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We report measurements of the absolute photoionization cross sections of the magnesium-like S4+

ion over the 160-270 eV photon energy range. The experiments were performed with the Multi-
Analysis Ion Apparatus (MAIA) at the SOLEIL synchrotron radiation facility. Single and double
ionization ion yields produced by the photoionization of the 2p subshell of the S4+ ion both from
the 2p63s2 1S0 ground state and the 2p53s3p 3P0,1,2 metastable levels were observed, as well as
2s excitations. Calculations of the photoionization cross sections were carried out using Multi-
Configuration Dirac-Fock and R-matrix codes and the results are compared with the experimental
data.
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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 interaction of the ionizing radiation with free pos-
itively charged ions becomes of particular importance.
The XMM-Newton and Chandra x-ray observatories con-
tinue to provide spectrally resolved information on ions
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within environments such as diffuse interstellar and in-
tergalactic media, active galactic nuclei, planetary neb-
ulae or areas of star formation [1, 2]. The XRISM and
Athena future missions will provide greater sensitivity
and higher spectral resolution and place even greater de-
mands on relevant atomic theoretical and experimental
laboratory investigations, in order to realize their full po-
tential for insights into fundamental cosmic phenomena
[3]. The plasma modelling of radiation dominated regions
similarly depends on the detailed knowledge of various
photon-ion interactions [4]. The overall growing multi-
ple atomic and molecular data needs have led to signif-
icant developments, both theoretical and experimental,
in laboratory astrophysics [5–7] and atomic data bases
[8, 9] including the investigation of the photoionization
behaviour of a wide range of important ions [10, 11].

Different theoretical models may be used when cal-
culating photoionization of atomic ions and the value of
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absolute cross sections measurements, apart from provid-
ing basic atomic data for the interpretation of photon-ion
interactions in plasma environments, is that they pro-
vide benchmarking for the theoretical models. This is
important because many of the cross sections used for
astrophysical modelling were generated through compu-
tational 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. Pho-
toionization cross sections also provide data on the in-
verse process of dielectronic recombination which can be
very important in plasma equilibrium modelling [15, 16].

Experimentally, the dual laser plasma (DLP) tech-
nique provided early insight into the photoabsorption be-
haviour of a range of positively charged ions [17]. Besides,
the ongoing need for absolute photoionization data on
ions prompted significant developments at synchrotron
facilities. Pioneered at Daresbury during the 1980’s, the
merged photon-ion beam approach proved very success-
ful and dedicated systems were installed at Supper ACO
(Orsay, France), Astrid (Aarhus, Denmark), SPring-8
(Hyogo, Japan), the Advanced Light Source ALS (Berke-
ley, USA), SOLEIL (St Aubin, France) and most recently
at Petra III (Hamburg, Germany) [18, 19]and references
therein. In this technique, the ionizing synchrotron radi-
ation 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.

It is the synchrotron-based study of the photoioniza-
tion of magnesium-like quadruply charged ions of sulphur
(S4+) that is the subject of this work. Sulphur is an im-
portant element in the cosmos, featuring in the top ten el-
ements according to abundance. It can appear in atomic
or molecular forms or as part of aggregates [20–23]. Pho-
toionization of specific sulphur atomic ions has been the
subject of several studies to date. Resonant photoion-
ization of singly-ionized sulphur has been investigated
theoretically [24] and experimentally [25]. Photoioniza-
tion of the triply ionized sulphur ion S3+ has been inves-
tigated theoretically using the Breit-Pauli method [26].
Previous work on S4+ includes the theoretical calcula-
tion of oscillator strengths and photoionization cross sec-
tions along the magnesium sequence (including S4+) [27]
and the calculation of the valence absorption spectrum of
S4+ [28, 29]. Doubly excited autoionization resonances
for the S4+ isoelectronic cases of Al+ and Si2+ [30] and
photoionization spectra in the UV range for the Mg-like
Al+ ion [31] were also investigated theoretically. Experi-
mental investigations of the 2p-subshell photoabsorption
of the isoelectronic Al+ and Si2+ ions were carried out us-
ing the DLP technique [32, 33] and for the Al+ ion 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 spectral resolution at the SOLEIL syn-

chrotron and compared to MCDF and RPA calculations
[37].

In this paper we report the measurement of absolute
cross sections for S4+ in both single and double ioniza-
tion channels, between photon energies of 158 eV and
280 eV. This photon energy range lies in the vicinity
of the 2p and 2s inner thresholds and leads to series
of strong resonances, which have been classified and in-
terpreted through concomitant multiconfiguration Dirac-
Fock (MCDF) and R-matrix calculations.

II. EXPERIMENTAL DETAILS

A detailed description of the MAIA (Multi-Analysis
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 sulphur ions were produced,
from hydrogen sulphide gas, in a permanent magnet Elec-
tron Cyclotron Resonance (ECR) ion source excited by
a 12.36 GHz microwave power supply, run at a power
of about 8W. After extraction and acceleration through
a potential difference of −4 kV, quadruply-charged S4+

ions of terminal velocity 3.1×105 ms−1, were selected us-
ing a magnetic filter and guided by an electrostatic deflec-
tor to merge with the counter-propagating synchrotron
radiation (SR) 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
behaviours respectively. By measuring the photon and
ion beam parameters, their overlap 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 pro-
duced 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 sec-
tions is generally within 15% [38].

The measured absolute single and double photoioniza-
tion cross sections are presented in Figs. 1(a) and 1(b),
as function of photon energy over the 158 eV to 280 eV
range, respectively. At the low energy end of the sin-
gle ionization channel, near 162 eV photon energy, weak
resonances are observed which, we will see below, orig-
inate from 2p excitations of S4+ metastable 3P levels,
whereas, at photon energies above about 180 eV, strong
Rydberg series of resonances are recorded which are pri-
marily 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
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FIG. 1. The measured (a) single and (b) double absolute photoionization cross sections of S4+ over the whole photon energy
range covered in this work.

at the same peak energies in the double ionization chan-
nel 1(b) but with much lower cross sections than in the
single ionization channel. The double ionization channel
features a strong enhancement of the cross section above
about 225 eV, readily identifiable as the onset of the di-
rect 2p ionization process. In the following, we will com-
pare in detail the experimental measurements with the
predictions from theoretical calculations using different,
R-matrix and Multi-Configuration Dirac Fock (MCDF),
approaches.

III. THEORETICAL METHODOLOGIES

Two distinct theoretical approaches are used to anal-
yse the experimental results. The Multi-Configuration-
Dirac-Fock (MCDF) approach treats the S4+ N -electron
problem directly while the R-Matrix calculations treat
the problem as single electron scattering off the (N − 1)-
electron S5+ target. It is interesting in the present con-
text to inter-compare the predictions of both, and with
the experimental data.

To study L-shell photoionization of S4+, wavefunctions
are constructed for the initial and final states using linear
combinations of coupled configurations, or Slater deter-
minants, made up from atomic orbitals. Since the basis
description must be small enough to be computationally
feasible, the choice of orbitals and configurations is some-
what of an art, geared towards using the minimal number
that will reproduce anticipated photoionization features.

From a single-configuration, non-relativistic (LS-
coupled) perspective, the specific processes to be con-
sidered are, first, the inner-shell photoexcitation of the
S4+ ground state,

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

2s22p53s2ns(1P ) , (1)

2s2p63s2np(1P ) .

The absorption lines in (1) are made up of three domi-
nant Rydberg series that are expected as prominent res-
onances in the photoionization cross section. The latter
absorption gives rise to a single, simple 2snp(1P ) res-
onance series that converges to the higher-energy 2s−1

L-vacancy state. Of the first two series, the 2p → nd
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oscillator strength is expected to be at least nine times
stronger than the 2p → ns strength due to angular mo-
mentum 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 au-
toionization 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 be-
low the L-edge. The final theoretical calculations in-
cluded these resonances 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 J. Bruneau
[41]. Calculations are based on a full intermediate cou-
pling scheme in a jj basis set. Photo-excitation and
photo-ionization cross sections were computed for the
electric dipole transitions only, using the Babushkin
gauge which corresponds to the length form of the dipole
operator in the non-relativistic limit [42]. The 2s and
2p photo-excitation 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 con-
figuration (where [Ne] = 1s22s22p6). 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 final states photo-excited
from the ground state [Ne]3s2 1S0, while the [F]3s23p,
[F]3s3p3d, [F]3s3pnl, [F∗]3s3p2, and [F∗]3s3pnl′ con-
figurations were retained to describe the final states
photo-excited 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 in-
volving 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

photo-excited 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 chan-
nels, respectively. The direct 2p and 3s photo-ionization
cross sections were calculated for all the [Ne]3s2 1S0 and
[Ne]3s3p 3P0,1,2 initial states. For the latter only, the
3p photo-ionization cross section was also taken into ac-
count.

For the R-matrix calculations, the same general
method was used as in earlier analyses of experimen-
tal synchrotron measurements for the various inner-shell
photoabsorption (see, for example, [44] and references

therein). Within the R-matrix protocol, an atomic or-
bital basis was used consisting of physical orbitals and
additional pseudoorbitals to account for relaxation effects
following 2s and 2p vacancies, keeping in mind the formu-
lation as an e−+ S5+ scattering/quasibound (resonance)
calculation. For photoionization of S4+, these orbitals
are the 1s, 2s, 2p, 3s physical orbitals obtained from
a single-configuration Hartree-Fock (HF) calculation on
the S5+(1s22s22p63s) ground-state. Additional physical
orbitals 3p and 3d were generated from frozen-core cal-
culations on the S5+(1s22s22p63p) and S5+(1s22s22p63d)
excited states. To expand the basis flexibility and to ac-
count for inner-shell relaxation, additional 4s, 4p, and 4d
pseudoorbitals were generated from a multi-configuration
Hartree-Fock (MCHF) calculation on the inner-shell-
vacancy 2p53s3p ionized state of S5+, allowing all single
and double promotions from this configuration to other
physical orbitals and pseudoorbitals (e.g., 2p → 3p and
2p → 4p) to account for 2p orbital relaxation due to
the decreased 1s-electron screening and increased effec-
tive charge Zeff . Resultant energies are listed in Ta-
ble I for the initial S4+ ground and metastable states
and the S5+ scattering target states, as compared to the
NIST energies [45]. In view of the considerable inac-
curacy of the R-matrix energies compared to the more
reliable NIST values, the binding energies Eb and the en-
ergies of the inner-shell vacancy states were shifted by the
amounts indicated to better simulate the photoelectron
scattering energies k2 and the photoionization energies
~ω = Eb + k2.

The complete S4+ wavefunction — either for the initial
2p63s2 ground state or 2p63s3p(3P ) metastables states,
or for the 2p53s2nd intermediate states embedded in the
e− + S5+ final continua — was constructed using a ba-
sis coupling all S5+ target configurations described above
to all physical orbitals and pseudoorbitals, and an addi-
tional orbital basis of 60 R-matrix-generated continuum
orbitals. A variational approach for the expansion coef-
ficients yields the full initial-state wavefunctions ψi and
final-state wavefunctions ψf .

Given the computed R-matrix initial and final wave-
functions, and dipole matrix (D) coupling the two, the
photoionization cross section σ as a function of photon
energy E = ~ω, was determined using the Golden Rule
transition rate divided by initial flux, leading to the ex-
pression

σ =
4π2α

3
ω|〈ψi|D|ψf 〉|2 , (2)

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

~ω + 2p63s3p→ 2p53s23p .

Since this appears below the first 2p → 3d or 2p → 4s
resonances 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).
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TABLE I. Computed R-matrix energies, recommended NIST energies, and 2p−1 thresholds inferred from the present QD
analysis of experimental Rydberg series (in parenthesis). Rmat1 and Rmat2 refer to the energies before and after shifting.

Photoelectron Energy k2 (Ryd) Photon Energy ~ω (eV)
# State R-mat1 Shift R-mat2 NIST R-mat NIST
— S4+ 1s22s22p63s2 1Se

0 −5.47666 0.14107 −5.33560 −5.33560 0.00000 0.00000
— S4+ 1s22s22p63s3p 3P o

0 −4.72097 0.14195 −4.57903 −4.57903
— S4+ 1s22s22p63s3p 3P o

1 −4.71792 0.14226 −4.57566 −4.57566
— S4+ 1s22s22p63s3p 3P o

2 −4.71103 0.14231 −4.56872 −4.56872
1 S5+ 3s−1 1s22s22p63s 2Se

1/2 0.00000 0.00000 0.00000 0.00000 72.59507 72.59507

2 S5+ 3p−1 1s22s22p63p 2P o
1/2 0.97090 −0.00611 0.96479 0.96479 85.72182 85.72182

3 1s22s22p63p 2P o
3/2 0.98127 −0.00496 0.97631 0.97631 85.87856 85.87856

4 S5+ 2p−1 1s22s22p53s2 2P o
1/2 12.43132 −0.19900 12.23232 239.02557 (237 .5 )a

5 1s22s22p53s2 2P o
3/2 12.51946 −0.19900 12.32046 240.22478 (238 .6 )a

6 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 4P e
1/2 13.17137 −0.18920 12.94996 12.96019 248.78963 248.92875

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

12 1s22s22p53s3p 4P e
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 2P e
1/2 13.21783 −0.18920 13.03769 249.98327

16 1s22s22p53s3p 2P e
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 2P e
1/2 13.76438 −0.18920 13.56515 257.15978

21 1s22s22p53s3p 2P e
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+ 2s−1 1s22s2p63s2 2Se
1/2 17.40935 −0.58000 16.82935 301.57184

a Experimentally determined value obtained in the present work. See below.

Participator Auger decay is accounted for in a straight-
forward manner by explicitly including the 2p63s chan-
nel in the standard R-matrix implementation [46, 47].
Spectator Auger decay is instead included via an optical
potential approach [48] that adds an additional imagi-
nary potential −iΓ/2 to the multichannel quantum de-
fect scattering formulation, with the additional specta-
tor Auger width Γ as an external parameter that can
be computed separately or derived from experimental re-
sults. Here, it is found that the Lorentzian Auger width
is much less than the broader Gaussian width due to ex-
perimental broadening, so a fixed spectator Auger width
Γ = 2.5 × 10−3 Ryd = 34 meV is 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 summarised 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 indi-
cates the dominant 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 val-
ues for both valence and inner-shell ionization. For the
valence states and ionization limits NIST [45] data are
used. The energy bands corresponding with the inner-
shell excited states are the results of the present calcula-
tions.

IV. RESULTS AND ANALYSES

In order to examine the experimental data more closely
and compare in greater detail with the theoretical pre-
dictions of the MCDF and R-matrix codes, we divide the
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FIG. 2. Schematic energy-level diagram showing excitation
energies and ionization thresholds relevant to the present
work. The solid and broken blue lines represent possible ab-
sorption processes of synchrotron radiation (SR) photons from
the S4+ 2p63s2 ground and 2p63s3p metastable states, respec-
tively.

overall photon energy scale of Fig. 1 into contiguous pho-
ton energy regions, each of which can be associated with
a dominant atomic process.

A. Absorption by metastable ions near 162 eV

Metastable ions in sizeable amounts can be collision-
ally 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 sufficiently 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 experiments [18, 19]. In the present case
of S4+ ions, there are clearly resolved resonances associ-
ated only with photoionization of 3P0,1,2 metastable ions
observed in the single-ionization channel in the 162 eV
photon energy range (see Figs. 1,3,4). Measurements of

FIG. 3. Ab initio MCDF and R-Matrix cross sections for the
hν + 2s22p63s3p 3P → 2s22p53s23p 3Le resonances after
convolution with a Gaussian function of FWHM 64 meV to
simulate the effect of instrumental broadening.

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 corre-
sponding 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 radia-
tive decay has a transition probability of 1.65 × 105 s−1

(equivalent to a radiative lifetime of 6.06 µs) [45]which
is similar with 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

resonances after convolution with a Gaussian function of
FWHM 64 meV to simulate the effect of instrumental
broadening. Figure 4(a) shows the experimentally ob-
served 2s22p53s23p 3Le resonances. There are marked
differences with Fig. 3 both in the energy positions,
strengths and widths of the resonances. Overall shifts
of +2.5 eV and -0.7 eV applied to the ab initio MCDF
and R-Matrix resonance energies, respectively, bring the
main predicted resonance at 160.23 eV into approxi-
mate coincidence with the main experimental resonance
at that energy. A 74 meV Lorentzian profile is used for
all the MCDF calculations which is larger than the Gaus-
sian instrumental broadening of 64 meV and accounts for
the overall broader MCDF profiles compared with the R-
Matrix ones. 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
experimental profiles and comparing with the analogous
integrated cross sections from the MCDF and R-matrix
predictions, we obtained the estimates for the relative
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populations of the various levels as 78% 1S0, 4% 3P0,
18% 3P2. Once these scaling/modelling parameters were
determined and applied to the ab initio data of Figure 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 R-matrix simulations of Figs. 4(b)
and (c), respectively. From now on, the same popula-
tions scaling parameters are applied to all the theoreti-
cal spectra when comparison with experimental data is
made, whereas slightly different energy shifts may need
to be applied for the different spectral windows under
investigation (see details below).

Table II shows a list of all the experimental reso-
nances arising from the metastable states. Energies, line
strengths and widths are provided from the experimen-
tal measurements and compared with the MCDF and
R-matrix calculations. As expected, all the observed fea-
tures 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 188 eV- 200 eV

Figure 5(a) and (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
ionisation and double ionisation channels, respectively.
The single ionisation channel is shown again in Fig. 5(c)
but with a narrower bandpass of 47 meV. Also shown
in Figs. 5(d) and (e) are the MCDF and R-matrix re-
sults, respectively, convolved with a 47 meV Gaussian
function and appropriately weighted and energy shifted
(MCDF +2.5 eV, R-Matrix -1.9 eV). These can be com-
pared with the experimental results of 5(c). From the
3s2(1S0) ground state, as expected, the observed reso-
nance structure is comparatively simpler than the more
complex structure arising from the 3P0,1,2 metastable lev-
els. It is seen that the R-matrix simulation agrees well
with experiment while the MCDF resonances differ quite
significantly. It is also worth noting that the relative pop-
ulations of the metastable and ground state levels derived
from our measurements and comparison with theory for
the purely metastable region near 162 eV photon energy
also provide good agreement between theory and experi-
ment for the higher photon energy region. This provides
reassurance that the inferred population percentages are
fairly reliable.

A list of the most intense ground state resonances ob-
served in this photon energy region is provided in Table
III which shows their energies, line strengths and some as-
signments. The two main 3s23d 3D1 and 1P1 resonances
at 192.74 and 194.88 eV, respectively, dominate the ex-
perimental spectra. The strength of the spin-forbidden
3s23d 3D1 component reflects the importance of spin-
orbit mixing effects between terms of different multiplic-
ities of the same configuration. Additional resonances
are clearly distinguishable in this range and, following

FIG. 4. Photoionization cross-sections of S4+ in
2p63s3p 3P0,1,2 initial states: (a) measured, (b) and (c) sim-
ulated from the results of MCDF and R-Matrix theoretical
calculations, respectively.

the MCDF theoretical predictions, attributable to strong
correlation mixing effects between terms of the energeti-
cally close 2p53s23d and 2p53s3p2 configurations, i.e. the
(3s3d+ 3p2) mixing, seeTable III.

It is worth pointing out that the extent of mixing be-
tween nearby resonances, whether differing in L and S
but still coupling 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
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TABLE II. Experimental and theoretical energies and line strengths for resonances in the 158 eV - 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
Measured a 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

a The number in parentheses is the uncertainty on the last digit due to numerical fitting procedure used to determine resonance peak
maximum.

to the relative positions of the mixing states. A sim-
ple two-state analysis shows that theoretical predictions
for the fractional mixing of any two states is given as
|c2|2/|c1|2 ≈ [V/(E2 − E1)]2, 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 eV- 240 eV

Figure 6 shows the corresponding data for the 200 to
244 eV range where the various resonance series are ap-
proaching the 2p inner-shell ionisation limits. The sin-
gle and double ionisation channels are shown for the ex-
perimental data in Figs. 6(a) and (b), respectively, af-
ter appropriate populations weighting and energy shifts
(MCDF + 2.5 eV, R-Matrix -1.9 eV) . The MCDF and
R-matrix theoretical results are shown in Figs. 6(c) and
(d), respectively. Both simulations represent the exper-
imental data quite well with the latter simulation bet-
ter 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) anal-
yses of the experimental and theoretical data and as-
sume, 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 localised hydrogenic or-
bits for the nd Rydberg electron while the larger value of
the latter points to more delocalised penetrating orbits
for the ns Rydberg electrons. The use of the 1P1 and 3D1

LSJ labelling 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 char-
acters, respectively. Although this does not invalidate
the present QD analyses, the jK or jj 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+.

Comparison of Figs. 6(a) and (b), show that identical
intensity patterns at the exact same photon energies are
retrieved in the single- and double-ionisation channels for
the resonant Auger decay of, most evidently, the 4d and
other nd states. This suggests shake-off like processes in
the double-ionisation 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 Ry-
dberg patterns just mentioned, are observed. These are
discussed in the following sub-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
quantitatively assess the theoretical atomic data by com-
paring the integrated cross section over a given photon
energy window. This is tantamount to comparing the
measured and calculated amounts of oscillator strength
in the photon range. The relevant numbers between 190
eV and 244 eV are: Experiment total ionization (sum
of single and double ionisation channels) 149.9 Mb.eV,
MCDF 132.8 Mb.eV and R-matrix 124.5 Mb.eV, i.e. rel-
ative differences of 11% and 17%, respectively.

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

Figure 7 shows the details for the 230 to 300 eV range
which overlaps the 2p inner-shell ionization limits. As
mentioned briefly above, a number of strong resonances
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TABLE III. Experimental and theoretical energies and line strengths in the188 eV-200 eV photon energy range for the resonances
arising from 2p→ 3d excitations in S4+.

Energy (eV) Width (meV) Strength (Mb eV) Final State
Measured R-Matrix MCDF Measured R-Matrix MCDF Measured R-Matrix 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

TABLE IV. Experimental, theoretical energies and Rydberg analyses in the 190 eV-240 eV photon energy range for the
resonances arising from 2p→ nd 1P1,3D1 and 2p→ (n+ 1)s 1P1,3D1 excitations in 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

a Obtained from numerical fit of standard hydrogenic energy level formula

with energies just below the higher 2p-threshold are dis-
tinctively observed in the single and double ionisation
channels see Figs. 7(a) and (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-ionisation channel (see Fig. 7(a)) without clear
counterparts at the same energies in the double ionisa-
tion channel. The double-ionisation channel shows the
characteristic step-like structure of the onset of contin-
uum Auger processes over the 237 eV -238 eV band of
energies. This is compatible with the QD analyses of Ta-
ble IV which provide experimentally determined 2P1/2

and 2P/2 threshold values at 237.5 eV and 238.6 eV, re-
spectively. Additional discrete and broad structures are
superimposed in the 237 eV - 239 eV also (see Fig. 7(b)).
The experimentally determined threshold values are rea-
sonably well reproduced by the R-Matrix and MCDF val-
ues of Table I and Table 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 Figure 7(a). Pre-
liminary MCDF calculations for the 2p53s3d2 configura-
tion support this hypothesis, but no detailed theoretical
predictions are available at this stage.

We note that the first member of the 2s→ np 1P1 se-
ries, namely the 2s2p63s23p 1P1 resonance is predicted at
234.0 eV and 238.1 eV by the R-Matrix and MCDF the-
ories, featuring as prominent peaks in Figures 7(c) and
(d)). The strong resonances lying around 235.0 eV in
the single and double-ionization channels on Figures 7(a)
and (b) are thus assigned to the 2s2p63s23p 1P1 reso-
nance, 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 obser-
vations. Overall, the MCDF and R-matrix simulations
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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) experimental values measured with 80 meV bandpass
for single ionization and double ionization, respectively, (c)
experimental values for single 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.

differ quite markedly in this region, see Figs. 7(c) and (d);
the complexity of the observed structure being generally
better simulated by the R-Matrix results. This is likely
related to the overlap of several 2p53s3lnl′ (2S+1)LJ=1

Rydberg members with the strong 2s2p63s23p 1P1 reso-
nance, which is seen to lie below the 2p−1 thresholds in

FIG. 6. Photoionization cross-sections of S4+ in the 200-240
eV photon range (region of 2p → nd Rydberg excitations
and 2p thresholds): (a) and (b) experimental values mea-
sured 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.

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

In the region from the 2p-thresholds eV to 300 eV ,
the direct 2p ionization process followed by Auger de-
cay dominates as seen by the strength of the continuum
processes found entirely in the double-ionization chan-
nel (see Figs. 1b and 7(b). The discrete pattern of the
2s → np 3,1P1 excitations is superimposed on this con-
tinuum. This results in two Rydberg series converg-
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FIG. 7. Photoionization cross-sections of S4+ in the 235-270
eV photon range (above 2p thresholds): (a) and (b) exper-
imental values measured with 150 meV bandpass for single
ionization and double ionization, respectively; the blue traces
are the 2s and 2p photo-ionization cross sections from ref. [13];
(c) MCDF and (d) R-Matrix theoretical cross-sections, con-
volved with a 150 meV Gaussian function and weighted ac-
cording to the initial populations, respectively.

ing 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 R-Matrix calculations
(see Table V). The first member 2s → 3p 1P1 over-
laps the 2p thresholds region as discussed above. The
2s → 4p 1P1 resonance features in both the single and
double-ionization channels as seen on Figs. 7(a) and (b),
respectively. Higher series members were not intense
enough to emerge clearly out of the background noise
and are not shown here. The characteristic asymmet-
ric Fano profile shape is observed in Figs. 7 (b), point-
ing to sizeable interaction with the underlying continua.
However, the experimental profile data appeared to be
too noisy to extract reliable Fano parameters for the res-

TABLE V. Experimental and theoretical energies in the 235
eV - 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 301.1 a 301.6 a

a Quantum defects of 0.63 (MCDF) and 0.59 (R-Matrix) from
numerical fits of the hydrogenic formula

onance after deconvolution of the instrumental broad-
ening. Successive resonant Auger decays of the type
1s22s2p63s24p→ 1s22s22p53s2 + e− → 1s22s2p6 + e−

could be invoked to explain the relative strength of this
resonance in the double-ionisation channel. The pop-
ulation weighted and energy shifted MCDF (-0.9 eV)
and R-Matrix (-1.9 eV) calculations reproduce the ex-
perimental results well as shown in Figs. 7(c) and (d),
respectively, although the MCDF results also show the
weaker 2s2p63s3pnl resonances that were omitted in the
R-matrix channel basis. Resonance energy data is sum-
marised in Table V for the series.

V. CONCLUSIONS

Using the MAIA merged photon-ion beam facility at
SOLEIL we have measured the absolute cross sections for
photoionization of the magnesium-like S4+ ion in the pho-
ton energy region corresponding to excitation and ion-
ization of the inner-shell 2s and 2p electrons. Both sin-
gle and double ionization channels were measured. Res-
onances arising from both ground 1S0 and metastable
3P0,1,2 states were observed and the relative populations
determined. Detailed R-matrix and MCDF calculations
were carried out and the predictions compared with the
experimental results, following convolution with the ex-
perimental bandpass and weighting to take account of
the different initial state populations. Figures and Ta-
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bles are provided which detail the measured resonance
energies and strengths and compare with the theoreti-
cal predictions. In general, reasonably good agreement
is found but some notable differences in the strengths of
the resonance predictions are observed together with the
need for systematic energy shifts, which underpin the on-
going need for experimental measurements to benchmark
the theoretical models.
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A. Marié, E. Nadal, E. Robert, C. Nicolas, and C. Miron,
Journal of Electron Spectroscopy and Related Phenom-
ena 210, 5 (2016).

[39] L.-M. Ren, Y.-Y. Wang, D.-D. Li, Z.-S. Yuan, and L.-F.
Zhu, Chinese Physics Letters 28, 053401 (2011).

[40] H. Friedrich, Theoretical Atomic Physics (Springer-
Verlag, Berlin Heidelberg, 2006).

[41] J. Bruneau, Journal of Physics B: Atomic and Molecular
Physics 17, 3009 (1984).

[42] I. P. Grant, Journal of Physics B: Atomic and Molecular
Physics 7, 1458 (1974).

[43] J. Slater, Quantum Theory of Molecules and Solids Vol.
4: The Self-Consistent Field for Molecules and Solids
(McGraw Hill, 1974).

[44] T. W. Gorczyca, M. A. Bautista, M. F. Hasoglu,
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