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L-shell photoionization of Mg-like S4+ in ground and metastable states: Experiment and theory
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We report measurements of the absolute photoionization cross sections of magnesiumlike S4+ over the
158–280 eV photon energy range. The experiments were performed with the multianalysis ion apparatus at the
SOLEIL synchrotron radiation facility. Single- and double-ionization ion yields produced by the photoionization
of the 2p subshell of the S4+ both from the 2p63s2 1S0 ground state and the 2p53s3p 3P0,1,2 metastable levels were
observed, as well as 2s excitations. Theoretical calculations of the photoionization cross sections were carried
out using multiconfiguration Dirac-Fock and R-matrix computer codes and the results are compared with the
experimental data. While in general reasonably good agreement was found, notable differences in the strengths
and positions of predicted resonances were observed and significant systematic energy shifts of the theoretical
predictions were required.
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I. INTRODUCTION

Most of the matter in the universe is in the ionized state.
Where ions exist near short wavelength sources, the inter-
action of the ionizing radiation with free positively charged
ions becomes of particular importance. The XMM-Newton
and Chandra x-ray observatories continue to provide spec-
trally resolved information on ions within environments such
as diffuse interstellar and intergalactic media, active galactic
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nuclei, planetary nebulae, or areas of star formation [1,2]. The
XRISM and Athena future missions will provide greater sen-
sitivity and higher spectral resolution and place even greater
demands on relevant atomic theoretical and experimental lab-
oratory investigations, in order to realize their full potential for
insights into fundamental cosmic phenomena [3]. The plasma
modeling of radiation dominated regions similarly depends on
the detailed knowledge of various photon-ion interactions [4].
The overall growing multiple atomic and molecular data needs
have led to significant developments, both theoretical and
experimental, in laboratory astrophysics [5–7] and atomic
databases [8,9] including the investigation of the photoioniza-
tion behavior of a wide range of important ions [10,11].

Different theoretical models may be used when calculating
photoionization of atomic ions, and the value of abso-
lute cross-section measurements, apart from providing basic
atomic data for the interpretation of photon-ion interactions in
plasma environments, is that they provide benchmarking for
the theoretical models. This is important because many of the
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cross sections used for astrophysical modeling are generated
through computational methods [8,9,12–14]. Inner-shell and
double excitations can result in several open atomic shells
and this, combined with electron correlation and relativistic
effects, places considerable demands on theory. Photoioniza-
tion cross sections also provide data on the inverse process
of dielectronic recombination which can be very important in
plasma equilibrium modeling [15,16].

Experimentally, the dual laser plasma (DLP) technique
provided early insight into the photoabsorption behavior of
a range of positively charged ions [17]. The ongoing need
for absolute photoionization data on ions prompted signif-
icant developments at synchrotron facilities. Pioneered at
Daresbury during the 1980s, the merged photon-ion beam
approach proved very successful and dedicated systems were
installed at SuperACO (Orsay, France), Astrid (Aarhus, Den-
mark), SPring-8 (Hyogo, Japan), the Advanced Light Source
ALS (Berkeley, USA), SOLEIL (St Aubin, France), and most
recently at Petra III (Hamburg, Germany) ([18,19], and ref-
erences therein). In this technique, the ionizing synchrotron
radiation beam is overlapped with a charge-selected, counter-
propagating beam of ions. By measuring the parameters of the
overlapped beams and the resulting photoions, it is possible to
provide absolute cross-section values for the different (single,
double, etc.) photoionization channels.

Sulfur is an important element in the cosmos, featur-
ing in the top ten elements according to abundance. It can
appear in atomic or molecular forms or as part of aggre-
gates [20–23]. Photoionization of specific sulfur atomic ions
has been the subject of several studies to date. Resonant
photoionization of singly ionized sulfur has been investigated
theoretically [24] and experimentally [25]. Photoionization of
the triply ionized sulfur ion S3+ has been investigated theo-
retically using the Breit-Pauli method [26]. Previous work on
S4+ includes the theoretical calculation of oscillator strengths
and photoionization cross sections along the magnesium se-
quence (including S4+) [27] and the calculation of the valence
absorption spectrum of S4+ [28,29]. Doubly excited autoion-
ization resonances for the S4+ isoelectronic cases of Al+ and
Si2+ [30] and photoionization spectra in the UV range for
the Mg-like Al+ [31] were also investigated theoretically. Ex-
perimental investigations of the 2p-subshell photoabsorption
of the isoelectronic Al+ and Si2+ were carried out using the
DLP technique [32,33] and for the Al+ by the synchrotron
photon-ion merged-beam technique [34–36]. More recently,
isoelectronic doubly ionized Si2+ absolute cross sections and
resonance structures were measured at relatively high spec-
tral resolution at the SOLEIL synchrotron and compared to
multiconfiguration Dirac-Fock (MCDF) and random-phase
approximation calculations [37].

It is the synchrotron-based study of the photoionization
of magnesium-like quadruply charged ions of sulfur (S4+)
that is the subject of this work. We report the measure-
ment of absolute cross sections for S4+ in both single-
and double-ionization channels, between photon energies
of 158 and 280 eV. This photon energy range lies in the
vicinity of the 2p and 2s inner thresholds and leads to
a series of strong resonances, which have been classified
and interpreted through concomitant MCDF and R-matrix
calculations.
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FIG. 1. The measured (a) single and (b) double absolute pho-
toionization cross sections of S4+ over the whole photon energy
range covered in this work.

II. EXPERIMENTAL DETAILS

A detailed description of the MAIA (Multianalysis ion
apparatus) experimental setup and procedures used in our
merged-beam measurements can be found in [38]. Briefly,
the experimental details relevant to the present study are as
follows. The sulfur ions were produced, from hydrogen sul-
fide gas, in a permanent magnet electron cyclotron resonance
(ECR) ion source excited by a 12.36 GHz microwave power
supply, run at a power of about 8 W. After extraction and ac-
celeration through a potential difference of −4 kV, quadruply
charged S4+ ions of terminal velocity 3.1 × 105 ms−1 were
selected using a magnetic filter and guided by an electrostatic
deflector to merge with the counterpropagating synchrotron
radiation beam. A typical S4+ ion current of 400 nA was
achieved. The two beams overlap in a spatially well-defined,
0.57-m long, interaction region. The parent S4+ ions were
collected in a Faraday cup and the S5+ and S6+ photoions
were counted with a microchannel plate. Photon energy scans
of the S5+ and S6+ count rates map out the single- and
double-photoionization cross-section behaviors, respectively.
By measuring the photon and ion beam parameters, their over-
lap volumes, and using calibrated photon and ion detectors it
was possible to put the measured cross sections on an absolute
basis [38] after noise subtraction. A −2.0 kV bias was applied
to the interaction region in order to tag the photoions produced
within the interaction region from those produced outside
the region. The photon energies were calibrated using a gas
cell and known argon reference lines [39] and the resonance
energies could be determined to within 40 meV. The relative
uncertainty in the measured cross sections is generally within
15% [38].

The measured absolute single- and double-photoionization
cross sections are presented in Figs. 1(a) and 1(b), as functions
of photon energy over the 158–280 eV range, respectively.
The figures also show the statistical error bar at each photon
energy data point. All the experimental cross sections pre-
sented in this work (Figs. 1 and 4–7) are displayed similarly.
At the low-energy end of the single-ionization channel, near
162 eV photon energy, weak resonances are observed which,
we will see below, originate from 2p excitations of S4+
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metastable 3P levels, whereas, at photon energies above about
180 eV, strong Rydberg series of resonances are recorded
which are primarily associated with 2p → nd excitations in
1S ground state ions. The strongest resonances between 192
and 194 eV and between 213 and 215 eV can also be seen
at the same peak energies in the double-ionization channel,
Fig. 1(b), but with much lower cross sections than in the
single-ionization channel. The double-ionization channel fea-
tures a strong enhancement of the cross section above about
225 eV, readily identifiable as the onset of the direct 2p
ionization process. In the following, we will compare in de-
tail the experimental measurements with the predictions from
theoretical calculations using different, R-matrix and MCDF,
approaches.

III. THEORETICAL METHODOLOGIES

Two distinct theoretical approaches were used to ana-
lyze the experimental results. The MCDF approach treats the
S4+ N-electron problem directly while the R-matrix calcula-
tions treat the problem as single electron scattering off the
(N − 1)-electron S5+ target. It is interesting in the present
context to intercompare the predictions of both, and with the
experimental data.

To study L-shell photoionization of S4+, wave func-
tions were constructed for the initial and final states using
linear combinations of coupled configurations, or Slater de-
terminants, made up from atomic orbitals. Since the basis
description must be small enough to be computationally fea-
sible, the choice of orbitals and configurations is key, geared
towards using the minimal number that will reproduce antici-
pated photoionization features.

From a single-configuration, nonrelativistic (LS-coupled)
perspective, the specific processes to be considered are, first,
the inner-shell photoexcitation of the S4+ ground state.

hν + 2s22p63s2(1S) → 2s22p53s2nd (1P)2s22p53s2ns(1P)

2s2p63s2np(1P). (1)

The absorption lines in (1) are made up of three dominant
Rydberg series that are expected as prominent resonances in
the photoionization cross section. The latter absorption gives
rise to a single, simple 2snp(1P) resonance series that con-
verges to the higher-energy 2s−1 L-vacancy state. Of the first
two series, the 2p → nd oscillator strength is expected to be
at least nine times stronger than the 2p → ns strength due
to angular momentum coupling, or geometrical factors (see,
e.g., [40]).

Each intermediate autoionizing, or resonant, state
2p53s2nd can decay via two qualitatively different Auger
pathways. First, there is participator Auger decay

2p53s2nd → 2p63s + e−,

in which the valence electron nd participates in the autoion-
ization process, thus giving a decay rate that scales as 1/n3.
On the other hand, spectator Auger decay

2p53s2nd → 2p6nd + e−,

proceeds via a stronger, n-independent Auger rate, which
broadens the entire Rydberg series of resonances below the

L edge. The final theoretical calculations included these res-
onances as well as the 2s22p53s3pns and 2s22p53s3pnd
resonances for photoabsorption from the 2s22p63s3p(3P0,1,2)
metastable states.

MCDF calculations were performed using an updated
version of the code originally developed by Bruneau [41].
Calculations are based on a full intermediate coupling
scheme in a j j basis set. Photoexcitation and photoioniza-
tion cross sections were computed for the electric dipole
transitions only, using the Babushkin gauge which corre-
sponds to the length form of the dipole operator in the
nonrelativistic limit [42]. The 2s and 2p photoexcitation cross
sections were calculated for the 1S0 level of the [Ne]3s2 ground
configuration and for the 3P0,1,2 metastable levels of the
[Ne]3s3p configuration (where [Ne] = 1s22s22p6 and denotes
an electron configuration only). To describe the initial states,
the following configuration set was used: [Ne]3l3l ′ where
l, l ′ = s, p, d . The [F]3s23d , [F]3s3p2, [F]3s3d2, [F]3p23d ,
[F]3s2nl , [F∗]3s23p, [F∗]3s3p3d , [F∗]3p3, [F∗]3p3d2, and
[F∗]3s2nl ′ configurations were considered to describe the fi-
nal states photoexcited from the ground state [Ne]3s2 1S0,
while the [F]3s23p, [F]3s3p3d , [F]3s3pnl , [F∗]3s3p2, and
[F∗]3s3pnl ′ configurations were retained to describe the
final states photoexcited from the [Ne]3s3p 3P0,1,2 levels
(where [F] = 1s22s22p5, [F∗] = 1s22s2p6, n = 4, . . . , 7; l =
s, d and, l ′ = p). From this set of 41 configurations involving
1531 levels, the one-electron wave functions were optimized
using the Slater’s transition state method [43]. To evaluate
the lifetime of the [F]3s23d 1P1 and 3P1 photoexcited states,
Auger rates were computed using the one-electron wave
functions mentioned above. The largest Auger widths of 74
and 50 meV were obtained for the [F]3s23d 1P1 and 3P1 →
[Ne]3s decay channels, respectively. The direct 2p and 3s
photoionization cross sections were calculated for all the
[Ne]3s2 1S0 and [Ne]3s3p 3P0,1,2 initial states. For the latter
only, the 3p photoionization cross section was also taken into
account.

For the R-matrix calculations, the same general method
was used as in earlier analyses of experimental synchrotron
measurements for various inner-shell photoabsorption cases
(see, e.g., [44], and references therein). Within the R-matrix
protocol, an atomic orbital basis was used consisting of phys-
ical orbitals and additional pseudo-orbitals to account for
relaxation effects following 2s and 2p vacancies, keeping in
mind the formulation as an e− + S5+ scattering or quasibound
(resonance) calculation. For photoionization of S4+, these
orbitals are the 1s, 2s, 2p, and 3s physical orbitals obtained
from a single-configuration Hartree-Fock calculation on the
S5+(1s22s22p63s) ground state. Additional physical orbitals
3p and 3d were generated from frozen-core calculations on
the S5+(1s22s22p63p) and S5+(1s22s22p63d ) excited states.
To expand the basis flexibility and to account for inner-shell
relaxation, additional 4s, 4p, and 4d pseudo-orbitals were
generated from a multiconfiguration Hartree-Fock calcula-
tion on the inner-shell-vacancy 2p53s3p ionized state of S5+,
allowing all single and double promotions from this config-
uration to other physical orbitals and pseudo-orbitals (e.g.,
2p → 3p and 2p → 4p) to account for 2p orbital relaxation
due to the decreased 1s-electron screening and increased ef-
fective charge Zeff.
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TABLE I. Computed R-matrix energies, recommended NIST energies, and 2p−1 thresholds inferred from the present quantum defect
analysis of experimental Rydberg series (in parentheses). R-mat1 and R-mat2 refer to the R-matrix energies before and after shifting,
respectively.

Photoelectron energy k2 or −κ2 (Ry) Photon energy h̄ω (eV)

# State R-mat1 Shift R-mat2 NIST R-mat2 NIST

S4+ 1s22s22p63s2 1Se
0 −5.47666 0.14107 −5.33560 −5.33560 0.00000 0.00000

S4+ 1s22s22p63s3p 3Po
0 −4.72097 0.14195 −4.57903 −4.57903 10.29366 10.29366

S4+ 1s22s22p63s3p 3Po
1 −4.71792 0.14226 −4.57566 −4.57566 10.33948 10.33948

S4+ 1s22s22p63s3p 3Po
2 −4.71103 0.14231 −4.56872 −4.56872 10.43392 10.43392

1 S5+ 1s22s22p63s 2Se
1/2 0.00000 0.00000 0.00000 0.00000 72.5945 72.5945

2 S5+ 1s22s22p63p 2Po
1/2 0.97090 −0.00611 0.96479 0.96479 85.7212 85.7212

3 1s22s22p63p 2Po
3/2 0.98127 −0.00496 0.97631 0.97631 85.8779 85.8779

4 S5+ 1s22s22p53s2 2Po
1/2 12.43132 −0.19900 12.23232 239.02557 (237.5)a

5 1s22s22p53s2 2Po
3/2 12.51946 −0.19900 12.32046 240.22478 (238.6)a

6 S5+ 1s22s22p53s3p 4Se
3/2 12.94643 −0.18920 12.75723 12.72949 246.16739 245.78995

7 1s22s22p53s3p 4De
1/2 13.10688 −0.18920 12.87958 12.89839 247.83206 248.08799

8 1s22s22p53s3p 4De
3/2 13.08651 −0.18920 12.89731 12.87730 248.07329 247.80103

9 1s22s22p53s3p 4De
5/2 13.06878 −0.18920 12.91768 12.85871 248.35044 247.54810

10 1s22s22p53s3p 4Pe
1/2 13.17137 −0.18920 12.94996 12.96019 248.78963 248.92875

11 1s22s22p53s3p 4Pe
3/2 13.15495 −0.18920 12.96575 12.94350 249.00447 248.70177

12 1s22s22p53s3p 4Pe
5/2 13.13916 −0.18920 12.98217 12.93266 249.22787 248.55425

13 1s22s22p53s3p 2De
3/2 13.19784 −0.18920 13.00864 249.58802

14 1s22s22p53s3p 2De
5/2 13.22689 −0.18920 13.02863 249.86000

15 1s22s22p53s3p 2Pe
1/2 13.21783 −0.18920 13.03769 249.98327

16 1s22s22p53s3p 2Pe
3/2 13.24280 −0.18920 13.05360 250.19974

17 1s22s22p53s3p 2Se
1/2 13.31425 −0.18920 13.12505 251.17187

18 1s22s22p53s3p 2De
3/2 13.68799 −0.18920 13.45609 255.67593

19 1s22s22p53s3p 2De
5/2 13.64529 −0.18920 13.49879 256.25690

20 1s22s22p53s3p 2Pe
1/2 13.76438 −0.18920 13.56515 257.15978

21 1s22s22p53s3p 2Pe
3/2 13.75435 −0.18920 13.57518 257.29625

22 1s22s22p53s3p 2Se
1/2 13.94185 −0.18920 13.75265 259.71087

23 S5+ 1s22s2p63s2 2Se
1/2 17.40935 −0.58000 16.82935 301.57184

aExperimentally determined value obtained in the present work. See below.

Resultant energies are listed in Table I for the initial S4+
ground and metastable states and the S5+ scattering target
states, as compared to the NIST energies [45]. Since the actual
quantity used in the R-matrix calculations is the photoelec-
tron kinetic energy, k2, in rydbergs relative to the ground
S5+ 1s22s22p63s target state (or −κ2 for bound states), these
are first compared to the NIST values. The photon energy
h̄ω is then related to the binding energy Eb and the photo-
electron energy by h̄ω = Eb + h̄2

2m k2 for photoionization (or

h̄ω = Eb − h̄2

2m κ2 for photoexcitation). However, in view of
the relative inaccuracy of the R-matrix energies Eb and k2

compared to the more reliable NIST values, the binding ener-
gies Eb and the energies of the inner-shell-vacancy states were
shifted by the amounts indicated to better align the computed
and NIST photoionization energies.

The complete S4+ wave function—either for the initial
2p63s2 ground state or 2p63s3p(3P) metastable states, or for
the 2p53s2nd intermediate states embedded in the e− + S5+
final continua—was constructed using a basis coupling all S5+
target configurations described above to all physical orbitals
and pseudo-orbitals, and an additional orbital basis of 60 R-
matrix-generated continuum orbitals. A variational approach

for the expansion coefficients yields the full initial-state wave
functions ψi and final-state wave functions ψ f .

Given the computed R-matrix initial and final wave
functions, and dipole matrix (D) coupling the two, the pho-
toionization cross section σ as a function of photon energy
E = h̄ω, was determined using the golden rule transition rate
divided by initial flux, leading to the expression

σ = 4π2α

3
ω|〈ψi|D|ψ f 〉|2, (2)

where α is the fine-structure constant. For photoionization
from the metastable states, the procedure was essentially the
same except now it is possible to have the lower-energy 2p →
3s resonance absorption:

h̄ω + 2p63s3p → 2p53s23p.

Since this appears below the first 2p → 3d or 2p → 4s res-
onances seen in the ground state photoionization, it was
possible to isolate the metastable contributions alone in this
lower-energy region (at ≈162 eV in Fig. 1).

Participator Auger decay was accounted for in a straight-
forward manner by explicitly including the 2p63s channel
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FIG. 2. Schematic energy-level diagram showing excitation en-
ergies and ionization thresholds relevant to the present work. The
solid and broken blue lines represent possible absorption processes
of synchrotron radiation (SR) photons from the S4+ 2p63s2 ground
and 2p63s3p metastable states, respectively.

in the standard R-matrix implementation [46,47]. Spectator
Auger decay was instead included via an optical potential ap-
proach [48] that adds an additional imaginary potential −i	/2
to the multichannel quantum defect scattering formulation,
with the additional spectator Auger width 	 as an external
parameter that can be computed separately or derived from
experimental results. Here, it was found that the Lorentzian
Auger width is much less than the broader Gaussian width
due to experimental broadening, so a fixed spectator Auger
width 	 = 2.5 × 10−3 Ry = 34 meV was chosen that is less
than the Gaussian broadening of ≈140 meV but larger than
the energy mesh step of 1.7 meV used in the final R-matrix
calculation.

The main excitation, ionization, and decay processes just
presented are summarized in Fig. 2 which shows an energy-
level diagram for the relevant parent S4+, single-ionization
channel S5+, and double-ionization channel S6+ ions. The
figure shows the metastable 3P0,1,2 levels lying just over
10 eV above the 1S0 ground state and indicates the domi-
nant inner-shell excitations 2p63s2 1S0 → 2p53s2nd, (n + 1)s
states leading to the 2p−1 inner-shell ionization limits
2p53s2 2P1/2,3/2. Figure 2 also shows the positions of the
single- and double-ionization energy values for both valence
and inner-shell ionization. For the valence states and ion-
ization limits NIST [45] data are used. The energy bands
corresponding with the inner-shell excited states are the re-
sults of the present calculations.
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FIG. 3. Ab initio MCDF and R-matrix cross sections for the
hν + 2s22p63s3p 3P → 2s22p53s23p 3Le resonances after convolu-
tion with a Gaussian function of FWHM 64 meV to simulate the
effect of instrumental broadening.

IV. RESULTS AND ANALYSES

In order to examine the experimental data more closely and
compare in greater detail with the theoretical predictions of
the MCDF and R-matrix codes, we divide the overall photon
energy scale of Fig. 1 into contiguous photon energy regions,
each of which can be associated with a dominant atomic
process.

A. Absorption by metastable ions near 162 eV

Metastable ions in sizable amounts can be collisionally
produced within the ECR source due to the presence of
high-energy electrons therein. The S4+ ions in the merged-
beam overlap region therefore exist in the ground (3s2 1S0)
or metastable (3s3p 3P0,1,2) states, as the latter can have suf-
ficiently long lifetimes to survive the journey from the ECR
source to the overlap region. The presence of excited state
parent ions is a well-recognized issue in merged-beam ex-
periments [18,19]. In the present case of S4+ ions, there are
clearly resolved resonances associated only with photoioniza-
tion of 3P0,1,2 metastable ions observed in the single-ionization
channel in the 162-eV photon energy range (see Figs. 1, 3,
and 4). Measurements of the strengths of these metastable
resonances enable us to estimate the relative populations of
ground to excited initial states. We require this information
in order to reliably compare the experimental data with the
corresponding theoretical predictions (e.g., [49]).

The resonances observed around 162 eV arise purely from
the excited 2p63s3p 3P0,1,2 valence-excited states. We note that
the E1 allowed 3s3p 3P1 → 3s2 1S0 radiative decay has a tran-
sition probability of 1.65 × 105 s−1 (equivalent to a radiative
lifetime of 6.06 μs) [45] which is similar to the transit time
from the extractor to the overlap regions of the S4+ ions. This
decay contributes to repopulating the 3s2 ground state along
the ions path.

Figure 3 shows the ab initio MCDF and R-matrix cross
sections for the hν + 2s22p63s3p 3P → 2s22p53s23p 3Le reso-
nances after convolution with a Gaussian function of FWHM
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FIG. 4. Photoionization cross sections of S4+ in 2p63s3p 3P0,1,2

initial states: (a) Measured, and (b) and (c) simulated from the results
of MCDF and R-matrix theoretical calculations, respectively.

(full width at half maximum) 64 meV to simulate the effect of
instrumental broadening. A 74-meV Lorentzian profile was
used for all the MCDF calculations which is larger than the
Gaussian instrumental broadening of 64 meV and accounts
for the overall broader MCDF profiles compared with the
R-matrix ones. Figure 4(a) shows the experimentally observed
2s22p53s23p 3Le resonances. There are marked differences
with Fig. 3 in the widths, energy positions, and strengths of
the resonances. Overall shifts of +2.5 and −0.7 eV applied
to the ab initio MCDF and R-matrix resonance energies,
respectively, bring the main predicted resonances into ap-

proximate coincidence with the main experimental resonance
at 160.23 eV. The aforementioned difference in resonance
strengths is due to the 3s3p 3P0,1,2 populations relative to
the population of ground state ions in the sample beam. By
summing the cross sections over the resonances for the exper-
imental profiles and comparing with the analogous integrated
cross sections from the MCDF and R-matrix predictions, we
obtained the estimates for the relative populations of the var-
ious levels as 78% 1S0, 4% 3P0, and 18% 3P2. Once these
scaling and modeling parameters were determined and ap-
plied to the ab initio data of Fig. 3, it is seen that the overall
structures of the experimental resonances of Fig. 4(a) are quite
well reproduced by both the scaled MCDF and the R-matrix
simulations of Figs. 4(b) and 4(c), respectively. From now on,
the same populations scaling parameters are applied to all the
theoretical spectra when a comparison with experimental data
is made, whereas different energy shifts need to be applied for
the different spectral windows under investigation (see details
below).

Table II shows a list of all the experimental resonances
arising from the metastable states. Energies, line strengths,
and widths are provided from the experimental measurements
and compared with the MCDF and R-matrix calculations. As
expected, all the observed features are readily interpreted as
originating from either of the two 2p63s3p 3P0,2 initial states
with no discernible contributions from 2p63s3p 3P1.

B. Region of 2p → 3d excitations 184–198 eV

Figures 5(a) and 5(b) show the experimental data ac-
quired with a bandpass of 80 meV, over the photon energy
range between 184 and 198 eV, for the single-ionization
and double-ionization channels, respectively. The single-
ionization channel is shown again in Fig. 5(c) but with a
narrower bandpass of 47 meV. Also shown in Figs. 5(d)
and 5(e) are the MCDF and R-matrix results, respectively,
convolved with a 47-meV Gaussian function and appropri-
ately weighted and energy shifted (MCDF +2.5 eV, R matrix
−1.9 eV). These can be compared with the experimental

TABLE II. Experimental and theoretical energies and line strengths for resonances in the 158–163 eV photon energy range due to 2p → 3s
inner excitations in S4+ valence excited in the 2p63s3p 3P0,1,2 states.

Energy (eV) Strength (Mb eV)
Initial state

Measureda R matrix MCDF Measured R matrix MCDF MCDF

158.86(5) 159.57 158.18 0.11(2) 0.087 0.046 3P2

159.02(5) 159.71 158.32 0.07(2) 0.066 0.055 3P0

160.23(5) 160.94 159.43 1.0(2) 0.955 0.604 3P2

160.37(7) 161.08 159.56 0.03(3) 0.025 0.013 3P2

160.75(9) 161.47 159.95 0.013 0.010 3P2

160.88(5) 161.61 160.08 0.28(5) 0.328 0.248 3P0

161.11(5) 161.83 160.23 0.33(5) 0.195 0.236 3P2

161.62(5) 162.39 160.83 0.08(2) 0.069 0.052 3P2

161.79(9) 162.53 160.97 0.017 0.015 3P0

161.98(5) 162.73 161.15 0.38(6) 0.527 0.232 3P2

162.05(5) 162.81 161.21 0.15(3) 0.129 0.128 3P2

162.19(5) 162.96 161.35 0.09(2) 0.055 0.057 3P0

aThe number in parentheses is the uncertainty on the last digit due to the numerical fitting procedure used to determine resonance peak
maximum.
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FIG. 5. Photoionization cross sections of S4+ in the 188–200 eV
photon range (region of 2p → 3d excitations): (a) and (b) Experi-
mental values measured with 80 meV bandpass for single ionization
and double ionization, respectively; (c) experimental values for sin-
gle ionization measured with 47 meV bandpass; (d) MCDF and
(e) R-matrix theoretical cross sections, convolved with a 47-meV
Gaussian function and weighted according to the initial populations,
respectively.

results of Fig. 5(c). From the 3s2(1S0) ground state, as ex-
pected, the observed resonance structure is comparatively
simpler than the more complex structure arising from the
3P0,1,2 metastable levels. It is seen that the R-matrix simulation
agrees well with experiment while the MCDF resonances
differ quite significantly.

A list of the most intense ground state resonances observed
in this photon energy region is provided in Table III which
shows their energies, line strengths, and some assignments.
The two main 3s23d 3D1 and 1P1 resonances at 192.74 and
194.88 eV, respectively, dominate the experimental spectra.
The strength of the spin-forbidden 3s23d 3D1 component re-
flects the importance of spin-orbit mixing effects between
terms of different multiplicities of the same configuration.
Additional resonances are clearly distinguishable in this range
and, following the MCDF theoretical predictions, attributable
to strong correlation mixing (configuration interaction) ef-
fects between terms of the energetically close 2p53s23d and
2p53s3p2 configurations [i.e., the (3s3d + 3p2) mixing [50];
see Table III].

It is worth pointing out that the extent of mixing between
nearby resonances, whether differing in L and S but still cou-
pling via the stronger spin-orbit operator VSO that scale as Z4,
with Z = 5, or coupling the same L and S via the interelectron
operator Vee, is highly sensitive to the relative positions of the
mixing states. A simple two-state analysis shows that theo-
retical predictions for the fractional mixing of any two states
is given as |c2|2/|c1|2 ≈ [V/(E2 − E1)]2 with V = Vee or VSO,
so that two resonances can exchange oscillator strengths, and
the relative oscillator strengths are sensitive to the predicted
relative energies, which have inherent uncertainties, as has
been seen.

C. Region of 2p → nd Rydberg excitations
and 2p thresholds 200–244 eV

Figure 6 shows the corresponding data for the 200–244 eV
range where the various resonance series are approaching
the 2p inner-shell ionization limits. The single- and double-
ionization channels are shown for the experimental data in
Figs. 6(a) and 6(b), respectively. The MCDF and R-matrix
theoretical results are shown in Figs. 6(c) and 6(d), after
appropriate populations weighting and energy shifts (MCDF
+ 2.5 eV, R-matrix −1.9 eV), respectively. Both simulations

TABLE III. Experimental and theoretical energies and line strengths in the188–200 eV photon energy range for the resonances arising
from 2p → 3d excitations in ground state (1S0) S4+.

Energy (eV) Width (meV) Strength (Mb eV)
Final state

Measured R matrix MCDF Measured R matrix MCDF Measured Rmatrix MCDF LSJ

183.87(4) 185.39 180.50 23 3.6(6) 5.51 5.42 3s3p2 3P1

184.83(4) 186.38 181.38 16 0.8(3) 1.19 3.02 3s3p2 3D1

187.98(4) 189.91 184.96 8.8 0.7(3) 1.10 0.77
188.86(4) 190.75 185.97 35 2.7(5) 3.62 7.26 3s3p2 1P1

189.50(4) 191.41 54 2.2(5) 2.62
192.74(4) 194.59 190.27 47(1) 43 15.9 31(5) 37.6 33.7 3s23d 3D1

193.42(4) 195.34 149(13) 97 13(2) 22.6 3s23d 3P1

194.88(4) 196.90 191.21 51(1) 84 74.2 46(7) 45 64.9 3s23d 1P1
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FIG. 6. Photoionization cross sections of S4+ in the 200–240 eV
photon range (region of 2p → nd Rydberg excitations and 2p thresh-
olds): (a) and (b) Experimental values measured with 110 meV
bandpass for single and double ionization, respectively; (c) MCDF
and (d) R-matrix theoretical cross sections, convolved with a 110-
meV Gaussian function and weighted according to the initial
populations, respectively.

represent the experimental data quite well with the latter simu-
lation better reproducing the weaker experimental resonances
near 203 eV.

Table IV includes a list of the observed resonance ener-
gies, relative line strengths, and assignments. The latter are
obtained from standard quantum defect (QD) analyses of the
experimental and theoretical data and assume, as suggested
by visual observations, the existence of four distinct Rydberg
series, namely, 2p → nd 1P1,3D1 and 2p → (n + 1)s 1P1,3D1

converging on the two 2p53s2 2P1/2,3/2 limits. Quantum defect
values of μd = 0.25 and μs = 0.9 are obtained. The small
value of the former indicates more strongly localized hydro-
genic orbits for the nd Rydberg electron while the larger value
of the latter points to more delocalized penetrating orbits for
the ns Rydberg electrons. The use of the 1P1 and 3D1 LSJ
labeling for the designation of these Rydberg series is based
on the MCDF eigenvector compositions for the states having
the largest 3d and 4s 1P1 and 3D1 characters, respectively.
Although this does not invalidate the present QD analyses,
the jK or j j notations would likely be more appropriate for
Rydberg states with n > 3 (see [37] for example,; however,
such detailed data is not available for S4+).

A comparison of Figs. 6(a) and 6(b), shows that identi-
cal intensity patterns at the exact same photon energies are
retrieved in the single- and double-ionization channels for
the resonant Auger decay of, most evidently, the 4d and
other nd states. This suggests shake-off like processes in the
double-ionization channel for these states. Getting closer to
the energy of the 2p53s2 2P1/2,3/2 thresholds, supernumerary
resonances, i.e., not fitting into the Rydberg patterns just
mentioned, are observed. These are discussed in the following
section.

In addition to visibly comparing the experimental cross-
sectional profile with the theoretical simulations in Fig. 6,
which, in principle, requires the theoretical knowledge of the
Auger width for each individual resonance, we can quanti-
tatively assess the theoretical atomic data by comparing the
integrated cross section over a given photon energy window.
This is tantamount to comparing the measured and calcu-
lated amounts of oscillator strength in the photon range. The
relevant numbers between 190 and 244 eV are as follows:
experiment total ionization (sum of single- and double-
ionization channels), 149.9 Mb eV; MCDF, 132.8 Mb eV; and
R matrix, 124.5 Mb eV, i.e., relative differences of 11% and
17%, respectively.

D. Region of the 2p thresholds and 2s excitations 230–300 eV

Figure 7 shows the details for the 230–300 eV range which
overlaps the 2p inner-shell ionization limits. The experimental
results for single and double photoionization, yielding S5+
and S6+ ions, are shown in Figs. 7(a) and 7(b), respectively.
Above the 2p threshold, where single photoionization of a
2p electron occurs, the resultant S5+ 2s22p53s2 ionic core
can either (a) decay radiatively via a 3s → 2p transition,
resulting in a S5+ final state, or (b) it can autoionize via
a 3s2 → 2p + e− Auger transition, resulting in a S6+ final
state. By using the atomic structure and autoionization code
AUTOSTRUCTURE [51] to calculate radiative and Auger rates,
the fluorescence branching ratio was computed to be about
0.10, and indeed the two figures above the 2p threshold seem
to mimic each other in about the ratio of 9:1, which explains
the nonzero background cross section seen in the single-
ionization cross section. Direct ionization of a 3s valence
electron may also contribute to the latter; however, with a
likely negligible contribution.

As mentioned briefly above, a number of strong resonances
with energies just below the 2p thresholds are distinctively
observed in the single- and double-ionization channels [see
Figs. 7(a) and 7(b)]. These resonances are found over the
232–238 eV range and do not fit into the pattern of 2p →
nd, (n + 1)s Rydberg series identified above. Several intense
and sharp resonances are seen in the single-ionization channel
[see Fig. 7(a)] without clear counterparts at the same ener-
gies in the double-ionization channel. The double-ionization
channel shows the characteristic steplike structure of the onset
of continuum Auger processes over the 237–238 eV band
of energies. This is compatible with the QD analyses of
Table IV which provide experimentally determined 2P1/2 and
2P3/2 threshold values at 237.5 and 238.6 eV, respectively.
Additional discrete and broad structures are superimposed
in the 237–239 eV also [see Fig. 7(b)]. The experimentally
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TABLE IV. Experimental and theoretical energies and Rydberg analyses in the 190–240 eV photon energy range for the resonances arising
from 2p → nd 1P1,3D1 and 2p → (n + 1)s 1P1,3D1 excitations in ground state (1S0) S4+.

Resonance energy (eV)

1P1 series 3D1 series
Electron excitation Measured MCDF R matrix Measured MCDF R matrix

2p → 3d 192.75 190.27 194.59 193.42 191.21 195.34
4d 213.17 211.39 215.04 214.31 212.57 216.17
5d 222.26 220.24 224.11 223.32 221.37 225.17
6d 227.04 224.92 228.93 228.24 226.08 229.94
7d 229.92 227.66 232.82 230.7 228.81 233.41
...

∞d 237.3 235.3 239.1 238.4 236.5 240.2
Quantum defecta 0.24 0.25 0.24 0.25 0.25 0.25
2p → 4s 202.27 200.48 204.11 203.41 201.65 205.24
5s 217.42 215.26 219.11 218.60 216.45 220.60
6s 222.18 226.12 223.38 226.52
7s 225.97 227.19
...

∞s 237.5 235.1 239.1 238.6 236.3 239.6
Quantum defecta 0.9 0.86 0.88 0.9 0.86 0.93

aObtained from the numerical fit of the standard hydrogenic energy-level formula.

FIG. 7. Photoionization cross sections of S4+ in the 235–305 eV
photon range (above 2p thresholds): (a) and (b) Experimental values
measured with 150 meV bandpass for single ionization and double
ionization, respectively; the blue traces are the 3s and 2p photoion-
ization cross sections from Ref. [13]; (c) MCDF and (d) R-matrix
theoretical cross sections, convolved with a 150-meV Gaussian func-
tion and weighted according to the initial populations, respectively.

determined threshold values are reasonably well reproduced
by the R-matrix and MCDF values of Tables I and IV. We
propose that J = 1 states obtained from the multiply excited
configurations 2p53p2nd, 2p53d2nd, or 2p53s3dnd (n � 3)
contribute to the patterns of resonances observed in Fig. 7(a).
Preliminary MCDF calculations for the 2p53s3d2 configu-
ration support this hypothesis, but no detailed theoretical
predictions are available at this stage.

We note that the first member of the 2s → np 1P1 series,
namely, the 2s2p63s23p 1P1 resonance is predicted at 234.0
and 238.1 eV by the R-matrix and MCDF theories, featur-
ing as prominent peaks in Figs. 7(c) and 7(d). The strong
resonances lying around 235.0 eV in the single- and double-
ionization channels in Fig. 7(a) and 7(b) are thus assigned to
the 2s2p63s23p 1P1 resonance, accounting for the additional
discrete structure observed in the vicinity of the 2p thresholds.
MCDF predicts the 2s2p63s23p 1P1 resonance just above these
thresholds while R matrix places it just below, which would
seem more in line with the experimental observations. Over-
all, the MCDF and R-matrix simulations differ quite markedly
in this region [see Figs. 7(c) and 7(d)]; the complexity of
the observed structure being generally better simulated by the
R-matrix results. This is likely related to the overlap of sev-
eral 2p53s3lnl ′ (2S+1)LJ=1 Rydberg members with the strong
2s2p63s23p 1P1 resonance, which is seen to lie below the 2p−1

thresholds in the R-matrix results, thereby mixing oscillator
strengths for a more complicated resonance spectrum. How-
ever, a number of important multiply excited configurations
would need to be introduced in the calculations to obtain a
reliable intercomparison of the theoretical results. Figure 7(b)
also includes the prediction of the Verner formula [13], which
is seen to match the experimental data well in the continuum
region.

In the region from the 2p thresholds up to 300 eV,
the direct 2p ionization process followed by Auger de-
cay dominates as seen by the strength of the continuum
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TABLE V. Experimental and theoretical energies in the 235–
300 eV photon energy range for the 1s22s22p63s2 1S0 −→
1s22s2p63s2np 1P1 resonances in S4+.

Resonance energy (eV)

n Measured MCDF R matrix

3 235.0 238.1 ≈234
4 270.3 271.17 272.34
5 283.42 284.24
6 289.33 290.05
7 292.68 293.36
8 295.42
9 296.79
10 297.75
11 298.45
12 298.97
13 299.37
14 299.69
15 299.94
16 300.14
17 300.31
18 300.45
19 300.57
20 300.67
21 300.76
22 300.83
Limit ∞p 301.1a 301.6a

aQuantum defects of 0.63 (MCDF) and 0.59 (R matrix) from numer-
ical fits of the hydrogenic formula.

processes found entirely in the double-ionization channel [see
Fig. 7(b) and also Fig. 1(b)]. The discrete pattern of the
2s → np 3,1P1 excitations is superimposed on this contin-
uum. This results in two Rydberg series converging on the
1s22s2p63s2 2S1/2 inner-shell ionization limit. The latter is
predicted to lie just above 301 eV photon energy by both
the MCDF and the R-matrix calculations (see Table V). The
first member 2s → 3p 1P1 overlaps the 2p thresholds region
as discussed above. The 2s → 4p 1P1 resonance features in
both the single- and double-ionization channels as seen in
Figs. 7(a) and 7(b), respectively. Higher series members were
not intense enough to emerge clearly out of the background
noise and are not shown here. The characteristic asymmetric
Fano profile shape is observed in Fig. 7(b), pointing to siz-
able interaction with the underlying continua. However, the
experimental profile data appeared to be too noisy to extract
reliable Fano parameters for the resonance after deconvo-
lution of the instrumental broadening. Successive resonant
Auger decays of the type 1s22s2p63s24p → 1s22s22p53s2 +
e− → 1s22s22p6 + e− could be invoked to explain the rel-
ative strength of this resonance in the double-ionization
channel. The population-weighted and energy-shifted MCDF
(−0.9 eV) and R-matrix (−1.9 eV) calculations reproduce the
experimental results well as shown in Figs. 7(c) and 7(d), re-
spectively, except for differences discussed below. Resonance
energy data is summarized in Table V for the series.

It is worthwhile discussing further the various causes for
discrepancies between the experimental and two theoretical

results. The main differences are found in the photon energy
positions of the resonances. Since computed energy positions
of ionic states are determined from variational approaches,
there is an inherent overestimation of those energies, and
since the photon energy involves the difference between ionic
states (e.g., between the 2p53s2nd ground state and 2p63s2

for the 2p → nd Rydberg series of resonances), there is
a corresponding uncertainty in computed vs converged, or
NIST, or experimental, photon energies. Furthermore, since
the MCDF and R-matrix calculations rely on separate basis
sets of orbitals and configurations, optimized in independent
calculations, the predicted energies will differ between the
two calculations. Some of these errors are corrected in the
R-matrix calculations by using empirical shifts of certain ener-
gies to NIST values, but there are still uncertainties associated
with the threshold positions of the inner-shell excited S5+
states for which no empirical data exist, and also with the com-
puted quantum defects. The photon energy of a resonance of
principal quantum number n belonging to the ith excited-state
Rydberg series is h̄ω = Eb + [Ei − Z2/(n − μn,i )2], where
Z = 5 is the ionic charge of the S5+ residual ion, Ei is the
energy of the excited target state (as listed in Table I, for
instance), and μn,i is the quantum defect of that series mem-
ber. Despite shifting Eb to align with NIST, and doing the
same for some of the Ei as well, other Ei values are unknown
(they are autoionizing states), and the quantum defects have
their own uncertainties, so resonance position discrepancies
are commonplace in general, and only for the smaller, eas-
ily converged systems can those uncertainties be brought to
within experimental resolution.

As for differences between MCDF and R-matrix results,
the MCDF calculation can sometimes include extra configu-
rations, such as 2s2p63s3pnl , that would require additional
2s2p63s3p target states in the R-matrix method, resulting in
a computationally unfeasible calculation. As a result, those
additional 2s2p63s3pnl resonances can be seen faintly in the
MCDF results in Fig. 7 but are completely absent in the
R-matrix results, where only the 2s2p63s2np resonances are
seen. On the other hand, the R-matrix method implicitly con-
sists of a larger basis than the MCDF approach in one sense.
Whereas the MCDF basis set for, say, the 2p53s23d “reso-
nance” consists of the 2p53s2nd (n = 3–7) configurations, as
well as other two particle–two hole promotions such as the
2p53s3p2 configuration, the R-matrix basis consists of essen-
tially all 2p53s2nd (n = 3–∞) and 2p53s2εd configurations,
i.e., an R-matrix optimized outer-d orbital. In a similar sense,
the MCDF 2s2p63s2np resonance series shows symmetric
Lorentzian profiles in Fig. 7 whereas the R-matrix results
include configuration interaction, or interference, between the
2s22p63s2 → 2s2p63s2np → 2s22p6np + e− indirect reso-
nance pathway and the direct 2s22p63s2 → 2s22p6np + e−
photoionization pathway, giving rise to asymmetric Fano res-
onance profiles, as also seen in the experimental 2s2p63s23p
resonance at 272.34 eV. As a last noticeable difference, the
2s2p63s23p resonance acts as a perturber, or interloper, with
the series limit of the 2s22p53s2nd resonance series, and the
R-matrix results show a much more pronounced sharing of
oscillator strength between the two, which is attributable to
the omission of the 2s22p63s2nd (n = 8–∞) configurations
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in the MCDF calculation. In summary, and especially for
challenging 14-electron systems such as S4+, any finite-basis
theoretical approach has inherent uncertainties in resonance
energy positions and oscillator strengths, and perhaps also
in the extent to which configuration interaction is included,
leading unsurprisingly to corresponding differences in overall
resonance profiles.

V. CONCLUSIONS

Most of the cross sections for atomic ions, needed to model
the behavior of many astrophysical and laboratory plasmas,
are generated through computational methods. Experimental
benchmarking of such theoretical approaches is therefore crit-
ical. This is particularly true in the realm of astrophysics,
due to the advent of new more powerful satellite x-ray ob-
servatories requiring, for their optimum exploitation, reliable
fundamental data on the interaction of photons with positively
charged ions.

The case of S4+ constitutes a particularly nice test bed for a
detailed comparison of experimental data with the predictions
of different theoretical methodologies. The closed-shell nature
of the ground state means that the dominant challenge for the-
ory is to treat the excited states which include both inner-shell
and multiple electron excitations.

Using the MAIA merged photon-ion beam facility at
SOLEIL we have measured the absolute cross sections for
photoionization of magnesiumlike S4+ in the photon en-
ergy region corresponding to excitation and ionization of the
inner-shell 2s and 2p electrons, in both the single- and double-
ionization exit channels. Resonances arising from both ground
1S0 and metastable 3P0,1,2 states were observed and the rela-
tive populations determined. The results are compared with
predictions from two disparate theoretical approaches: the
MCDF and R-matrix methods. The former addresses the S4+
system directly while the latter treats the problem as electron
scattering from a S5+ target. Detailed calculations were car-
ried out and the predictions compared with the experimental
results, following convolution with the experimental bandpass
and weighting to take account of the different initial-state

populations. Figures and tables are provided which detail the
measured resonance energies and strengths and compare with
the theoretical predictions.

The main new findings of this work are as follows and
should be understood in the context of the effects of the
increasing ionicity of S4+ (effective nuclear charge Zeff = 5)
along the magnesium isoelectronic sequence. The bulk of
the discrete oscillator strength was found to lie in the 2p →
nd resonances, l → (l + 1) excitations, to the detriment of
the 2p → (n + 1)s resonances, l → (l − 1) excitations which
were very weak. Most of the 2p → nd resonances were seen
to fit reasonably well regular Rydberg series converging on
the 2p−1 2P1/2,3/2 limits. Strong departures from this behav-
ior were observed in (1) the 2p → 3d photon energy region
where the effects of both 2p5(3s23d + 3s3p2) correlation
mixing and spin-orbit mixing of 2p53s23d 1LJ +3L′

J states fea-
tured, and (2) the photon region just below and straddling over
the 2p−1 2P1/2,3/2 thresholds where a number of features were
attributed to multiply excited configurations with open ioniza-
tion channels. In the latter region, we also found the 2s → 3p
resonance, almost exclusively in the single-ionization chan-
nel. By contrast, the next member, the 2s → 4p resonance,
featured with a strongly asymmetric Fano profile, above the
2p−1 2P1/2,3/2 thresholds, in the double-ionization channel
only. In general, reasonably good agreement is found between
the theoretical results and these observations. However, some
notable differences in the strengths of the resonance predic-
tions were observed together with the need for systematic
energy shifts. A complete understanding of the finer features
just summarized would require separate theoretical studies
which are beyond the scope of the present work. Overall, this
study on S4+ L-shell photoionization, underpins the ongoing
need for experimental measurements to benchmark the theo-
retical models.
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