to verify
which sulfur state,3P or 1D, was excited. As shown in Fig. 5,
there is no doubt that the main peak at 84 888 cm−1 resulted
from the excitation of the Ss1Dd state. As shown above some
of the triplet levels are very close to the observed peakssa
few wave numbers awayd, but some of them are pretty far
away stens of wave numbers awayd. Or maybe there are
some “dark states” that have not been observed. Certainly
any interactions between these states will affect the autoion-
ization process. In order to assign the unassigned peaks as
well as to better understand the perturbations between the
series, a broader spectral range with higher resolution is es-
sential.

The perturbations between the singlet and the short-lived
triplet states will likely not only broaden the singlet state

TABLE III. A comparison of the parameters used in the fits of the spectrum in Fig. 1sbd. Parametersq, G, and
sa are defined by Eqs.s1d–s3d. I is the intensity of the linesa.u.d. According to Fano theory, the ratio shown in
the last column should be a constant. This is true within experimental error.

Erscm−1d q Gscm−1d sasa.u.d IsS+d sa.u.d I / fsq2−1dGsag

84 888 −10±0.5 14±0.4 0.0061 98 12
84 811 −7±0.5 0.9±0.1 0.0088 5 13
84 797 10±0.5 7.8±0.4 0.0026 24 12
84 778 −8±0.5 0.8±0.1 0.0017 1.1 13
84 630 .60 4.2±0.4 ,0.0005 102 13
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linewidth but also change the shape of the absorption line.
The apparent asymmetric shapesssmall q valuesd indicate
that the interference between the discrete and the continuum
states is appreciable. Because the linewidths of the triplet
states are very broad and there are many such states in the
spectral region of 93840–94 200 cm−1,6 in the eyes of the
discrete singlet states this region is an effective continuum. If
the singlet states have a small triplet character direct excita-
tion to this quasi-continuum will not be negligible. It may
not be absolutely necessary to have a direct transition to the
true triplet continuum from the Ss1Dd state to cause asym-
metric line shape.

V. CONCLUSIONS

The single-photon excitation spectra from the singlet1D2
level of sulfur atoms have been studied using tunable VUV
radiation by monitoring the S+ signal in a time-of-flight mass
spectrometer while scanning the excitation wavelength.
Three new levels not previously reported have been observed
in the spectra. Fano profiles are used to determine the line
profiles for each of the autoionizing resonance transitions.
The autoionization lifetimes are calculated from the full
widths at half maximum of the line profiles. The autoioniz-
ation lifetimes for different states vary from a few hundreds
of femtoseconds to a few picoseconds which are much
shorter than expected based on the fact that there is no sin-
glet ionization continuum in this energy region. The much
shorter autoionization lifetimes of superexcited singlet sulfur
states indicate that strong spin-orbit, spin-spin interactions
exist in this heavy atom. The observed anomalies in lifetimes
and absorption line shapes may be attributed to interactions
between the singlet levels and the nearby broad triplet levels.
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