Journal of PhySiCS B: @;;,;;;r,,;;[;;;,;y &%, PURPOSE-LED
' o 4% PUBLISHING
Atomic, Molecular and

Optical Physics

PAPER « OPEN ACCESS You may also like

. . . . . + - High-dimensional asymptotics of denoising
L-shell photoionisation cross sections in the S, QUOSEO0ErS | ke Zdeborova
82+, S3+ |SonUC|ear Sequence - Recent advancements in atomic many-

body methods for high-precision studies of
isotope shifts

To cite this article: J-P Mosnier et al 2025 J. Phys. B: At. Mol. Opt. Phys. 58 075002 St ';Sahoov S Blundell, AV Oleynichenko

- Distinguishing the XUV-induced Coulomb
explosion dynamics of iodobenzene using
covariance analysis

View the article online for updates and enhancements. Liffany Wa|f|nS|ey, Felix Allum, James R
arries et al.

This content was downloaded from IP address 95.0.84.5 on 07/04/2025 at 08:57


https://doi.org/10.1088/1361-6455/adb5e1
/article/10.1088/1742-5468/ad65e1
/article/10.1088/1742-5468/ad65e1
/article/10.1088/1361-6455/adacc1
/article/10.1088/1361-6455/adacc1
/article/10.1088/1361-6455/adacc1
/article/10.1088/1361-6455/ad8799
/article/10.1088/1361-6455/ad8799
/article/10.1088/1361-6455/ad8799

OPEN ACCESS

10P Publishing Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 58 (2025) 075002 (16pp) https://doi.org/10.1088/1361-6455/adb5e 1

L-shell photoionisation cross sections in
the ST, S2t1, S31 isonuclear sequence

J-P Mosnier*®, E T Kennedy'®, D Cubaynes”*, J-M Bizau>’©, S Guilbaud?,
C Blancard**®, B M McLaughlin®®, M F Hasoglu’® and T W Gorczyca®

! School of Physical Sciences, National Centre for Plasma Science and Technology (NCPST), Dublin
City University, Glasnevin, Dublin 9, Ireland

2 Institut des Sciences Moléculaires d’Orsay, UMR 8214, Rue André Riviére, Batiment 520, Université
Paris-Saclay, 91405 Orsay, France

3 Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, BP 48, CEDEX, F-91192 Gif-sur-Yvette,
France

4 CEA, DAM, DIF, F-91297 Arpajon, France

5 Université Paris-Saclay, CEA, LMCE, F-91680 Bruyéres-le-Chatel, France

6 Centre for Theoretical Atomic, Molecular and Optical Physics, School of Mathematics and Physics,
Queen’s University Belfast, BT7 1NN Belfast, United Kingdom

7 Aeronautics and Aerospace Engineering, Hasan Kalyoncu University, Gaziantep, Gaziantep, Turkey
8 Department of Physics, Western Michigan University, Kalamazoo, MI 49008-5200, United States of
America

E-mail: jean-paul.mosnier@dcu.ie, eugene.kennedy @dcu.ie, denis.cubaynes @universite-paris-saclay.fr,
bizau.jean-marc @orange.{r, segolene.guilbaud @universite-paris-saclay.fr, christophe.blancard @cea.r,
mfatih.hasoglu@hku.edu.tr, thomas.gorczyca@wmich.edu and bmcl104 @ gmail.com

Received 9 December 2024, revised 30 January 2025
Accepted for publication 13 February 2025
Published 26 March 2025
CrossMark
Abstract

We present absolute L-shell photoionisation cross sections for the ST, S>*, S3* jons. The cross
sections were obtained using the monochromatised photon beam delivered by the SOLEIL
synchrotron source coupled with an ion beam extracted from an electron cyclotron resonance
source (ECRIS) in the merged dual-beam configuration. The cross sections for single, double
and triple ionisation were measured and combined to generate total photoionisation cross
sections. For each of the ST, St and S3 ions, the photon energy regions corresponding to the
excitation and ionisation of a 2p or a 2s electron (~175-230 eV) were investigated. The
experimental results are interpreted with the help of multiconfigurational Dirac—Fock (MCDF)
and Breit—Pauli R-Matrix (BPRM) or Dirac R-Matrix (DARC) theoretical calculations. The
former generates photoabsorption cross sections from eigenenergies and eigenfunctions
obtained by solving variationally the multiconfiguration Dirac Hamiltonian while the latter
calculate cross sections for photon scattering by atoms. The cross sectional spectra feature rich
resonance structures with narrow natural widths (typically <100 meV) due to 2p — nd
excitations below and up to the 2p thresholds. This behaviour is consistent with the
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large number of inner-shell states based on correlation and spin—orbit mixed configurations
having three open subshells. Strong and wide (typically ~1 eV) Rydberg series of resonances

due to 2s — np excitations dominate above the 2p threshold.

Keywords: sulphur ions, photoionisation, Auger decay, R-Matrix, MCDF, L-shell

1. Introduction

Sulphur (Z = 16) is ubiquitous in the Universe/cosmos (tenth
most abundant chemical element by mass, S/H abundance of
1.4 x 1073, fifth most abundant on Earth) where it is found
in many gaseous (free) or condensed atomic and molecular
states. Importantly, sulfur enters the chemical composition of
many of the essential proteins found in living organisms due
to its presence in the methionine and cysteine amino-acids
building blocks. The understanding of the fundamental inter-
actions occurring in short wavelength photon absorption/scat-
tering by neutral or charged sulfur atomic and molecular spe-
cies is key to (a) unravelling the structure and dynamics of
complex sulfurated astrophysical environments, see e.g. [1-5]
and (b) interpreting XPS data to gain insight into the molecu-
lar shapes and valency of sulfur based biomolecules, see e.g.
(6,71

Singly and multiply charged sulphur atomic ions have been
widely observed in, e.g, planetary nebulae and near high-
energy regions such as hot massive stars and supernova shock
fronts. The Hubble telescope filters selected a transition asso-
ciated with singly ionised sulphur S ions to image such
regions. Charge exchange collisions between fully stripped
sulphur ions (S'®*) explained an astrophysical 3.5 keV x-ray
observation, which was initially considered a possible dark
matter signal [8]. The Chandra [9] and XMM-Newton [10]
short wavelength observatories, in particular, have provided
spectrally resolved data on a wide range of astrophysical envir-
onments where ionised species, including sulphur ions, play
important roles. The recently launched XRISM [11] and the
future Athena missions [12] will provide even greater sensit-
ivity and higher spectral resolution data, requiring concomit-
ant advances in the experimental measurement and theoretical
calculations of key atomic data. Such laboratory astrophysics
[13-18] investigations are essential to benchmark the differ-
ent calculational approaches to providing the wide range of
atomic data required for the interpretation of astrophysical
phenomena. The interaction of ionising photons with free
ions becomes particularly significant in the vicinity of strong
sources of short wavelength radiation and modelling of such
radiation dominated plasma regions requires detailed know-
ledge of the relevant photoionisation interactions, including
data on transition energies and associated cross sections [19].
Photoionisation studies also provide insight into the inverse
atomic process of dielectronic recombination, which can often
play an important role in the equilibrium behaviour of astro-
physical plasma environments [20].

The interactions of ionising photons with several sul-
phur ion stages have been previously studied, particularly

in the photon energy regions corresponding to valence shell
ionisation. Singly charged S™ ions were investigated both
theoretically [21] and experimentally [22] and theoretical cal-
culations were carried out for S+ [23]. The Breit—Pauli theor-
etical method was used to investigate triply ionised S3* [24].
Theoretical calculation of oscillator strengths and photoion-
ization cross sections were carried out along the magnesium
sequence (including S**) [25-27] and a combined experi-
mental and theoretical study [28].

In this work, we measure the cross sections for the photo-
excitation and photo-ionisation of an inner-shell 2p or a 2s
electron (175-250 eV photon energy range) in the isonuclear
series ST, S2+ and S3. These atomic ions and their associated
inner-shell photon interactions are of astrophysical interest
[29, 30] and useful for the characterisation of the electronic
structure of condensed sulfurated compounds in which the sul-
fur is in a low oxidation state. Photoionisation studies along
isonuclear sequences, in which the same single electron nl —
m(l £ 1) dipole excitation takes place in an ion where one outer
electron is systematically removed, have proven powerful to
reveal new fundamental insights in atomic physics, see e.g. the
original seminal work on Ba, Ba®, Ba>* [31] and the body of
work on the 4f collapse in xenon ions, e.g. [32] and references
therein. Due to significant astrophysical interest, photoionisa-
tion works along iron isonuclear sequences abound, e.g. [33,
34]. In laser-produced and other laboratory plasmas, a mix-
ture of populations of positive ions with charge states forming
short isonuclear (e.g. z — 1,7,z + 1) series typically determine
the total plasma opacity. This will require the knowledge of
the photoionisation cross sections of each of the z — 1,z,z+ 1
individual ions [35].

The S*, S>* and St ions belong respectively to the
phosphorus-, silicon- and aluminium isoelectronic sequences.
To our knowledge, the only L-shell photoionisation works car-
ried out previously in any of the early members (2nd Row
of Periodic table) of these sequences are the laser-plasma
based photoabsorption work of [36] and the photo-ion (abso-
lute cross sections) work of [37], both in Sit (aluminium
sequence). There is also the work of Kristensen et al [22] on
S* which we discuss in section 4.1 below.

2p and 2s electron excitations in the ST, S** and S3*
ions lead to several open subshell configurations producing
multiple LSJ states via angular momentum recoupling of the
parents and grand-parents terms. The non-radiative decay of
these states will be seen as a complex structure featuring
multiple resonances in the photo-ion yield spectra. The res-
ults of advanced atomic structure/dynamics computer codes
are needed to interpret the experimental data. Convergence
between the measured and calculated data ultimately validates
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the theoretical framework used for the calculations. Here, the
absolute data are compared with theoretical cross sections
calculated within two different frameworks, namely the R-
Matrix and the multiconfiguration Dirac—Fock methods. This
approach has proved successful for our recent work [28, 38]
in the magnesium sequence, for example.

2. Experimental details

A detailed account of the Multi-Analysis Ion Apparatus
(MAIA) apparatus and the general experimental procedures
used in this merged-beam work will be found in [39]. In a
merged-beam experiment, the photoionisation cross section
value o (E) is obtained from the following equation:

_ S(E)e*nvq

= (D
1Je

fL dz
0 AxAyFy(z)

where S(E) is the counting rate of the photo-ions produced by
the synchrotron photons of energy E, e is the charge of the
electron, 7 is the efficiency of the photodiode used to charac-
terise the photon beam, v is the magnitude of the ions velo-
city in the interaction region, g is the charge on the ion, I is
the current produced by the calibrated photodiode, J is the
ion current, ¢ is the efficiency of the channel plates used to
measure the photo-ions. The integral takes account of the beam
overlap geometry, with z the ion beam propagation axis, Fy,
is the reduced form factor and Axand Ay are scan step para-
meters to obtain the ion beam profile along the x and y dir-
ections, respectively. The specific experimental details for the
present measurements are given below or in table 1 as follows.
The ST, S>* and S3* sample atomic ions were produced from
H,S gas, in a permanent magnet electron cyclotron resonance
ion source (ECRIS) excited by a 12.36 GHz microwave power
supply, operated at the powers indicated in table 1. For each of
the photoionisation experiments, the individual beam of ST, or
St or S3* ions was extracted and accelerated through a poten-
tial difference of —4 kV to its respective terminal velocity
vary ms~! . A magnetic filter and electrostatic deflector, tuned
to Varv (ms_l), then selected and guided the sample ion beam
to a spatially well-defined interaction region (length L =0.57
m) where it merged with the counter-propagating synchrotron
radiation (SR) beam. The left-handed circularly polarised syn-
chrotron light from an undulator and a 600l mm grating was
used for all the experiments. The background pressure in the
interaction zone was ~ 2 x 10~° mbar in all the experiments.
Typical ST, ST and S3* parent ion beam currents are indic-
ated in table 1. After the interaction region, the remaining
parent ions were collected in a Faraday cup while the pho-
toion yields were counted with a microchannel plate. Photon
energy scans of the photo-ions count rates were carried out to
map out the energy dependence of the photoionisation cross
sections. By measuring the photon and ion beam parameters,
their overlap volumes (see equation (1)) and using calibrated

Table 1. Sample values of main experimental parameters in the

single ionisation and double ionisation channels of S+, St and

at the 2p — 3d resonance energies of 176.7, 181.4 and 186.3 eV,
respectively.

SH

S+ S2+ S3+

Photoion count SI/DI (s~') 65400/10500 10500/1820 5275/46

Background count 12500/9 9/130 310/12
SI/DI (s7")

Photodiode current 151/147 149.5/152  141/141
SI/DI I(uA)

Ion current SI/DI J(nA) 220/206 170/108 244/155
Ton beam velocity v (ms~') 1.75 x 10°  2.21 x 10°  3.03 x 10°
Tag voltage (kV) —-1.0 —-1.0 —-1.0
ECRIS RF power (W) 1074 10 6

Channel plates efficiency € 0.56 0.56 0.56

Form factor® (m™") 52000 54000 32000

2 This is the value of the integral in equation (1).

photon and ion detectors it was possible to obtain the meas-
ured cross sections on an absolute basis after noise subtraction
[39]. Suitable high-voltage biases (Tag voltages in table 1)
were applied to the interaction region in order to distinguish
the photoions produced within the interaction region by their
value of vms ™' (equation (1)) from those produced outside the
region.

The photon energies were calibrated using a gas cell and
known argon reference lines [40]. The resonance energies
could be determined to within an accuracy of 40 meV. The
relative uncertainty in the measured absolute cross sections
is generally within 15%. [39] provides further insight into
the determination of the experimental uncertainties. Reliable
experimental absolute cross sections are very important as
uncertainties in atomic data can significantly affect, for
example, the determination of chemical abundances [41] or
photoionisation modelling of astrophysical plasmas [42]. As
S+ and O* have equal g/m ratios, the natural contamina-
tion of the S’ parent beam by Ot was determined from
the measurement of the oxygen ions resonances in the 528—
534 eV photon region ([43, 44]). Finally, we note that the same
apparatus was used in quite similar experimental conditions to
measure the photoionisation of S4+ [28], however, the condi-
tions proved unfavourably noisy to generate suitable beams of
the sodium-like S3* ion.

It is well known that populations of metastable states can
be produced in the ECRIS source [45] in concentrations that
depend on experimental conditions and are, therefore, vari-
able. The measured cross sections will thus comprise weighted
contributions from ions in the ground state (GS) and in the
metastable state(s) (MS). Thus, accurate modelling of the
experimental data from the results of theoretical cross section
calculations must include both the GS and MS contributions
in relative proportions. Relevant energy level data for the ST,
S2+ and S*t atomic ions is given in table 2, and more complete
information can be found in [46].
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3. Theoretical aspects

3.1. Overview of electronic excitation and decay schemes

In the present photoion yield experiments, singly (SI), doubly
(DD and triply (TI) ionised species (the photoions) are col-
lected following the absorption of a single photon (hv) by a
singly (ST), doubly (S*>*) or triply (S**) charged sulphur ion.
This can be symbolised by the following set of reactions, with
m = 1,2 or 3 and e a free electron, :

™ 4 hy — StHD 4 g SI
Stm+2) 4 2p DI
Stm+3) 4 36 TI

We consider the case of the photoionisation of the ST ion
in the first instance. If the energy of the incident photon is
below the 2p or 2s threshold energies, then 2p — nd , (n+ 1)s
and 2s — np excitations will respectively produce Rydberg
series of 2p°3s?3p>nd, 2p°3s*3p* (n + 1)s and 252p°3s23p>np
autoionising states appearing as well-developed resonances
in the cross section spectrum of the photoabsorption con-
tinuum. 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 geomet-
rical factors (see, e.g. [47]). The latter absorption gives rise
to 2snp(*S,*P) resonance series that converge to the higher-
energy 2s~! L-vacancy state.The specific inner-shell photoex-
citation processes to be considered here are summarised, from
a single-configuration, non-relativistic (LS-coupled) perspect-
ive, in table 2 for each of the ST, $2* and S$?% ions. Each
intermediate autoionizing, or resonant, 2p53s23p3nd state can
decay via either of the participator or the spectator reson-
ant Auger processes. In participator Auger decay, e.g. the
Ly3—M My s, 2p°3s23p3nd — 2p®3s3p> + e, Auger transition
the valence electron nd participates in the decay, giving a
rate that scales as 1/n®. Spectator Auger decay, e.g. the
Ly 3—M My, 2p°3s?3p3nd — 2p®3p3nd + e, Auger transition,
proceeds via a stronger, n-independent Auger rate, broad-
ening the entire Rydberg series of resonances below the L-
edge. All the possible spectator and participator L, 3 —MM,
and L —MM,( x<y=1 or 2,3) Auger decay transitions
from 2p33s?3p>3d and 252p°®3s23p* in ST, 2p°3523p*3d and
252p®3s23p? in $?*, and 2p°3s°3p3d and 252p°3s*3p? in S,
respectively, are shown in table 2. From an experimental view-
point, the various non-radiative decay schemes just described
are the main contributors to the production of ions in the
single-ionisation channel (SI).

If the photon energy is greater than the 2p ionisation
threshold energy (see table 2), then a vacancy is created in
the 2p-subshell which can readily decay via Auger emission.
This atomic decay process appears as a continuum and the
dominant one in the double-ionisation channel (DI). The ini-
tial 2p vacancy may also decay via the double-Auger emission
process leading to a continuum signal in the triple-ionisation
channel (TI) which is comparatively quite weak. Discrete res-
onances in the DI and TI channels are typically linked with
higher order electron correlation effects present during the

single electron Auger emission process for a given resonance,
and thus observed at the same photon energies as in the SI
channel. These effects, e.g. shake-off, result in the loss of one
or two additional electrons.

3.2. Multiconfigurational Dirac—Fock calculations

The MCDF calculations were performed with the help of an
updated version of the code originally developed by Bruneau
[48], using a full intermediate coupling scheme based on a jj
basis set. Photo-excitation and direct photo-ionization cross
sections were computed in the Babushkin gauge [49] consid-
ering electric dipole transitions only. A review of state-of-
the-art developments in relativistic multiconfiguration atomic
structure calculations can be found in [50]. For each of the
ST, 8?F and $3* ion stages, a preliminary computational step
consisted of optimizing a unique set of bound radial functions
needed for the overall photo-absorption processes under con-
sideration. For ST, the orbital set optimization was deduced
from the minimization of a pseudo-state energy involving
two subsets of configurations. The first subset (labelled L)
brings together the configurations: [Nel3s%3p3, [Nel3s3p33d,
[Nel3p33d?, and [Ne]3s?3p’nl, while the second (labelled U)
consists of the configurations: [Nel3s23p?, [F13s*3p°, and
[F*135%3p> (where [Nel= 15225%2p%, [Fl= 1s*25°2p°, [F*]=
15%2s2p®,n =4,...,7and [ = s,p, d). The pseudo-state energy
is defined as if J is a total spin—orbital quantum num-
ber. For §?F, the L-subset brings together the configura-
tions: [Ne]3s%3p?, [Nel3s3p?3d, [Ne]3p*3d2, [Ne]3p*4s?, and
[Ne]3s%3pnl, and the U-subset brings together the configura-
tions: [Ne]3s>3p, [F13s23p2, and [F*]3s23p?. For $3*, the L-
subset consists of the [Ne]3s23p and [Ne]3s%nl configurations,
and the U-subset brings together the [Ne]3s2, [F13s*3p, and
[F*13s%3p configurations.

Once a specific set of bound radial functions was obtained,
the photo-excitation cross sections from the 2s and 2p
subshells were separately computed, as well as the dir-
ect 2p, 3s, and 3p photo-ionization cross sections. These
calculations were performed for all the levels belong-
ing to the ground configuration of each ion stage. For
ST, the 4S3/2, 2D3/275/2 and 2P1/2,3/2 levels were con-
sidered. To describe these initial states, a multiconfig-
uration expansion was used involving the configurations
[Nel3s23p3, [Nel3s3p33d, and [Ne]3p?3d®. To describe the
2p photo-excited levels, the [F13s23p33d, [F13s23pns, and
[F13s?3p’nd configurations were selected while the config-
urations [F*]3s*3p* and [F*13s23p3np were considered to
describe the excited levels resulting from the photo-excitation
of the 2s subshell. The 2p photo-ionization cross sections were
calculated using the [Ne]3s23p? and [F]3s%3p° configurations,
while the 3s and 3p photo-ionization cross sections were cal-
culated using the [Ne]3s%3p?, [Nel3s?3p?, and [Ne]3s3p> con-
figurations. Similar schemes were used for $>* and $**. For
S2F, the 3P07172, D, and 'S initial levels were considered
and the [Ne]3s23p?, [Ne]3s3p?3d, [Ne]3p?3d? and [Ne]3p4s?
configurations retained to describe them. The last three config-
urations were found to have the largest effect on the energies
of the 3P071_’2, D, and 'S, states, due to configuration mixing
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Table 2. 2p and 2s resonant excitations (strict LS selection rules) and subsequent Auger decay routes, metastable states, successive

jonization energies and inner thresholds in the $*, $>* and >+

isonuclear sequence.

ST (phosphor-like)

§2* (silicon-like) $** (aluminium-like)

Ground State GS (eV)
First metastable states (eV)*

Single, double and triple ionisation
energies (eV)*
2p — nd excitations®4(n> 3)

2p°35%3p° 4s% (0.00)
2p%35%3p° 2D (1.84), %P (3.05)
23.34, 58.20, 105.42

2p° (3s23p3nd 3D) 4
2p° (3s23p3nd 5D) ‘p

2p — (n+ 1)s excitations®
(n>3)

2p° (3s23p3 (n+1)s 3S) Z4p

2p° (3s23p3 (n+1)s 5S) +6p

25 — np excitations? 252p®3s* (3p*np *P) *P
2s21763s2 (3p3np 5P) 4p
2p inner-thresholds 2p°35°3p° 7P

2s inner-thresholds 252p%3523p3 378

L, 3—MM, Auger transitions® 2p°3s3p?,353p>, 353p?3d,
3p*3d,3s*3p3d
Li—M My, Ly — L 3M, 25%2p°3573p, 353p"

2522p%3p*  353p?, 353p?
2572p°35%3p?

Auger transitions’

2p%35%3p” 3Py (0.00)
2p®353p ' Dy (1.40),
34.86, 82.08, 154.67

2p%35%3p 2Py (0.00)
2p°3s3p? 4P% (8.83)°
47.22,119.81,207.86

1=

1% (3.37)

2p°(3s?3p°nd *P) *S°P°D 2p (3s3pnd 'P) *S*P°D
2p°(3s*3p°nd *P) *S°P°D 2p°(3s°3pnd *P) S *P D
2p° (35*3p’nd °D) *P°D 2 ?(35*3pnd ' D) *P*D
2p°(353p’nd *D) *P°D 2 °(35*3pnd *D) *P*D
20° (3s23p2(n +1)s 2P) Ligliplip 2p° (3s 23p(n+
1)s'P)*S?P°D
2p° (3s23p2(n +1)s 4P) 35635p35p  2p’ (3s23p(n +
1)S 3P) 2,4S2,4P24D
252p83523pnp 38 3P 3D 252p63s23pnp 2s2p*D

2p°35%3p% CP)¥4s 24p 24D
252p%3523p% 24P
2p53p*3d, 3s3p3d, 353p?,
2p%35%3d,35%3p

2322[75 3s231727 2p5 3s3p3
2522p%3s3p%,2p%3p?
2s22p63s23p

2p°3523p 135 13p 13p
252p%3s%3p 3P

2p°3p3d, 2p%3s3d,2p%3s3p
21763s2

2s22p53s3p2, 2p53sz3p
2522p%3p%,2p%353p
2522p°35”

4 See [46] for more details.

b This state is not metastable.

¢ Not all the possible final LS states are shown.
4 From GS only.

¢ Initial configuration 2p33s23p33d (ST), 2p°3s?3p?3d (S*1), 2p°3s?3p3d ($3T).
[ Initial configuration 252p®3s%3p* (ST), 252p°3523p> (821), 252p°3523p? (S3T).

effects. The [F]3s23p?3d, [F]3s?3p?ns and [F]3s*3p*nd con-
figuration expansion was used to describe the excited levels
resulting from the 2p photo-excitation while [F*]3s>3p? and
[F*135s?3p’np were selected to describe the excited levels
resulting from the photo-excitation of the 2s subshell. The
[Ne]?»s23'p2 and [F]S’s23p2 configurations were used to eval-
uate the 2p photo-ionization cross sections while the 3s and
3p photo-ionization cross sections were calculated using the
[Ne]3s23p?, [Ne]3s%3p and [Ne]3s3p? configurations. For $37,
the [Ne]3s%3p, [Ne]3s3p3d, [Ne]3p3d?, and [Ne]3p? configur-
ations were retained to describe the P, /2,3/2 initial levels. The
[F]3s23p3d, [F]3523pns and [F]3s23pnd configuration expan-
sion was used to describe the 2p photo-excited excited levels,
while the [F*]3s23p?, [F*]3s?3pnp were selected to describe
the excited levels resulting from the photo- excitation of the
2s subshell. The [Ne]3s23p and [F]3s23p configurations were
used to evaluate the 2p photo-ionization cross sections while
the 3s and 3p photo-ionization cross sections were calculated
using the [Ne]3323p, [Ne]3s?, and [Ne]3s3p configurations.

3.3. Overview of the R-Matrix Method (Breit-Pauli and Dirac
Formulations)

We use two completely independent R-Matrix [51] suites of
codes, one based on a Breit—Pauli formalism [52] and the other
a Dirac formalism [53, 54]. In either case, configuration space
for the outer-most electron is divided into inner, multi-electron

interacting region and outer, asymptotic region (see figure 1)
with the matching of inner and outer region wavefunctions
achieved via use of the R-Matrix, as defined below.

In either of these computer packages, the essential expan-
sion of the wavefunction of the final state as Rydberg-like
quasibound states embedded in one or more continua takes on
a close coupling prescription [55].

The total wave function is expanded for each spatial sym-
metry as

Z cij®iu;+ Z brxi
i %

where ®; are the target ionic states, the electron con-
tinuum orbitals are spanned by the basis u;;, and the short-
range correlation polarization is linked to additional basis
functions .

In the outer region, the total wave function is expanded in
terms of spherical harmonics Yy,

Fi(ry41)
IN+1

IOV

\I/k (Xl,Xz...XN+1) = (I)<X1,X2 ) .

Here the x; denote the spatial and spin variables of the
ith-electron, with implied spin coupling of the (N+ 1)th-
electron’s spin to the target functions ®(x1,Xz. . .XN).
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Figure 1. Separation of Configuration Space in the R-Matrix
Method.

A matching condition at the boundary r = q is facilitated
by the inverse-log-like ‘R-Matrix’ R, defined as

R = —(F)'F,
ao
where F and F’ are the inner-region function and derivat-
ive matrices for the outer electron. The power of the inner-
region basis expansion is to derive an analytical expression
for the R-Matrix, at all energies E, in terms of eigenvalues and
eigenvectors of the inner-region Hamiltonian and their basis-
function surface amplitudes,

1 _
—w(e—E)'w,

R(E) =

where e are the eigenvalues of the inner-region Hamiltonian
and w represents a matrix of eigenvectors projected onto the
surface r = ay.

Given the outer-region asymptotic channel form

Fouter - ﬁ S ;

in terms of incoming and outgoing, long-range Coulomb func-
tions f*, the scattering matrix S can be determined, thereby
yield separate wavefunctions for the initial bound state ¥; and
the final structured-continuum state Wy. The latter, by design,
include all quasi-bound resonance states, and all open con-
tinuum states, all coupled and therefore correlated acccord-
ing to the convergence reached with the given basis. The
dipole matrices D can be numerically evaluated to compute
photoabsorption (photoexcitation and photoionization) cross
sections:

dma gy

7\
3 8

(D] ¥y,

where g; and g are the statistical weights of the initial and final
states, respectively, and « is the fine-structure constant. The
above procedure is now applied to the specific sulphur ions
treated here using either the BPRM or DARC formalisms.

3.4. Breit—Pauli R-Matrix calculations

To compute the L-shell photoionization of the S+ and S**
ionic states, the BPRM method was used [51, 52]. In order

to include the important configuration interaction effects anti-
cipated, the initial and final ionic states were constructed from
linear combinations of coupled configurations of atomic orbit-
als spanned by a basis similar in principle to earlier Mg-like
S** calculations [28], or by even more recent BPRM calcu-
lations for neutral sulphur [29], neutral sodium [56], neutral
argon [57], and ionized chlorine [38]. This atomic structure
expansion is large enough to account for anticipated higher-
order electronic promotions from initial states while still being
computationally feasible.

Beginning with the $3* ground state within a single config-
uration perspective in a non-relativistic, LS- coupling scheme,
the specific processes to be considered are given as

hv +25*2p®3s*3p (*P) — 2s°2p°3s”3pnd (°S,’P,’D) ,
2522p°3s*3pns (ZS ,ZP,ZD) ,
252p°35%3pnp (ZS,ZP,ZD) .

These processes give rise to nine dominant Rydberg series
of absorption lines, or resonances, in the resultant pho-
toionization cross section. The stronger 2p — nd and
weaker 2p — ns series each converge to one of the various
2p°3p(13(SPD)) S*T* excited thresholds whereas at higher
energies the two 2s — np series converge to the 2s3p(*P) and
2s3p(!P) thresholds.

These photoexcited intermediate states, such as the
2p33s?3pnd resonances, can then, as previously noted,
autoionize to the S** continua via one of two qualitatively
different decay pathways. First there is participator Auger
decay

2p°3s%3pnd  —  2p®3sUFT03pP 48 (a+b=1),

for which the valence electron nd participates in the autoion-
ization process, therefore giving an Auger width that scales as
1/n3. The second pathway is spectator Auger decay

2p°3s%3pnd  —  2p®3s3pnd+e (a+b=1),

for which the width is independent of n and therefore broadens
the Rydberg series near threshold.

Participator Auger decay process was explicitly imple-
mented in a straightforward manner with the inclusion of
the 2p®3sU1+93p? (a4 b =1) decay channels in the stand-
ard R-Matrix theory [51, 58]. On the other hand, spectator
Auger decay was implicitly treated via an optical potential
approach [59] that introduces an imaginary potential —iI"/2
to the multichannel quantum defect scattering formulation,
where I' is the spectator Auger width that can be computed
separately or derived empirically from experimental results.
Here it was found that the Lorentzian Auger width is much less
than the broader Gaussian width due to experimental broad-
ening, so a fixed spectator Auger width I' =2 x 10~#Ryd =
2.7 meV was chosen that is much less than the Gaussian broad-
ening of ~160 meV but larger than the energy mesh step of
1.4 meV used in the final R-Matrix calculation.

For photoionization of the ST ground state, again depic-
ted from a single configuration, LS-coupled perspective, the
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following processes are relevant:

hv +25*2p®3s*3p> (°P)  —  25%2p°3s*3p’nd (°S,’P,’D) ,
2572p°3s*3p*ns (°S,’P,’D) ,
252p°3s*3pnp (’S,°P,’D) .

These absorption lines are properly included in the R-Matrix
theory to benchmark prominent resonances in the experi-
mental photoionization cross section. The subsequent parti-
cipator Auger decay processes are given by

2p°35%3p*nd  —  2p°3sUH93pH0) Lo (a4 b=1),
Whereas the spectator Auger decay channels are
20°35%3pnd  —  2p°3s"t3pPnd+e (a+b=1) .

The complete wavefunctions of the initial bound, interme-
diate quasibound, and final continuum states were constructed
from coupled configurations of both physical atomic orbitals
(1s, 25, 2p, 3s, 3p, 3d) and additional pseudoorbitals (4s, 4p,
4d) optimized to account for orbital relaxation effects caused
by the 2s or 2p vacancies. More specifically, for the S3
photoionization calculations, the 1s, 2s, 2p, and 3s physical
orbitals were obtained from a single-configuration Hartree—
Fock (HF) calculations on the S**(15225?2p%3s?) ground-
states. Additional physical 3p and 3d orbitals were generated
from frozen-core HF calculations on the $** (15225?2p®3s3p)
and (15°25%2p®3s3d) excited states. Additional 4s, 4p, and
4d pseudoorbitals were generated from a multi-configuration
Hartree—Fock (MCHEF) calculation on the inner-shell-vacancy
2p33s3p3d ionized state of S** including single and double
promotions from this configuration to other physical orbitals
and pseudoorbitals (e.g. 2p — 3p and 2p — 4p).

Similarly, for the S photoionization calculations, 1s,
2s, 2p, 3s, and 3p physical orbitals were obtained from a
single-configuration Hartree—Fock (HF) calculation on the
§3* (1s%2522p%3523p) ground-state. An additional 3d phys-
ical orbital was generated from a frozen-core HF calculation
on the $3+ (15%252p®3s23p3d) excited states. The 4s, 4p, and
4d pseudoorbitals were generated from a multi-configuration
Hartree—Fock (MCHEF) calculation on the inner-shell-vacancy
2p33s23p3d ionized state of S$** including single and double
promotions from this configuration. An additional orbital
basis of 60 R-Matrix-generated continuum orbitals were then
coupled to configurations of physical and pseudo atomic orbit-
als to make up the basis of configurations used to span the total
wavefunctions of the initial bound, intermediate quasibound,
and final continuum states. Lastly, for computing photoioniz-
ation cross sections from the metastable S+ (2p®3s3p?(*P))
and S (2p%35?3p*(' D)) states of S** and S**, respectively,
the same procedure was used as for the ground states.

The methodology detailed above for the ST and S>* ions
was also attempted for the ST ion. However, because the
complexity of the problem grew as the ionic charge was
reduced (as more electrons were added), the same orbital basis

approach, with the increased number of configurations needed
for the S ion, led to a problem that was too computation-
ally demanding on the Linux workstations available to us at
the moment. Fortunately, earlier unpublished work using the
Dirac R-Matrix approach had already been carried out on a
larger massively parallel machine, and those calculations and
results are described in the next subsection.

3.5. Dirac R-matrix calculations

To perform L-shell photo-ionization of ST which incorporates
a large number of coupled states and channels, it was neces-
sary to utilize the Dirac Atomic R-matrix (DARC) relativ-
istic parallel codes designed to run efficiently on Massive
Parallel Architectures [53]. Two types of DARC models were
employed, for the residual S>* target ion. The first utilized an
n =3 orbital basis set and the second a more elaborate model
that used an n =4 orbital basis set. In both models 12 con-
tinuum orbitals were used for the n =3 and the more diffuse
n =4 basis.

Model A used an n = 3 orbital basis, with 5 configurations
included from the valence states: 1s?25°2p®3s%3p?, 3s3p°,
3s23p3d, 3s23d>, 3s3p23d and 4 configurations from the 217*1
hole states : 1s225%2p33s?3p3, 2p°3s3p*, 2p35?3p?3d and
2p33s3p*3d. These give rise to a total 726 coupled states. In
order to fit the photoionization dynamical calculations into the
computer our target was reduced to the lowest 579 coupled
states.

Model B used an n =4 orbital basis with 10 configurations
from the valence states : 15>2s22p®3s23p?, 3s3p3, 35?3p3d,
3s23pas, 35> 3p4p, 35*3pad, 3s23d?, 35°4s%, 3s°4p?, 3s°4d? and
6 configurations from the 2p~! hole states: 15?25*2p°3s23p°,
2p33s3p*, 2p33s23p?3d. This gave rise to 619 target states.
Here again in order to fit the photoionization dynamical calcu-
lations into the computer our target was reduced to the lowest
527 coupled states.

We performed photoionization cross-section calculations in
both DARC models for photoionization out of the 4S§' s ground

state and the metastable states DS /2.3, and 2P 12,12+ Inour
calculations to fully resolve resonance features in the appro-
priate photoionization cross section the outer region electron
ion collision complex was solved using a fine energy mesh of
1.36 meV. From a direct comparison of the DARC theoretical
cross sections with the experimental photoionization data, we
estimated a best fit beam mixture of 90% *S3 /2 8% 2D° and

2% 2P°. Model A gave slightly better bound state energies and
cross sections for ST than model B for the metastable states.
The results from Model A with 579 coupled states are plotted
in figure 2, demonstrating the fairly good agreement achieved
by including the large number of levels. The bound states ener-
gies of ST are compared with NIST [46]experimental energies
in table 3. Model A generally gives a better energy agreement
as itincludes all the one- and two-electron promotions whereas
Model B contains all the one-electron promotions and a lim-
ited number of two-electron promotions only.
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Figure 2. Comparison of the DARC results from model A with the
experimental results from SOLEIL taken at a band pass of 100 meV.
The theoretical results have been convolved with a normalised
Gaussian function having a width of 100 meV and are given for a
beam mixture of 90%(*S°) + 8%(*D°) + 2%(*P°).

Table 3. Bound states of ST compared with experimental energies
from NIST [46]. A, is the percentage difference for Model A and
A, that for Model B. All energies are in Rydbergs.

ST State DARC DARC NIST

n=3 n=4

Model A Model B

E (Ry) E (Ry) E (Ry) A Ay
‘832 1.85829  1.78234 171874 8.0 3.7
D3, 171743 166384 158339 8.5 5.6
D), 171361 178202  1.58310 83 126
DY), 1.62598 166445 149525 87 113
D3, 1.61868 166387 149483 83 113

4. Results and analyses

4.1. Phosphorus sequence: S™

The measured SI, DI and TI cross sections for ST are presen-
ted in figures 3(a)—(c), respectively. Summing the SI, DI and
TI results yields the total experimental photoionisation cross
sections. These are compared as a function of photon energy,
with the energy-unshifted MCDF and DARC R-Matrix theor-
etical results, in figures 4(a)—(c), respectively. From the integ-
ration of the SI, DI and TI cross section curves in the 170—
180 eV photon energy range, we obtain intensity ratios of
DI/SI = 28% and TI/SI = 0.07%. Based on the MCDF results,
we can assign the multiple intense resonances observed in the
173-181 eV photon range to the autoionizing decay of a num-
ber of the many possible atomic states built on the 2p>3s?3p*3d
configuration. Unconstrained least-square fitting of the data of
figure 4(a) using Gaussian functions of full width at half max-
imum (FWHM) 150 meV, provides the resonance energy posi-
tions (in eV) and strength (in Mb eV). These data for the most
intense resonances are listed in table 4 configuration as well

(a)
40

(b)

Photoionisation cross section (Mb)

0.2+ -

0.0 | | 1 I I
170 175 180 185 190 195

200

Photon energy (eV)

Figure 3. Absolute photoionisation cross sections of singly ionised
(S1) sulphur measured, with a photon energy bandpass of ~

100 meV, in the (a) single ionisation (SI), (b) double ionisation (DI)
and (c) triple ionisation (TI) channels, respectively. The SI and DI
red traces are cross section values obtained at the ASTRID
synchrotron by Kristensen et al [22]. Reprinted figure with
permission from [22], Copyright (2002) by the American Physical
Society.

as their main LS character. The MCDF results indicate strong
spin—orbit mixing of different LS terms which is indicative
of departure from good LS coupling conditions and labelling,
hence the repetition of the same leading term for several of
the resonances of table 4. The oscillator strength associated
with the 2p®3s23p® — 2p°3s?3p*nd, n=4.,5,6,7 transitions
is distributed, in the 180 — 185 eV photon energy range, over
a large number of weak and mixed resonances which do not
form the distinct pattern of a Rydberg series. The photon ener-
gies corresponding to the 2p>3s>3p33> P limits are located in
the 182 — 183 eV energy gap.

Figure 4 indicates a reasonable agreement between the
measured total photoionisation cross sections and those cal-
culated within the MCDF and DARC theoretical frameworks.
This is evidenced by a favourable experiment-theory compar-
ison between both resonance energies and relative intensities
and the integrated intensity (in Mb eV) values of 36.7 (Expt),
35.0 (MCDF) and 30.7 (DARC) in the 2p — 3d/4s energy
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Figure 4. Total photoionisation cross sections of singly ionised sulphur S* in the region of the 2p threshold: (a) Experimental values
obtained in this work, (b) multiconfigurational Dirac—Fock (MCDF) theoretical theoretical values, (c) Dirac Atomic R-Matrix Codes
(DARC) theoretical values. The MCDF and DARC theoretical cross sections were convolved with a normalised Gaussian function of
FWHM 100 meV to simulate the experimental broadening of (a). The MCDF and R-Matrix theoretical intensities were scaled to account for
metastable state populations (see text).

Table 4. Comparison of experimental energies (eV) and strengths (Mb eV) with ab initio DARC and MCDF theoretical values for the most
intense S autoionising resonances belonging to the 2p°3s°3p*3d configuration.

Experiment DARC MCDF
Photon Energy Strength? Photon Energy Strength Photon Energy Strength Main LS character
176.07 1.566(4) 178.86 0.926 175.09 1.132 4D5/2
176.22 3.689(4) 179.04 5.653 175.32 4.455 4D5/2
176.36 1.718(4) 175.39 2.359 4D3/2
176.46 0.783(3) 175.46 3.021 4F5/2
176.60 5.996(11) 174.24 7.224 175.62 4.94 4D3/2
176.68 4.126(11) 179.42 4.541 175.65 3.514 4P1/2
176.85 1.109(4) 175.85 0.558 2P1/2
176.95 1.121(3) 179.52 1.655 175.98 0.880 2P1/2
177.19 1.783(3) 179.70 3.241 175.16 2.898 4D5/2

2 The number within parentheses is the uncertainty on the last digit.

region. The latter two values were deduced from synthetic
spectra obtained by summing the theoretical photoionisation
cross sections from the 4S5/, ground and 2Ds 5, 2Ds 5, 2Py 2,
2p, /2 metastable states, with weight coefficients of 0.70, 0.11,

0.17, 0.02 and 0.03, and those given in section 3.5 for the
MCDF and DARC calculations, respectively.

In the case of the MCDF results of figure 4(b), all the
resonances in the 170-190 eV photon range, were given the
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Figure 5. Absolute photoionisation cross sections of doubly ionised
(8% sulphur measured, with a photon energy bandpass of

100 meV, in the (a) single ionisation (SI) and (b) double ionisation
(DI) channels, respectively.

same Lorentzian width of 0.069 eV. This is the energy equi-
valent of a decay rate of 1.047 x 10'* s~! which was calcu-
lated to be the largest autoionisation rate of the 2p°3s?3p*3d
configuration via the 2p°3s?3p®3d — 2p®3s23p3dee spectator
Auger transition (ee represents the continuum electron).
Finally, a convolution with a normalised Gaussian function
of FWHM 100 meV to simulate the experimental broad-
ening was applied to generate the spectra of figures 4(b)
and (c).The MCDF calculations predict the photon energies
of the 252p°3s?3pnp with n = 3-7 in the 225-255 eV
photon energy range. The 2s2p®3s?3p* — 2522p33s?3p’ce
Coster—Kronig transition has the largest autoionisation rate
of the 2s2p®3s23p* configuration with a value of 1.6295 x
10" s~! = Lorentzian width of 1.073 eV. Photon energies
greater than 200 eV were not accessed during the run of ST
experiments and these theoretical predictions could not be
checked against experimental data.

4.2. Silicon sequence: S+

The measured SI and DI cross sections for S>* are presented
in figures 5(a) and (b), respectively, whilst the total experi-
mental photoionisation cross sections are compared with the
MCDF and R-Matrix theoretical results in figures 6(a)—(c).
Based on the MCDF results, we can assign the multiple intense
resonances observed in the 175-187 eV photon range to the
autoionisation decay of many atomic states belonging to the
2p33s23p?3d configuration. In this same photon energy range,
comparing figures 5 (a) and (b), we measure an intensity ratio
of DI/SI = 8%. It is noticeable that the 2p’3s?3p*3d SI and
DI resonance patterns are found at the same peak photon

energies with similar relative intensities. This is indicative
of the prevalence of correlation type effects, such as shake-
off, as the main DI physical mechanism for these resonances.
From figure 5(a), a distinct Rydberg series pattern is discern-
able with the resonances from the 2p°3s%3p?4d, 5d, 6d config-
urations found in the vicinity of the 192 eV, 196.5 eV and
198.5 eV photon energies, respectively. From figure 5(b), the
onset of 2p continuous absorption peaks around 204 eV photon
energy at the end of a step a few eV wide. This is consist-
ent with the expected structure of multiple thresholds obtained
from the 2p°3s>3p?(*P) configuration (table 2). Additional
continuum channels may, thus, be open to some of the
2p33s23p?nd Rydberg resonances lying in this energy window
which would account for the rich resonance pattern oberved
in figure 5(b). From figure 5(b), we note the prominent res-
onance corresponding to the 2s>3p>(*P) — 252p? excitations
centred near the 225 eV photon energy. The experimental pro-
file appears slightly asymmetric with a measured FWHM of
~ 2.6 eV. Coupling of the 2s(>S) spin and angular momenta
with those of the three possible terms of the 3p® (*S, 2D, 2P)
equivalent configuration yields 3Sy, Py 1 2, 3D 2 5 states and
a total of fifteen LS allowed possible resonances from the
2522p°3s?(3p* 3Py,12) LSJ ground states. The observed pro-
file is the superposition of all these resonances. Additional
strength contributions from the 2s2p®3s*(3p* 'D, and 'Sp)
metastable states have also to be taken into account (see below)
to interpret the breakdown of all the atomic states contributing
to the strength and width of the observed wide profile.

Figure 6 indicates a good agreement between the meas-
ured total photoionisation cross sections and those calculated
within the MCDF and R-Matrix theoretical frameworks. This
agreement is supported by a favourable experiment-theory
comparison between both the resonance energies and relative
intensities in the 179-240 eV region. The integrated intens-
ity values (in Mb eV) of 66.5 (Expt), 67.1 (MCDF) and 60.1
(R-Matrix) in the 179-187 eV window (i.e. the 2p — 3d
region) are also in good agreement. Figures 6(b) and (c) are
synthetic spectra obtained by summing the theoretical pho-
toionisation cross sections from the *P ground and 'D,, 'S,
metastable states, with weight coefficients of ~0.74, 0.26 and
0.07, respectively. In figure 6(b), all the resonances below
the 2p threshold (ca 205 eV) were given a Lorentzian pro-
file of FWHM 26 meV. This is the energy equivalent of a
decay rate of 3.914 x 10'3 s~! which was calculated to be the
largest autoionisation rate of the 2p’3s°3p?3d configuration
via the 2p°3s?3p?3d — 2p®3s?3dee spectator Auger transition
(ce represents the continuum electron). All the resonances
above the 2p threshold (ca 205 eV) were given a Lorentzian
profile of FWHM 838 meV. This is the energy equivalent of
a decay rate of 1.272 x 10" s~! which was calculated to be
the largest autoionisation rate of the 25s2p®3s23p> configuration
via the 2s52p%3s?3p> — 25?2p°35?3p*ce Coster—Kronig trans-
ition (ce represents the continuum electron). In those condi-
tions, the synthetic spectrum of figure 6(b) shows an overall
width of ~5 eV for the array of 2s?3p>(*P) — 2s2p> reson-
ances. This value is somewhat larger than the experimental
value of ~2.6 eV, the instrumental band pass (BP) of 0.16 eV
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Figure 6. Total photoionisation cross sections of doubly-Ionised
sulphur S2* in the region of the 2p threshold: (a) Experimental
values obtained in this work, (b) multiconfigurational Dirac—Fock
(MCDF) theoretical values, (c) R-Matrix theoretical values. The
MCDF and R-Matrix theoretical cross sections were convolved with
normalised Gaussian functions of FWHM 100 meV and 160 meV
for photon energies <215 eV and >215 eV, respectively, to simulate
the experimental broadening of (a). The MCDF and R-Matrix
theoretical energies are the ab-initio values. The MCDF and
R-Matrix theoretical intensities were scaled to account for
metastable state populations (see text).

being neglected here. The MCDF and R-Matrix theoretical
cross sections of figure 6(a) and (b) were convolved with nor-
malised Gaussian functions of FWHM 100 meV and 160 meV
for photon energies <215 eV and >215 eV, respectively, to
simulate the experimental broadening of figure 6(a).

To enable a more detailed and quantitative comparison
between experiment and the theories, a high resolution
(BP=50 meV) spectrum was recorded over the narrow 181—
183 eV photon range. This is shown in figure 7 together with
the corresponding MCDF and R-Matrix cross sections. The
theoretical curves were energy-shifted by +0.84 eV (MCDF)
and —1.55 eV (R-Matrix) to align the most intense peak res-
onances on the experimental 181.61 eV photon energy value.
Applying the relevant metastable population factors, provides
integrated strength values of 38.7 Mb eV (MCDF) and 35.0
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Figure 7. Photoionisation cross sections of doubly-ionised sulphur
$2* in the photon energy region of the 2p threshold: (a) Single
ionisation experimental values obtained in this work at high spectral
resolution (BP = 50 meV), (b) multiconfigurational Dirac—Fock
(MCDF) total cross sections theoretical values, (c) R-Matrix total
cross sections theoretical values. The MCDF and R-Matrix
theoretical cross sections were convolved with normalised Gaussian
functions of FWHM 50 meV, respectively, and scaled with
appropriate metastable population coefficients (see text), to best
mimic the experimental spectrum of figure 7(a).

Mb eV (R-Matrix) to be compared with the experimental
value of 38.6 Mb eV. We were able to perform meaningful
deconvolutions of the measured profiles in these high resolu-
tion experimental conditions, enabling us to provide estimates
for the natural width of the deconvolved resonances. The lat-
ter are shown as red traces on figure 7. The oscillator strengths
and natural widths obtained from this numerical processing
of the data are shown in table 5. The detailed agreement
between the experimental and MCDF traces of figures 7(a) and
(b), respectively, is noticeable. In the 181-183 eV window,
MCDF predicts at least fifteen resonances, very closely spaced
in energy, connecting the GS 2p®3s?3p? 3Py 12 components
(0-1 =37 meV and 1-2 = 103 meV [46]) with the numerous
2p°35?3p?3d 381, *Py 1 2, D123 states. The values of some
of the measured resonance parameters (strength and natural
width) shown in table 5 thus represent J-averaged values.
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Table 5. Photon energy E (eV), strength S (Mb eV), and natural width Iz (meV) of some ST 2p°3s>3p?3d autoionising resonances obtained
from the deconvolution of high resolution photon energy scans. The MCDF and R-Matrix ab initio resonance energy values are shifted by
+0.84 eV and —1.55 eV, respectively. The theoretical strengths are not corrected for contributions from initial metastable levels populations.

This work MCDF R-Matrix

E S I E S I 2p — 3d E S I Initial state

181.03 2.824+0.03 38+1 180.98 5.74 26 'p, - 3D,

181.34 0.66+0.22 181.37 37.82 26 IS0 — P

181.44 2.354+0.14 181.47 5.37 26 3p, —3D; 181.43 7.01 124 U))
181.53 15.59 26 3P, =D,

181.61 18.494+0.19 85+1 181.59 9.06 26 3p, 3D 181.61 28.48 49 3p
181.63 9.44 26 D, —3F; 181.65 19.62 33 D

181.71 4.91+0.15 8342 181.68 9.21 26 3p, —3p, 181.72 5.55 53 3p

182.00 0.57+0.02 25+3 181.96 2.98 26 3p, =3P

Photoionisation cross section (Mb)

I |
220 240

Photon energy (eV)

!
260

180 200 280

Figure 8. Absolute photoionisation cross sections of triply ionised
(8**) sulphur measured, with a photon energy bandpass of

100 meV, in the (a) single ionisation (SI) and (b) double ionisation
(DI) channels, respectively.

4.3. Aluminium sequence: St

The measured SI and DI cross sections for S** are presented
in figures 8(a) and (b), respectively, whilst the total experi-
mental photoionisation cross sections are compared with the
MCDF and R-Matrix theoretical results in figures 9(a)—(c).
Figure 8(a) shows that the spectrum of SI resonances is organ-
ised into clearly separated photon energy groups, each contain-
ing many narrow resonances, of marked decreasing intensity
as the photon energy increases. The first three groups observed
in the 182-190 eV, 200-203 eV and ~207-208 eV are
unambiguously attributable to the non radiative decay of the
2p33s23p3d/4s, 2p33s°3p4d/5sand 2p33s>3p5d/6s configur-
ations, respectively. Reasonably accurate measurement of res-
onance energies and strengths can be obtained from pro-
file fitting of the experimental spectra in the 2p — 3d/4s
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Figure 9. Total photoionisation cross sections of triply ionised
sulphur $** in the photon energy region of the 2p threshold: (a)
Experimental values obtained in this work, (b) multiconfigurational
Dirac—Fock (MCDF) theoretical values, (c) R-Matrix LS coupling
(black trace) and JK coupling (red trace) theoretical values. The
MCDF and R-Matrix theoretical cross sections were convolved with
normalised Gaussian functions of FWHM 100 meV, respectively, to
simulate the experimental broadening of figure 9(a).

and 2p — 4d/5s regions. The data is presented in table 6
together with detailed comparisons with the MCDF and R-
Matrix (JK coupling) results. These comparisons are based
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on visually best-matching the observed and calculated res-
onance energies and intensities and are not the results of
computer-based protocols. The 3d/4s and 4d/5s SI resonance
energy groups are retrieved in the DI spectrum of figure 8(b),
with the 4d/5s group being overall more intense than the
3d/4s group. The DI mechanism for these resonances below
the 2p threshold is similar to the case of ST discussed in
section 4.2. From figure 8(b), the 2p°3s?3p 3§ 3P 13D
threshold at 219.0 eV and width of 1.74 eV rises more
sharply than its S2+ counterpart (see figure 5(b)). The
series of 2s2p®3s?3pnp, n >3 resonances feature promin-
ently in the DI spectrum of figure 8(b) (252p®3s23p* ~
231 eV, 252p®3s23p24p ~ 261 eV, 252p®35>3pSp ~ 270 eV).
The 252p®3s?3p® ~ 231 eV resonance has a visible counter-
part (~ 2 Mb peak) in the SI cross section spectrum. We pro-
pose the following mechanisms to interpret these data. For
the DI process, the 2s vacancy decays via any of the possible
Ly —L, 3M, Coster—Kronig processes. This leaves the S** jon
with a single 2p vacancy that will then decay via L, 3 —M M,
Auger processes. The final $>* ion is now in a stable config-
uration. For the SI process, the 2s vacancy decays via any of
the possible L; —M M, resonant Auger processes, leaving the
St ion in either the stable 25?2p®3s? configuration or valence-
excited configurations that are themselves either metastable
(2522p®3p?) or allowed (2522p°®3s3p) against radiative decay.
We note that the 252p°3s23p? DI resonance feature at ~ 231 eV
exhibits the characteristically asymmetric Fano profile indic-
ating non-negligible interactions with the underlying continua.

The experimental total photoionisation cross sections are
presented and compared with the ab initio (i.e. no photon
energy shifts nor population intensity factors were applied)
MCDF and R-Matrix theoretical ones on figures 9(a)—(c),
respectively. The theoretical cross sections were convolved
with Gaussian profiles of width 100 meV and 160 meV, for
the photon energies less or greater than 220 eV, respect-
ively. The agreement between the theories and the experi-
ment appears very satisfactory in terms of reproducing cor-
rectly the main experimental spectral features as well as
their relative intensities. The integrated cross sections for the
3d/4s energy group are 102.7, 98.0 and 100.5 Mb eV for
the experiment, MCDF and R-Matrix (JK coupling) calcu-
lations, respectively. The MCDF cross sections presented in
figure 9(b) are ‘dressed’ with normalised Lorentzian profiles
of FWHM 7 meV and 582 meV for the resonances below and
above the 2p threshold, respectively. These correspond to cal-
culated autoionisation rates of 1.114 x 103 s~! and 8.845 x
10" s~! for the 2p3s*3p3d — 2p®3s3d and 252p°3s?3p* —
2522p335?3p spectator Auger and Coster—Kronig transitions,
respectively.

MCDF interprets the single resonance observed at 231.2 eV
as the blend of the total of nine possible LSJ allowed trans-
itions 2522p63S23p 2P1/2’3/2 — 252p63S23p2(3P) 2P1/2’3/2,
ZSSPZ(ID)2D3/2’5/27 2S3p2(IS)2S1/2, ie the 2522p63523p2P —
252p%35s?3p%2P,>D,>S multiplet. The energy and strength
details for each of the nine resonances are given in table 6.
As the experimentally observed cross section profile is that
of the (unresolved) multiplet, it can be parametrised follow-
ing the approach described in [60] and, thus compared, with
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Figure 10. Total experimental photoionisation cross sections near
the 2p threshold (indicated by a short vertical bar) for the isonuclear
series ST, §2F, §3*, §4F, $5+. The insert shows the total 2p — 3d
oscillator strength obtained from the integration of these plots
(except $°T), over the 2p — 3d photon energy range, as a function
of the ionic charge.

the multiplet averaged values predicted by theory. The Fano
Cooper parametrisation, using the notation given in [60] gives
the following values (the BP of 0.1 eV is neglected through-
out): 0. =3.04 Mb, p> =724 x 1072, T =137 eV, Eg =
231.19eV and g = —4.24. The 0.(p*q?) /(1 + €?) profile, with
€ = (E — Eg)/ 3T the reduced energy, represents the intrinsic,
Lorentz shaped, profile of an autoionising line, unaffected by
interference (refer to [60] for details) and would, thus, be dir-
ectly comparable with the MCDF predictions. The integra-
tion over energy of this profile gives an oscillator strength of
~ 0.078 which compares favourably with the R-Matrix value
of ~ 0.09 obtained from numerical integration of figure 9(c)
and therefore comprises the effect of spectral repulsion in addi-
tion to the Lorentzian contribution. The agreement with the
MCDF multiplet averaged value of 0.19 appears somewhat
less satisfactory being twice as large as the experimental value.

4.4. Isonuclear comparison of S*, 82+, 83+, g4+, g6+

In figure 10, we present the behaviour of the total photoionisa-
tion cross sections for the ions of the St, §2t, §3+, §** iso-
nuclear series, in the region of their respective 2p thresholds,
together with that of S in the same energy region. The
2p° 2Py /2 3> ionisation thresholds of the Ne-like S°* ion have
energies of 281.0 and 282.2 eV [46], respectively. Thus, the
data shown on figure 10 for the S°* ion is not direct photoion-
isation from the 2p°® 'Sy GS, but rather from 2p°3s excited
states, similar to the previous case of Si** [61]. The S$**
data shown on figure 10 were obtained with the help of the
same experimental set up as used in the present work and
have been published separately in [28]. The 2p — 3d oscillator
strength (= f,,34) obtained from the integration of the ST,
§%+, §3%, and $** total cross section plots, over the 2p — 3d
photon energy range, is shown in the insert of figure 10 as
a function of the ionic charge (1 for ST, 2 for §?*, etc).
The f;,_.34 is seen to increase linearly with increasing ionic
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Table 6. Photon energy E (eV), strength S (Mb eV), and natural width I, (meV) of some S*+ 2p3s?3p3d, 2p°35*3p4dd and 252p®35?3p*
autoionising resonances. The MCDF and R-Matrix ab initio resonance energy values are unshifted. The theoretical strengths are not
corrected for contributions from initial metastable levels populations.

This work MCDF R-Matrix (JK coupling)
E? St E S 2P1/2’3/2 — ZS+1L] E S V3 2P1/273/2 Initial State

2p — 3d excitations

180.916(2) 1.02(2)
184.631(1) 2.34(3) 184.94 1.63 3/2 %P3,
185.112(1) 1.85(4)
186.048(1) 1.15(3)
186.143(1) 2.44(3)

186.233(1) 2.77(3) 186.20 7.38 3/2 = D5

186.425(1) 5.21(2) 186.34 13.40 3/2 = Ds 187.63 8.99 20 3/2
186.525(1) 4.27(3) 186.37 13.08 1/2—=2D3,

186.645(1) 2.22(2) 186.60 7.83 1/2 %D

186.772(0) 2.97(2) 186.70 4.85 1/2 =Dy

187.025(2) 1.05(2) 186.97 2.56 3/2 Dy 188.46 1.82 11 32
187.128(1) 2.15(2) 187.07 3.14 3/2 %P1

187.344(0) 3.53(2) 187.36 9.52 1/2 %D 188.58 17.6 11 12
187.459(0) 2.94(2)

187.612(1) 1.00(2)

187.755(1) 3.07(2) 187.62 7.95 3/2— D5 189.11 8.78 47 32
187.863(1) 3.53(2) 188.20 12.4 3/2—Ds) 189.26 7.75 59 32
188.294(1) 1.25(2) 188.32 2.97 3/2 D5 189.53 3.68 39 12
188.418(1) 1.61(2) 188.39 3.06 3/2-2P ) 189.81 331 7 12
188.574(1) 1.77(2) 188.41 2.66 3/2 D3 190.12 2.90 4 32
188.684(1) 1.97(3) 188.50 8.75 1/2-2P ),

188.778(1) 3.06(3) 188.52 10.8 1/2 ;) 190.19 5.84 11 32
188.966(0) 4.40(2) 190.48 12.3 20 12
189.093(1) 1.93(5)

189.164(2) 1.55(5)

189.472(1) 2.66(2) 190.91 1.73 4 32
189.589(1) 2.87(2) 191.04 2.74 2 32
189.726(0) 3.30(2) 189.61 3.78 3/2%,,, 191.33 5.28 17 32
189.855(1) 1.93(2)

190.018(1) 2.94(2) 191.59 433 50 32
190.125(1) 1.712) 191.69 3.87 43 32
190.441(1) 0.98(1) 190.59 3.80 3/2— s 191.91 2.36 30 32
191.020(1) 1.50(2) 192.28 4.41 17 32

2p — 4d excitations

201.455(1) 2.90(4) 201.56 1.94 3/2 — s

201.560(2) 1.42(3) 201.71 1.55 3/2 D3

201.927(2) 1.58(3) 201.82 2.83 1/2=2D3,,

202.075(2) 1.846(6) 201.88 1.65 3/2 %P3, 205.82 5.08 4 12
202.168(3) 1.54(5)

202.270(2) 1.48(4) 202.43 2.95 1/2 = *F3)

202.891(2) 3.21(4) 202.72 2.30 3/2— s

202.982(1) 3.27(3) 206.38 8.66 6 12
203.117(1) 1.892) 206.67 4.49 4 12

(Continued.)
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Table 6. (Continued.)

203.228(1) 1.33(3)
203.46(1) 2.30(1) 203.47 1.54 3/2— Fs) 206.73 2.24 5 312
203.35(1) 1.42(3)
2s — 3p excitations
231.2(1) 230.53 2.22 3/2— %P1
230.62 10.96 3/2— %P3
230.64 9.23 1/2 2P
230.74 5.24 1/2—P3),
231.61 6.83 3/2—Ds) 231.1 312
231.61 1.13 3/2— D5
231.73 6.74 1/2 2Dy 231.2 12
234.47 1.38 1/2 7281,
234.59 1.55 3/2— 1)

2 The number within parentheses is the uncertainty on the last digit.

charge with a slope of ~0.25 per unit charge. Increased con-
figuration interaction effects engaging more electron subshells
[36] together with changing electron screening effects as the
ionicity increases are likely causes for the observed beha-
viour. Since the fy, ;34 = 0.696 [62] for the last member of
the isonuclear sequence, i.e. the H-like S5t jon, then the
complete graph for the sequence must possess a maximum.
We note that for the filled 2p subshell of the neon-like S6*
ion, the 9.40 x 10''s~! radiative rate of the non-autoionising
2p5 3d'P, — 2p6 1S, transition at 206.09 eV [46] converts to a
value of fy, 3, = 1.53 which one would expect to be close to
the maximum value.

5. Conclusions

The absolute photoionisation cross sections of the ST, S2+,
$3* ions have been measured in the region of their 2p~'/2s~!
thresholds using the merged-beam technique on the MAIA
apparatus at the SOLEIL synchrotron radiation facility. Rich
and complex resonant structures arising primarily from the
decay of 2p excited configurations were observed for all three
spectra up to and including the photon energies of the 2p
thresholds. With three open subshells the calculation of such
resonance series presents a considerable challenge to atomic
theories.

Extensive multiconfiguration Dirac—Fock, Breit—Pauli R-
Matrix and Dirac R-Matrix theoretical cross section calcula-
tions were carried out. Our results show that the MCDF and
R-Matrix (RMAT) approaches both provide useful insight into
the interpretation of the experimental results. Both theoretical
approaches show good agreement in terms of the integrated
cross section (oscillator strength) for the L-excitation region.
MCDF shows quite good detailed agreement with the experi-
mental 2p resonances while RMAT provides better insight into
the strongly autoionising 2s excitations. In order to satisfact-
orily model the experimental data it was necessary to include
many coupled states and channels in the calculations, for both
the ground and low-lying metastable states.

To compare the theoretical data with the experimental res-
ults, systematic energy shifts were required. Systematic energy

shifts between the predictions of theoretical resonance pos-
itions and experimental results are not unexpected, see e.g.
[38]. In either the MCDF or the R-Matrix calculations, the cal-
culated resonant photon energies equal the difference between
the computed quasi-bound, or resonance, state and the com-
puted initial ground state. These absolute energies in either
the MCDF or RMAT calculations are subject to the variational
principle, in that they are an overestimate for any incomplete
basis description. A particular calculation can either correlate
the initial state more than the resonant quasi-bound state, as is
the case with the RMAT calculations, leading to an overestim-
ate of the true photon energy, or correlate the initial state less
compared to the resonant state, giving an underestimate of the
true photon energy. The R-Matrix method is particularly suited
for allowing large configuration expansions for the single ini-
tial ground state, hence the difference between RMAT and
MCDEF. Why one converges either the ground or resonance
state more or less is a matter of the ‘in-completeness’ of the
basis set for both states and is not easy to quantify. The exist-
ence of such systematic shifts further emphasises the import-
ance of experimental benchmarking for even the most sophist-
icated theoretical models.
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available at the following URL: https://doras.dcu.ie/30755/
[63].
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