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Autoionizing states in the photoionization of the 3s 3p P' ground state of sulfur
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The partial and total photoionization cross sections for the S(3s 3p 'P') ground state, leaving the
residual S+ ions in the lowest three 3s'3p' S', 'D', 'P' LS states, are calculated in both the dipole
length and velocity forms. Extensive configuration-interaction wave functions are used to describe
both the initial bound S state and the final continuum S+ states. The prominent features in the
cross sections are the autoionization Rydberg series converging to S+(3s 3p D', P') excited-state
thresholds. The parameters of these autoionizing levels are presented. The present results are com-
pared with the available experimental measurements and other calculations.

I. INTRODUCTION

The photoionization spectrum of sulfur has been stud-
ied in the past by both theoretical and experimental
groups. The sulfur absorption spectrum was reported by
Tondello' for the energy regions below and above the ion-
ization threshold. He measured the absolute value of the
cross section for the photoionization of the ground state
of sulfur for photon energies from the threshold at 1196.7
A( =0.7614 Ry) to 900 A (=1.0124 Ry) using the Aash-

pyrolysis method. Sarma and Joshi studied the photo-
ionization spectrum of sulfur using a method similar to
Tondello's. ' They modified and extended Tondello's
spectrum, particularly in the region between 1090 and
1000 A. Gibson et al. observed the photoionization
spectrum of sulfur in the region between the first ioniza-
tion threshold and 950 A. They found that the autoioni-
zation features of the 3p ( D')nd D' levels are broad
while that of the 3p ( D')nd S', P' levels are narrow.
Their results are in good agreement with the measure-
ments of Tondello. ' However, they have reversed the
designation given by Tondello to the 3p ( D')nd 'S' and
3p ( D')ns D' levels. They supported their new assign-
ment of the levels mainly on the basis of the quantum de-
fects of the two series. More recently, Joshi et al. ob-
tained the photoabsorption spectrum of sulfur in the
1220-840-A range. They gave a detailed comparison of
the line list obtained in their measurement with that of
Tondello, ' Sarma and Joshi, and Gibson et al. The
emission spectrum of sulfur has been studied by a number
of experimental groups in the energy regions below
and above the first ionization limit. Kaufman measured
114 lines of atomic sulfur between 1157 and 2169 A in-
volving transitions to the levels of the ground
configuration. On the theoretical side, the photoioniza-
tion cross section of sulfur has been calculated by Con-
neely et al. using the close-coupling approximation.
They have reported the parameters of the resonance
series in the photoionization of sulfur from the ground
state. Mendoza calculated some preliminary results, as
quoted by Berrington and Taylor, using the linear-
algebraic and R-matrix methods. Mendoza and Zeip-

pen' have very recently published the photoionization
cross sections of the ground states of Si, P, and S.

The study of the photoionization of sulfur is of consid-
erable interest because of its applications in astrophysics.
Sulfur has recently been discovered in the plasma of the
Jupiter satellite Io."' Spectroscopic measurements in-
dicate that sulfur and oxygen dominate the torus plasma
of the Jupiter satellite Io. Furthermore, the study of the
photoabsorption spectrum of sulfur can be interesting
due to the open-shell features of the sulfur atom and the
correlation effects can be quite important. Recently, Tay-
al et al. ' considered the electron-impact excitation of
singly ionized sulfur using the R-matrix method. ' In
this paper the total and partial cross sections for the pho-
toionization of the 3s 3p P' ground state of sulfur atom
are presented for photon energies from the first
S+(3s 3p S') ionization threshold to 1.8 Ry. Results
have been calculated in both dipole length and dipole ve-
locity approximations using the R-matrix method of pho-
toionization. ' In this method the correlation effects in
the final continuum states and in the initial bound state
are included in a consistent manner by using similar R-
matrix expansions for both states. The LS coupling
scheme is used in the present work. The 3s 3p ground
configuration of sulfur gives rise to the P', 'D', and 'S'
terms and the excitation of 3p electrons into Rydberg or-
bitals produces 3s 3p nl Rydberg series with
S+(3s 3p S' D' P') core. The S' P' and D'final
states are allowed by dipole selection rules for the photo-
ionization of sulfur from the 3s 3p P' ground state.
The total photoionization cross section is obtained by
adding the contributions of the final states. The cross
sections are dominated by the 3p ( D')nd S', D' and
3p ( D')ns D' Rydberg series of resonances occurring
below the D' ionization threshold and the
3p ( P')ns P' and 3p ( P')nd P', D' Rydberg series of
resonances which occur below the P' threshold. The P'
series converging to the D' threshold cannot autoionize
into the continuum associated with the S' limit. The
3p ( D')ng D' series of resonances converging to D'
threshold is very weakly coupled to the initial state to
give rise to any observable effects.
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In Sec. II the initial- and final-state wave functions are
described; the details of R-matrix calculations are
presented in Sec. III. The results of the partial and total
photoionization cross sections and the autoionized levels
are presented in Sec. IV, where they are discussed and

compared with the experimental measurements and other
theoretical calculations.

II. THE INITIAL- AND
FINAL-STATE WAVE FUNCTIONS

In the R-matrix formulation of atomic photoioniza-
tion, the initial bound state and the final continuum states
are represented consistently by R-matrix expansions in

terms of ionic states. The three lowest S+(3s 3p
S', D', 2P') states are included in the present calcula-

tion. These ionic states are described by configuration-
interaction (CI) wave functions constructed from nine or-
thogonal one-electron orbitals (Is, 2s, 2p, 3s, 3p, 3d, 4s,
4p, 4f). The ls, 2s, 2p, 3s, and 3p radial functions are
those of the 3s 3p S' ground state of S+ ion given by
Clernenti and Roetti. ' The 3d, 4s, 4p, and 4f correlation
functions are obtained using the CIv3 program of Hib-
bert. ' In order to improve the energies of the ionic
states, a number of test calculations were performed to
obtain 31, 4s, 4p, and 4f radial orbitals using the different
criteria of optimization and number of basis functions.

I

In our final calculation the 3d and 4s orbitals are opti-
mized on the 3s 3p' S' state while 4p and 4f orbitals are
chosen to improve the excited-state thresholds P' and
D", respectively. The parameters of the non-Hartree-

Fock radial functions are given in Table I. In order to
account for the important correlation effects in the ionic
wave functions, up to three-electron excitations are con-
sidered. The three-electron excitations giving rise to the
configurations 3s3p3d' which correspond to the "inter-
nal correlations" are found to be important. However, in

the final calculation all the configurations with smaller
coefficients {& 0.007) are dropped and a total of 40
configurations are used for the description of three ionic
states. In Table II a list of configurations used for each
state is given. The coefficient of each configuration in the
CI expansions is given below the configuration. It is easi-

ly seen from this table that the CI effects are very impor-
tant. All these configurations contain a common
ls 2s 2p core. The calculated ionic energies (in a.u. ) rel-
ative to the ground state are presented in Table III where
they are compared with experiment. ' The calculated
excited-state thresholds for S+ 3s 3p

' D and P' states
differ from the measured thresholds by about 12%%uo.

The initials S( P') state is represented as a bound state
of the electron plus S+ ion system. The total wave func-
tion for the N + 1 electrons of the system is expanded in
an internal region surrounding the atom in terms of R-
matrix basis functions defined by

0 „(X„.. . , X~+, )= Apcp, C, (Xi, . . . , X~r~+„e~+,)u)(rN+, )+pd, „),(X, , . . . , XN+, ) .
I)J J

d2
dr

I;(I;+1)
+V(r)+k, u,, =gk,,kP„(r) .

r k

(2)

where A is the antisyrnmetrization operator, 4; are chan-
nel functions consisting of the wave function for the re-
sidual ion coupled with the spin-angle function of the
(N+1)th electron to give an eigenstate of L, S, and n

The P~ are (N+1)-electron bound configurations with

the same L, S, and m. The u; are the continuum orbitals
obtained by solving the zero-order radial differentia
equation

I

Satisfying the boundary condition at r =0

uU(0) =0

and at the R-matrix boundary radius r =a

a dQij =b.
u; dr

(3)

V(r) is a zero-order potential which is chosen to be the
ground-state static potential and the constant b is chosen
to be zero. Lagrange undetermined multipliers A, , k en-
sure that the continuum orbitals are orthogonal to bound
orbitals Pk(r) with the same angular symmetry.

Orbital

3d
4s

4p

Coefficient

3.711 97
1.929 42

—10.428 66
43.669 92

—63.097 14
4.16704

—10.814 71
5.762 31
2.522 18

Power of r Exponent

1.861 68
10.650 33
2.099 29
1.855 58
2.413 85
0.783 18
1.072 91
1.330 72
1.995 16

TABLE I. Parameters for the bound orbitals used in the cal-
culation. Each orbital is a sum of Slater-type orbitals.

III. CALCULATIONS

In the present work all the continuum channels associ-
ated with the three lowest states of the S+ residual ion
are included. Thus the number of channels for S', P',
and D' continuum states are 2, 3, and 5, respectively.
The calculations are carried out using the R-matrix pro-
gram of Berrington et al. ' The strong CI effects in the
initial- and final-state wave functions are allowed by a su-
perposition of (N+ 1)-electron configurations which are
constructed from the bound orbitals given in Table I. A
boundary radius r=13.8 a.u. for the internal spherical
region is chosen which is large enough to contain these
configurations. Fifteen continuum orbitals for each an-
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TABLE II. Configurations used for each state in the present calculation. The numbers below the configurations give their weights.

State

3p'4S'

3p 3 2DO

3p
3 2PO

3$ 3p
—0.972 40

3$3p3d ( P)
—0.012 25

3$ 3p
0.969 41

3s 3p3d ( P)
0.063 79

3s 3p 3(2Po)3Po3d

0.014 31

3$3p
0.960 15

3s3p 3(2po)3Po3

0.079 78
3s 3p ('D)4f

—0.041 45
3p ( Do)3d2(3P)

—0.010 10

3s3p'{ D')3d
0.204 25

3s 3p ( P)4p
0.012 94

3s 3p '('D') 'D'3d
0.13649

3s 3p ( P)4p
0.01922

3$ 3p3d { P)
0.009 56

3p
—0.165 28

3$3p ( P')'P'3d
—0.110 10

3p 3( 2po)3d 2( 1S )
—0.031 04

3$23p 2( 1S)4
—0.007 15

Configuration, weight

3s3p ( S') S'4s
—0.014 74

3p'( S')3d ('S)
0.058 61

3s3p ( S')3d
—0.11691

3si3p ('P)4f
0.059 37

3$ 3p 3( 2D o
) 1D o4$

0.008 06

3$ 23p 3d 2( 3P )

0.066 44
3$3p ( Do) Do3d

—0.048 89
3p'( S')3d ('D)

—0.017 84
$3p 3(2Po)1Po4s

0.008 88

3s 3p3d ( P)
0.091 04

3s3p ( S') S'4s
0.01106

3s3p ( D')'D'3d
—0.085 28

3s 3p ('D)4f
0.044 90

3$ 3p3d ( S)
—0.11952

3$ 3p 3( 2D o) 1D o3d
—0.012 84

3p ( P')3d ( P)
—0.019 54

3s 3p 3d'('P )

—0.01848

3$ 3p3d ('D)
—0.083 22

3p ( D )3d ( S)
—0.058 44

3s 3p3d ('D)
0.075 66

3s 3p { P)4p
—0.04044

3p ( D )3d ( D)
0.008 64

gular momentum of the continuum electron are included
giving good convergence in energy range considered in
the present work. The collisional description of the ini-
tial S( P') bound state in the present R-matrix chlcula-
tion gave the ionization energy of 0.74706 Ry which is in
good agreement with the observed value of 0.761 45 Ry of
Kaufman. The difference between the experimental and
theoretical energy splittings will produce the shift in the
position of resonances. The ionization thresholds have
been adjusted to their experimental values to enable
direct comparison between theory and experiment. In or-
der to obtain the initial- and final-state wave functions in
the entire configuration space, the differential equations
in the external region which are coupled by long-range
dipole and higher-multipole potentials are solved. the
solutions are matched at the boundary using the R ma-
trix, then the electric-dipole matrix elements and photo-
ionization cross sections are calculated. I 80 I I90

Photon Vlavelength (A)
I I 50 IIOO 1050

threshold as it does not couple to the S' ground state of
S+. The length and velocity forms of the total cross sec-
tions are shown in Fig. 1 over the energy region between
the first two ionization thresholds. The velocity form of
the cross section lies below the length form, and they nor-
mally differ by about 15%. For the sake of clarity only
the length form is shown at higher photon energies where
the structure becomes narrow and complicated. The
measured absolute values of Tondello' and Joshi et al.
are also shown. Joshi et al. extended and improved the
measurement of Tondello. ' They obtained the relative
photoionization cross section of atomic sulfur in the

0
1200-840-A range using the Aash-pyrolsis method. They

IV. RESULTS AND DISCUSSION

A. Partial and total cross sections

The total photoionization cross section is obtained by
adding the partial contributions of S', P', and D' Anal
states allowed by dipole selection rules. However, the P'
final state will not contribute below the D' ionization
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TABLE III. The calculated and experimental energies of the
states of S+ relative to the ground state.

20-

0.76 078 0.80 0.82 0.84
Photon Energy ( Ryj

0.86

A,

0.88

State

3s 3p' S'
3$23p3 2Do

3$23p 3 2po

0.0
0.06776
0.11189

0.0
0.07630
0.12635

Energy (a.u. )

Experiment Present work FIG. 1. The total cross section for photoionization of S('P')
ground state between the S' and D' thresholds. Solid curve,
present length cross section; dashed curve, present velocity
cross section; dotted curve, measured values of Tondello (Ref.
1); dashed-dotted curve, measured values of Joshi et al. (Ref. 4).
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renormalized their cross section using absolute scale dev-
ised by Tondello. They have estimated an uncertainty of
up to 30% in their values. The measured cross section of
Tondello is not available from 1090 A to the threshold.
The present results remain lower than the measured over
the entire energy range. The present results show some
significant differences compared to the measured values.
In particular, the average magnitude of the calculated
cross sections differ significantly and the positions of the
lower resonances are displaced as compared to the mea-
surements. We have neglected the spin-orbit interaction
in the present work. The inclusion of spin-orbit interac-
tion will split the ground 3s 3p P' state of sulfur to
three Po & &

levels and 3s 3p S', D', and P' terms of
S+ will give rise to five S3/2 D3/2 5/2 and P&/2 3/2 lev-

els. The fine-structure effects give rise to additional Ryd-
berg series of resonances starting from P2 ground state
and converging to the ionic state thresholds. Most of
these series have been observed experimentally by Ton-
dello, ' Gibson et al. , and Joshi et al. In the most re-
cent experiment, Joshi et al. have identified lines starting
from P& and Po levels. The relativistic effects in the cal-
culations can be included using relativistic R-matrix
method. However, these calculations do not seem to be
feasible for sulfur as the correlation effects are very im-

portant and a large number of configurations need to be
included in the expansion of the eigenstates. The relativ-
istic effects are expected to be smaller than the correla-
tion effects.

The photoionization spectrum is strongly perturbed by
the autoionization structures. There are three Rydberg
series of resonances converging to the D" threshold.
The 'S' resonances are very narrow due to the weak cou-
pling between the 3p 3( S")cs 3S" continuum and the
3p3( D')nd 3S" Rydberg states. There are two 3D" au-
toionizing Rydberg series occurring below D' threshold.
One is narrow for a reason similar to that discussed
above, while the other shows broad features due to the
strong coupling between the 3p ( S')Ed 'D' continuum
and the 3p ( D')nd D' Rydberg series. As pointed out
by Gibson et al. , the narrow features of the two reso-
nance series occurring below the D' threshold can be ex-
plained on the basis of the fact that for the autoionization
of these resonances the Rydberg orbital needs to change
its angular momentum by two quanta which possibly
slows down the autoionization process. The 3P'- S' and
P'- D' partial photoionization cross sections in length

form are shown in Figs. 2 and 3, respectively, in the pho-
ton energy range between the S and D ' thresholds. It
is clear that the P'- D' partial cross section dominates in
this energy region. In Figs. 1, 2, and 3 the peak cross sec-
tions for some members of the autoionized Rydberg
series are truncated to 180 Mb. The S' partial cross sec-
tion shows a simple structure superimposed on a weak
background as compared to the D' partial cross section.
Another prominent feature in the D' partial cross sec-
tion is the strong perturbation of the 3p ( D')nd D'
Rydberg series by the presence of lower members of the
3p ( P')nd D' autoionized Rydberg series converging to
the P' ionization threshold which lies below the D'
threshold.
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Photon Wave length (A)
I I 50 I IOO I 050
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FIG. 2. The S' partial cross section in length form for the
S('P') ground state between the "S' and 'D' thresholds.
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FIG. 3. The D' partial cross section in length form for the
S('P') ground state between the S' and D' thresholds.

The length and velocity forms of the total photoioniza-
tion cross section for photon energies from the D'
threshold to 1.8 Ry is shown in Fig. 4. The experimental
measurement of Tondello and Joshi et al. are also includ-
ed. The cross section between the D' and P' thresholds
contains three Rydberg series of resonances converging
to the P' ionization threshold. Again the velocity form
of the cross section lies below the length form and the
measured values are higher than the present average
theoretical results. However, the calculated peak values
of the cross section are larger than the experiment.
Above the P' ionization threshold, the cross section falls
off rapidly with increase in photon energy. The length
form of the P'- P' and P'- D' partial cross section are
shown in Figs. 5 and 6, respectively. The P' partial
cross section contains two 3p ( P')ns, md P' Rydberg
series of resonances while the D' partial cross section
has 3p ( P')nd D' resonances converging to the P' ion-
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FIG. 4. The total cross sections for photoionization of the
S('P') ground state from the 'D' threshold to 1.8 Ry. Nota-
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of the S+ ion. The position and width of the resonances
have been calculated using the resonance formula

ization threshold. The 3p ( P')nd D' group of reso-
nances are bigger and broader as compared to the
3p ( P')nd P' resonances and the former almost lie over
the latter. The background cross section for the D' par-
tial wave are larger than for the P' partial wave. In Fig.
5 we have also shown the six-state close-coupling results
Of Mendoza (given in Berrington and Taylor ). We have
calculated the partial photoionization cross sections leav-
ing the ion in a particular state. We show the partial
cross sections leaving the S+ ion in the S' ground state
and the first D' excited state in Fig. 7 in the energy
range from the D' threshold to 1.8 Ry. The average
magnitude of the D' partial cross section is approxi-
mately a factor of 2 larger than the S' partial cross sec-
tion.

B. Autoionization levels

where 50 is the nonresonant background phase shift, I is
the width, and E„ is the resonance position. In addition
to position and width, each resonance is assigned an
effective quantum number defined by

E„(n)=—
o2 (6)

IQQ
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Photon Wavelength (A)
975 950 930.. 500

80-

The position, width, and effective quantum number of
the resonances converging to the D' ionization threshold
are presented in Table IV. The results of previous close-

We have analyzed the lower members of the autoion-
ized Rydberg series converging to the D' and P' states
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FIG. 5. The P' partial cross section in length form for the
S{'P') ground state from the D' threshold to 1.8 Ry. Solid
curve, present cross section', dashed-crossed curve, calculated
values of Mendoza (Ref. 9).

FIG. 7. The partial photoionization cross sections from the S
ground state leaving the residual ions in the (a) 3s 3p S' state
and (b) 3s 3p D' state as a function of photon energy from the
D' threshold to 1.8 Ry.
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coupling calculations of Conneely et al. " and Mendoza
and Zeippen' and the experimental measurements of
Tondello, ' Gibson et al. , and Joshi et al. are included.
As discussed in the introduction of the paper, Gibson
et a/. reversed the designation given by Tondello to the
3p ( D')nd S' and 3p'( D')ns D' levels .The present
calculation agrees with the assignment of Tondello for
these levels. There are two D' Rydberg series converg-
ing to the D' ionization threshold. The s member lies
higher as a narrow companion to the broad d member.
The effective quantum numbers of the lower members of
all the three Rydberg series are larger than the experi-
mental values, indicating a shift in the position of the au-
toionizing levels. The present results are in reasonable
agreement with the previous calculations of Conneely
et al. and Mendoza and Zeippen. ' Mendoza and Zeip-
pen used a six-state (3s 3p S', D ', P", 3s 3p 'P, 'D,
and 3s 3p 3d -'P) representation of the S+ ion in their
close-coupling calculations. The differences between the
present results and the calculations of Mendoza and
Zeippen may be due to the coupling effects to the excited
channels and the difference in the basis functions used in
the two calculations. The larger effective quantum num-
ber obtained in the present work for 3p ( D')ns D' reso-
nances as compared to the simple three-state close-
coupling results of Conneely et al. is perhaps due to the
adjustment of the calculated thresholds to the experimen-
tal values. The presence of the 3p ( P')3d 'D' resonance
below the D' threshold strongly perturbs the
3p ( D')nd D' Rydberg series. It is the presence of this
resonance which makes the width of the nearby
3p ( D')6d D' resonance very narrow. In Table V, the
resonance parameters of the three series of resonances
converging to the P' threshold are compared with the
experimental results of Joshi et al. , Gibson et al. , and

Tondello' and the calculations of Conneely et al. and
Mendoza and Zeippen. ' The wid th of the
3p ( D')nd D' resonances converging to the D' are
bigger than the 3p ( P')nd D' resonances converging to
the P' threshold.

To summarize, in the present work the initial state
S( P') and the final continuum states
S++e ('S', P', D') are described consistently by the
R-matrix expansions over the three ionic states
S+(3s 3p S', D', P'). The present results are com-
pared with the measurements of Tondello, Gibson et al. ,
and Joshi et al. and the previous close-coupling calcula-
tions of Conneely et al. , and Mendoza and Zeippen. The
present results show some significant departures from the
measurements. The discrepancy between the present re-
sults and the measurements can mainly be attributed to
the description of the S+ ionic states and omission of
spin-orbit interaction. In addition, we have restricted the
collisional expansions to the 3p ejection channels. The
accuracy of the calculation can perhaps be improved by
choosing more flexible bound orbitals and large number
of configurations to represent the S+ states. Further-
more, in order to take a proper account of channel mix-
ing the 3s ejection channels should be included in the col-
lisional expansions. Finally, the relativistic terms should
be included in the Hamiltonian for a more meaningful
comparison with the recent accurate experiments.
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