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Determination of radiative lifetimes of neutral sulfur
by time-resolved vacuum-ultraviolet laser spectroscopy
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Time-resolved laser spectroscopy was used to measure radiative lifetimes of eight excited states of neutral
sulfur in a laser-produced plasma. Excitation from the atomic ground state was performed with pulsed vacuum-
ultraviolet (126—140 nm radiation generated by resonant sum-difference four-wave mixing in krypton gas.
The lifetimes of the 3ns 3S° (n=5-7) and 3p°nd 3D° (n=4,5) states were measured and are presented
together with data available from literature. Relativistic Hartree-Fock calculations of radiative lifetimes were
also performed for states where experimental data were avai[&il650-2947@7)04403-X

PACS numbgs): 32.70.Cs, 42.62.Fi, 42.65.Ky

[. INTRODUCTION project[15]. For these reasons, we have undertaken an alter-
native calculation of radiative lifetimes for the experimen-
Sulfur is a biological trace element and its presence in théally studied states in the present work.
human body is important for life. On the other hand, some Oscillator strengths have been measured in emission by
sulfur compounds are toxic. Since they are frequently produsing a wall-stabilized arf16—19 and a shock tubg20].
ucts of human activities, the amount of sulfur compounds inSuch measurements suffer from two major problef)sthe
the environment is increasing with time. Since a large num&valuation of the concentration of atoms in excited states,
ber (~80) of sulfur atomic lines has been observed in the@nd (i) the calibration of the spectral sensitivity of the de-

spectra of the sun as well in other astrophysical objects anfgction system, especially in the VUV spectral region. Pos-

in view of the high cosmic abundance of sulfur, astrophysi-Sible influences of reabsorption and radiative trapping in the

cists are interested in refining the abundance values of thilsé?aht:as%g\(/:ee Ii?;\i/rietomzeasz(;grsrgﬁ;:dbeggIyefr?(;rrreu\évd %Xc'li?n
element. However, only a small number of the oscillator . . pert y 9
strengths needed are available from literature. In the late tEe phase-shn‘t method follpwmg elec_:tron excnat[@rl,zz,

' he high-frequency deflection techniq{23], and time-of-

theo.renc':al calcuflatlorﬁé] l:())f sdggur OSC'”athor strengths,. In- dflight spectroscopy{24]. No data from beam-foil experi-
vestigations performed Dby different authors are reviewe ments are available for neutral sulfur. First lifetime measure-

Most papers concern theoretical calculations, and accurai@anis by using two-photon UV laser excitation have just
experimental data are needed for evaluation of their accusgen performed25]. All experimental lifetime data are
racy. On the other hand, the real situation is opposite; fogiven in Table I. Upper limits of the lifetime values evalu-
example, in the evaluation of the sulfur abundance ingted from oscillator strength measurements are also listed.
{-Ophiuchi[2] it was suggested to use a multiplicative cor- where it was possible the results of the theoretical calcula-
rection coefficient of about 1.2-1.6 for the experimentaltions are represented.
data. Lifetimes for a range of elements have been measured at
Part of the S energy level diagram is shown in Fig. 1. To
our knowledge, no attempt has been made up to now to
predict theoretically the radiative lifetimes of the high exci-
tation (n=5) levels experimentally investigated in the
present work. The complexity of theiSpectrum and the
huge number of interacting configurations have apparently
prevented such attempts. The results previously published
were obtained in the framework of monoconfigurational ap-
proximations[3—7] or were intermediate-coupling results
concentrating on transitions originating from the ground state
[8—11]. The most extensive set of results are due to Aymar
[12], Kurucz and Peytremar|i3], and Fawcetf14] or were
obtained inLS coupling in the framework of the opacity
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TABLE |. Experimentally determined radiative lifetimes from
literature and data from the present work. An asterisk denotes un- Ablation >
reliable resultgcancellation effecis Doty <+
unit SIDE VIEW
Lifetime (n9) VY Laser = L&
Energy This work  This work Expt.
Level (cm™) HFR (expt) and[25] other
TOP VIEW
45539 52624 920G, 11 900° .
>10 000 M—__I_; %
27 000 e
4s" 3Pg 77136 2.9 Computr Transient
45" 3p9 77150 2.9 2.80.3° <1.% reccrcer =
4s'%P3 77181 28 i
4s' 'DS 69238 1.6 1.3 <17
4s°Sf 55331 14 103 1.4 FIG. 2. Experimental setup for time-resolved laser spectroscopy.
55359 71351 3.9 7.00.5 <6.4
6s3s9 76721 8.4 17.@.)  <5° ) i
7s3s9 79185 19.4 35.6.0) the plasma and flight-out-of-view effects. As was demon-

46.1(1.0)  33(12° strated in25], lifetimes below 200 ns can be measured with-
4p 3P, 64889 273 46.1(1.0) 33(12° out systematic shﬁs. The lower I|r_n|t|_ng factor for short life-
4p3P, 64893 272 46.1(1.0)  33(12° times is the d_urat|on of the excitation laser pulse and as
4p3P, 79376 42.9 53.6.0° demonstrated ifi27], a value down to 5 ns can be accurately
5p3P, 74269 103.4 188(13) 185157 measured. Many resonance 'Ievels |n.sulfur are more short-
5pSP, 73921  103.9 616502 <9730  lived. Another limiting factor in sulfur is that quintet states

4p %P, 64891 27.3

6p 5P, 77856  207.9 2620) are not_ available_ for laser excitation from the gr_our_1d triplet.
7p 5P, 79786  269.0 4185)2 A sol_utlon _for qumte_tP states (éogld be laser excitation from
3d3D? 70165 3.4 the high-lying long-lived9 us) °S; state. On the other hand,
3d3Dg 70166 3.4 20039 <15 the higher quintet states are expected to be long-lived, and
3d3D¢ 70174 3.3 inﬂl_Jence_s of collisions and flight-out-of-view effects have to
4d 3D° 75952 5.7 126.3 11415 <gs  beinvestigated.
4d °DS 75952 5.6 12.8.7 11.415° <85
4d 3D 75957 5.5 12.0.1)  11.41.5° <85
5d3D? 78693 8.3 413) Il. EXPERIMENTAL SETUP
3o
5d 3Dg 78691 8.2 The experimental setup used in the present experiments is
>d SDB 78692 8.0 40) shown in Fig. 2. To obtain the required VUV radiation, non-
6d°D3 79992 N 26020° linear frequency mixing in several steps was performed. Two
D9 80995 473 50810)2 d y g ps was p o
7d5 o q dye lasers were pumped by two neodymiun-doped yttrium
3p” "P7 81740 112)f <108 aluminum garnetNd:YAG) lasers. One of them was ad-
“Referencd 23] *Referencd 18] justed to 637.65 nm giving 212.55 nm as the fchlrd harmonic,
b f corresponding to the two-photon resonance in krypton. The
Referencd 22]. Referencd 37]. . A - A
¢ third-harmonic radiation was produced by mixing of
Referencd 17]. 9Referencd 38]. ¢ doubled lighti KDP ; ith the fund
dReferencd 21 requency-doubled lightin a crystal wi e funda-

mental beam in a BBO crystal. A mechanically compressed

the Lund High-Power Laser Facilitj26], by using VUV  crystalline quartz slab was used to obtain parallel polariza-
laser excitation. Different nonlinear techniques such as Ralion planes for the fundamental and frequency-doubled laser
man shifting in hydrogei27], higher-order harmonics gen- beams before the BBO crystal. To produce 126—140 nm
eration in a rare-gas j¢28], and sum-difference four-wave Wwavelengths, the UV laser beam was merged with a visible
mixing in krypton [29] have been applied for VUV light 430-700 nm laser beam from a second dye laser. The
generation. For the generation of laser light in the 120—14@nerged beams were focused by an achromatic lens into a
nm region, corresponding to sulfur resonance lines, the lastrypton-gas cell kept at 10—100 mbar. The output side of the
of the above-mentioned methods is chosen. cell was attached to a vacuum system and separated from it

In this paper we report on lifetime measurements for eighby a LiF lens. The VUV radiation was extracted from the
excited states of sulfur atoms measured from the recordedutcoming beams by using a LiF monochromator and was
fluorescence decay after VUV laser excitation in a lasermade to cross a laser-produced plasma. Fluorescence light
produced plasma. This method has earlier been used for revas collected by CgHenses perpendicularly to the laser and
fractory elements and ionic statg30,31]. was focused to the slit of a vacuum monochromd#faton

The number of investigated levels was limited by severaimodel VM 502 and finally detected by a photomultiplier
factors. The upper limit of lifetime values obtainable by this tube (Hamamatsu R1220The data acquisition and evalua-
method is defined by two factors, collisional deexcitations intion were performed by using a digital oscilloscope
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FIG. 4. Laser-induced fluorescence intensity from the
FIG. 3. Detected light intensity around 126 nm as a function of3p°7s S} state as a function of the delay time for the VUV laser
time after the ablation pulse. The signal at about#is laser-  With respect to the ablation pulse.
induced fluorescence from the%7s 3S¢ state. Signals before 6s

are recombination light from ions and atoms. 4. Here the maximum intensity of the fluorescence light after

) the laser excitation is plotted versus delay time. The intensity
(Tektronic model DSA 60pand a personal computer. More i yejated to the concentration of sulfur atoms in the ground
details about this part of the experimental setup are giveRQisie

elsewherg 29]. For short-lived state$<10 n9 the laser pulse was re-

A laser-produced plasma was used as a sulfur atofyqeq to allow deconvolution calculations on the experi-
source. Pulses from a Nd:YAG laser beam were focused intg,ona) curve in order to obtain the true exponential decay.

lead sulfide powder. The powder was confined in a metalligyne prerequisite for the deconvolution procedure is that the
container. A pulse energy of 10-30 mJ caused ablation ofqer intensity is kept low enough to avoid transition satura-
the powder, which was splashing at the laser pulse impaction For longer-lived states it was possible to evaluate the
To maintain a smooth target surface for the next laser pulSgitetime values directly from recorded decay curves, by fit-
fche container was shaken py an eleqtromagnet ata frequeng}ﬁg to an exponential, for times late enough10 n$ to be
in resonance with mechanical vibrations of the madoeh- o iside of the duration of laser pulse. Recordings of the laser
tainep assembly. More details of the plasma source are giveRise and fluorescence decay curves for the states of the
in [31]. , 3p>ns 3S9 (n=5-7) sequence are shown in Fig. 5. For each
All three Nd:YAG lasers were triggered from a common jgye| ahout 30-40 decay curves for different delay times
unit (Stanford Research System model p3ghis allowed US  peween the atomization and excitation laser pulses were re-
to tune time delays between all three lasers and to obtaisgeq using signal averaging of many individual transients.
optimal time overlap of two of them for frequency mixing, a piot of evaluated lifetimes versus delay time for the

and to c_han'ge the time_de]ay between the light pulses use§1p35s 359 state is given in Fig. 6, and it shows no depen-
for atomization and excitation.

Ill. MEASUREMENTS AND RESULTS

In order to obtain reliable radiative lifetime values we
used time-resolved laser spectroscopy ensuring appropriate
experiment conditions. A sufficient magnetic field has to be
applied to wash out quantum beats from magnetic sublevel
splittings due to the Earth’'s magnetic field. To make sure
that the lifetimes are not affected by radiation trapping and
collisions in the laser-produced plasma, we performed ex-
periments with different time delay§—-20 us) between the
atomization laser pulse and the excitation laser. The intensity

Intensity
I S

of light around 126 nm is shown as recorded as a function of 140 nm e
time; see Fig. 3. In the beginning the emission from the
plasma corresponding to sulfur ions with different ionization
degrees are observed. A broad maximum gis3s emission Laser pulse
from neutral sulfur atoms, moving slower than ions. The
peak at 1Qus is fluorescence light from thep37s 3S¢ state s ) TR T

following the laser excitation. In our measurements the Time (ns)

shorter delay time was limited by plasma light emission after

the first Nd:YAG laser pulse. The longest delay time was FIG. 5. Recordings of the fluorescence decay in tise’S$
determined by decreasing the atomic concentration and th@=5,6,7 sequence of sulfur. The excitation pulse curve is also
corresponding signal level after the laser excitation; see Figndicated.
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9 . . . . . . . . ns. However, we observed systematically shorter values for
other levels in that work18].

5578
IV. THEORETICAL RESULTS

The relativistic Hartree-FockHFR) code of Cowar{32]
has been adopted for the calculations. It was combined with
a least-squares fitting of the calculated eigenvalues of the
er ] Hamiltonian to the experimental levels in order to optimize
the Slater parameters. The average ener@igs and the
) I Slater integral§F* and G*) were adjusted to reproduce the
4 6 8 012 16 1820 2 experimental levels compiled by Martgt al.[33]. The F¥,
Delay Time (us) GX, andR¥ integrals, not optimized in the fitting procedure,
were scaled down by a factor of 0.85 in agreement with a
well known procedur¢32]. For the sake of conciseness, the
optimized parameters will not be reproduced here, but they

are available upon request from the authors. In order to con-

dence on delay times for our experimental conditions. Ansider the most important relativistic and configuration inter-

arithmetical mean value is calculated and given in Table | a3 .y, effects, the following configurations were explicitly
the radiative lifetime for each state. Two standard dev'at'on%troduced in the model:

are taken as error bars. Possible systematic shifts are not
included in the error bars, but we tried to avoid such shifts by 24,4 293 —a_ 293 —4_
finding the appropriate experimental conditions. In the life- 35°3p7+3s73pnp (n=4-17)+3s°3p"nf (n=4-7)
time range between 5 and 50 ns, data have been obtained by  +3p®+3s3p*nd (n=3-5)+ 3s3p*4s+3s3p*5s
using different atomization and detection techniques in our 5 5 5 5
earlier works[25] and [27], and good agreement was ob- +3p°4p+3p°5p+ 3p°4f +3p°5f
served.

As we see from Table |, comparisons of lifetimes can beand
performed only for a few levels. We note quite good agree-
ment between our data and the phase-shift measurd@@nt

Lifetime (ns)
~
T
a
| B ]
nm
1

FIG. 6. Measured radiative lifetime of thes3S$ state as a
function of delay time.

3s?3p3ns (n=4-7)+3s?3p3nd (n=3-7)+3s3p°

fqr the 4d °D° state, as well as between osyr dd2s] and +3s3p*4p+3s3p*5p+ 3s3p*4f + 3s3p*5f
high-frequency-deflection dafa3] for the 5p °P, state. We
see that lifetimes evaluated from oscillator strengttis 18 +3p°nd (n=3-5)+3p°4s+3p°5s
are shorter; corrections must be applied as was already
pointed out in[2]. for the even and odd parities, respectively.
We have plotted the lifetimes in thep3ns 3S? (n=4-7) The theoretical lifetime values are reported in Table I,

sequence versus the effective quantum nunmeon a log-  where they are compared with experiment. For the low-lying
log scale in Fig. 7. The straight line shows ah® depen- levels, particularly for 4" 3P°, 4s’ 'D°, and 4 3S°, and to
dence fitted to the & state. As we see, the lifetimes for a lesser extent forg 3P and 4p’ 3P, the HFR results are in
n=5-7 follow a cubic law within error bars. For the lifetime reasonable agreement with experiment. The discrepancies,
of the 4s state[1.5(0.3) ns measured by using electron exci- however, do increase substantially whaen the principal
tation[21]] the deviation is larger than the error bars. 2.2 nsquantum number, is increased. This gives an indication that
would fit a cubic dependence. The lifetime for this statesome relevant configuration interaction effects have probably
evaluated from oscillator strength measuremé¢h& is 1.4  not been adequately considered in the present model. In par-
ticular, interactions with higher Rydberg statgs>7) and
with the continuum should be further investigated. The scal-
ing down of the Slater integrals, which is expected to catch
the largest part of such effects, appears insufficient to cor-
rectly mimic the interactions with higher energy configura-
tions. However, it should be emphasized that a detailed con-
sideration of these correlation effects would require more
powerful computer capabilities than the ones used in the
present work.

In addition, as pointed out by Martiet al. [33], some
problems arise concerning the assignments of some levels

>
T
1

Lifetime (ns)

E situated above the first ionization limit. More particularly,
1 the assignments of thé°)nd 3S° and D°)ms >D° lev-
2 3 4 5 els appear to be ambiguous for-2=m=5, none of the
Effective quantum number n* calculations used by Martiet al. [33] in their compilation

being sufficiently accurate to warrant definitive interpretation
FIG. 7. Radiative lifetimes in thas 3S$ (n=4-7) sequence of of the observed spectra. This imposes some limitations to the
sulfur as a function of effective quantum number on log-log scalesfitting procedure used in the present work.
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TABLE Il. Comparison between our experimental lifetim@s ns) and literature theoretical data. CA denotes Coulomb approximation,
FO denotes first order approximation, Cl denotes configuration interaction, HF denotes Hartree-Fock method, DL denotes dipole length
approximation, DV denotes dipole velocity approximation, ECI denotes extended configuration interaction, HFR denotes relativistic Hartree-
Fock, SST denotesUPERSTRUCTURECOdE.

[81 [9] [12] [11] [1] [35] This work and[25]
Level IC CA FO Cl HF, DL HF,DV ECI,DL ECI, DV HFR SST HFR Expt.
4s 33° 14 34 14 15 2.7 1.9 2.3 2.2 1.4 1.4 2.2
4s DO 15 35 15 1.6 2.4 2.2 2.7 2.6 1.6
5s 3° 4.9 12 22 7.5 6.1 <40 <51 6.2 3.9 7.1
4d 3p° 13 10 11 14 <89 <87 107 5.6 12.7
4p °p 39 39 40 42 45 27 46.1
5p 3P 280 170 103 188

As a consequence of these considerations, the preseatilated only for the transitions to the ground level, but if we
HFR results must still be considered as preliminary and furcombine them with weaker transitions to higher states calcu-
ther analysis will be carried out in the future in order to try lated in[2], we obtain lifetimes for the §3S$ and 4 °D ¢
and improve the present theoretical results. states in rather good agreement with our experimental val-
ues. For the g 3P and 5 3P states the best agreement with
our data is observed for calculations by using the
] o , SUPERSTRUCTURECOmMputer codél].

For certain level¢n=5) it is possible to compare ourdata  Fytyre lifetime measurements in sulfur would benefit
with results of earlier theoretical calculatiofiBable 1). We  from using a short-pulse laser in the 120—160 nm region. We
see that the theoretical data deviate from investigation t¢ayve observed strong fluorescence signals on a number of the
investigation. The large deviation between data obtained iResonance lines, but the lifetimes are too short to be evalu-
[8] and[9] is due to the different methods used for the nor-ated using our excitation pulse. The metastable singlet states
malization to an absolute scale. [8] the experimentally e also populated and strong fluorescence is observed
measured lifetimes fronjil7] are used: therefore, there is by excitation at 167 nm corresponding to th@*3'D,—

V. DISCUSSION

good agreement between those works[3i the quantum 33345 1D g transition. Another interesting state for investi-

defect obtained from experimental energy ley84] is used.
The energy levels have been revised[88] and slightly

gation is 4 °S3, which is very long-lived but with strongly
conflicting experimental lifetime values as it was already

deviating values from the earlier data are obtained. In thenentioned in36]; see Table I.
evaluation of effective quantum numbers we use the energies

from [33], which are indicated in Table |. The results ob-

tained by the configuration interaction metHd@] have bet-

ter agreement withg], but for the 5 3S? level the value is
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