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Abstract: Measurements of the absolute photoionization cross sections for the magnesium-like Cl5+ 20 
ion are reported, over the 190-370 eV photon energy range corresponding to the L-shell (2s and 2p 21 
subshells) excitation regime. The experiments were performed with the Multi-Analysis Ion Appa- 22 
ratus (MAIA) on the PLÉIADES beamline at the SOLEIL synchrotron radiation storage ring facili- 23 
ty. Single and double ionization ion yields produced by photoionization of the 2p subshell of the 24 
Cl5+ ion from the 2p63s2 1S0 ground state and the 2p63s3p 3P0,1,2 metastable levels were observed, as 25 
well as 2s excitations. Theoretical calculations of the photoionization cross sections using the Multi- 26 
Configuration Dirac-Fock and R-matrix approaches were carried out and the results are compared 27 
with the experimental data. The Cl5+ results are examined within the overall evolution of L-shell 28 
excitation for the early members of the Mg-like isoelectronic sequence (Mg, Al+, Si2+, S4+, Cl5+). 29 
Characteristic photon energies for P3+ are estimated by interpolation. 30 

Keywords: Photoionization; Atomic data; Inner-shell excitation; Chlorine ion 31 
 32 

1. Introduction 33 
Photon driven excitation and ionization along the magnesium isoelectronic 34 

sequence have long been of interest for experimental and theoretical investigations [e.g. 35 
1–18]. This is not surprising, given the nature of magnesium-like systems with their 36 
simple closed-subshell ground state configuration 2p63s2. The 1S0 ground state tends to 37 
make it a relatively stable ion configuration in many plasma environments and, on that 38 
basis, from a theoretical point of view, photoionization calculations should focus mainly 39 
on the effects of excited state configurations. However, this ideal picture largely fails in 40 
practice, as electron correlations, e.g. two-electron excitations, turn out to be extremely 41 
important in this system, leading to a significant departure from the simple one-electron 42 
excitation picture. Many early investigations concentrating on the first ionization 43 
threshold energy region highlighted the complexity of such electron interactions, along 44 
with consequent demands on appropriate theories, see e.g. [17] and references therein. 45 
As short wavelength photon interactions lead to inner-shell excitations, which couple 46 
with multiple-excitations of the valence electrons, photoionization calculations become 47 
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even more challenging, due to the increased number of unfilled (sub)shells. Reliable 48 
photoionization laboratory investigations of magnesium-like ions in the inner-shell 49 
excitation photon energy regime are therefore of continuing interest as they provide 50 
stringent benchmarking opportunities for different theoretical approaches.  51 

Experimental and theoretical investigations of the photoionization of free atomic 52 
ions are becoming ever more important, stimulated as they are by the abundant data 53 
obtained from x-ray satellite observatories such as Chandra and XMM-Newton. Future 54 
space missions such as XRISM and Athena promise even greater sensitivity and higher 55 
spectral resolution. Optimising the value of astrophysical spectral observations, and the 56 
concomitant provision of greater physical insights, require improved theoretical 57 
modelling and simulation of astrophysical plasma environments. The latter rely on 58 
fundamental atomic data of the type provided by ongoing systematic and 59 
complementary experimental and theoretical investigations of the interaction of ionizing 60 
photons with free atomic ions. This is evidenced by the recent growth in laboratory 61 
astrophysics initiatives and associated data banks [19–24].  62 

In the absence of experimental results, much of the atomic photoionization data 63 
exploited in modelling ionized environments has to rely on atomic physics calculations. 64 
Investigations of isoelectronic magnesium-like ions (twelve bound electrons) provide 65 
one important avenue for calibration of different theoretical approaches. Along the 66 
isoelectronic sequence from neutral magnesium through Al+, Si2+, P3+, S4+ and Cl5+ ions, 67 
the increasing core charge leads to significant changes in the relative effects of the 68 
nuclear charge versus electron-electron interactions on the photoionization properties. 69 
The sequence provides an ideal case study to examine the ability of theoretical models to 70 
predict and interpret these changes, which involve level crossing and plunging 71 
configurations [17]. 72 

Plasma-based light source experiments were successful in recording resonances and 73 
ionization thresholds for early members of the magnesium sequence for both ground 74 
and excited states, see, for example [1,5-7,25]. The biggest step, however, in the 75 
systematic investigation of the inner-shell photoionization of positive ions in general, 76 
has resulted from dedicated merged photon-ion beam facilities at synchrotron radiation 77 
storage rings, notably Daresbury (UK), SuperACO and later SOLEIL (France), ASTRID 78 
(Denmark), ALS (USA) and PETRA III (Germany), see e.g. [26–30] and references therein. 79 
The great advantage of such merged beam experiments is that they isolate specific ion 80 
stages and allow quantitative results to be obtained at high spectral resolution, often 81 
resulting in absolute cross sections for different ionization channels and thereby 82 
providing the highest quality fundamental data for atomic and plasma modelling and 83 
for benchmarking of the most advanced atomic theories. 84 

Absolute cross sections for L-shell ( 2𝑠  and 2𝑝 ) photoionization along the 85 
magnesium series have been previously obtained through synchrotron radiation based 86 
merged-beam experiments for Al+ [9,31], Si2+ [10], S4+ [18] and Fe14+ [32], the latter being 87 
produced in an electron beam ion trap. These experiments have been complemented by 88 
various theoretical investigations which interpret the evolution of the observed 89 
resonances in the early part of the sequence and show that considerable changes in the 90 
relative intensities and positions of resonances take place as the core charge increases 91 
along the sequence. The L-shell single and double photoionization cross sections of 92 
magnesium itself have been studied extensively using synchrotron radiation in high 93 
resolution experiments, but only on a relative scale, see  [16] and references therein.  94 

The next member of the sequence is Cl5+. Chlorine is an extremely reactive element, 95 
appearing in many gaseous, liquid and solid molecular forms of considerable scientific 96 
and industrial significance. Like all halogens it is strongly oxidizing, being one electron 97 
short of the neighbouring inert gas configuration. Chlorine ions play key roles in many 98 
terrestrial and astrophysical environments where understanding their interaction with 99 
radiation is important [33–38]. 100 
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We report here the first study of L-shell photoionization of magnesium-like Cl5+ for 101 
photon energies between 190 and 370 eV, straddling the 2s and 2p inner-shell excitation 102 
regimes. It is interesting to compare the successes of the Multi-Configuration Dirac Fock 103 
(MCDF) and the R-matrix theoretical treatments for Cl5+ , to the success of the previous 104 
analogous treatments for S4+ [18]. Our results provide experimental absolute 105 
photoionization cross sections for Cl5+, a comparison with the theoretical predictions of 106 
both MCDF and R-matrix approaches and an insight on the evolution along the 107 
isoelectronic sequence from Al+ to Cl5+. To our knowledge, no such photoionization data 108 
for P3+ is available in the open literature. From the observed trends along the sequence, 109 
we estimated the values of some relevant characteristic energies for P3+. 110 

2. Experimental Details 111 
The experimental results for Cl5+ reported here were obtained at the dedicated 112 

merged photon-ion apparatus MAIA (Multi-Analysis Ion Apparatus) on the ultra-high 113 
resolution soft x-ray (10 eV to 1 keV photons) PLÉIADES beamline at SOLEIL. Well 114 
characterized synchrotron photon and ion beams overlap, and the resulting photoioniza- 115 
tion ions are selectively measured, providing cross section information for the different 116 
ionization channels. An advantage of working with ions over neutral species is that the 117 
number density in the overlap region can be determined, enabling absolute cross sec- 118 
tions to be measured. A comprehensive description of MAIA, and how absolute pho- 119 
toionization cross section results may be determined, is provided in [26]. Here we pro- 120 
vide a shorter description to include the specific experimental parameters used for the 121 
Cl5+ investigations.  122 

HCl gas was introduced into an Electron Cyclotron Resonance (ECR) ion source in 123 
order to generate chlorine ions. Cl5+ ions were extracted and accelerated by an applied 124 
potential difference of -4kV and guided, by a 900 bending magnet, into the overlap re- 125 
gion to meet the counter-propagating synchrotron radiation beam. An input power of 32 126 
W at 12.36 GHz was used to optimize the production of Cl5+ ions. The magnetic filter en- 127 
abled the selection of the most abundant 35Cl5+ isotope. The ion current, measured in a 128 
Faraday cup placed after the magnet exit, was of the order of 10 µA. This beam was then 129 
focused and shaped to match the size of the counter propagating photon beam. The re- 130 
maining current of ions interacting with the photons was typically of the order of 300 131 
nA. The length of the interaction region was determined by a 57 cm long tube placed in 132 
the path of the two beams and polarized at a voltage of -2kV. Three transverse profilers, 133 
located respectively at the center and both ends of this pipe, allowed measurement of 134 
the overlap of the photon beam and the ion beam; a Form Factor [26] of 32000 m-1 was 135 
reached. The primary ion beam current was measured after the interaction region by 136 
means of a Faraday cup, while the photoionized ions, either singly ionized Cl6+ or dou- 137 
bly ionized Cl7+, were separated from the primary Cl5+ beam by a second dipole magnet, 138 
selected in speed by an electrostatic analyzer, and measured with a microchannel-plate 139 
detector coupled to a counter. A photon chopper was used to subtract the contribution 140 
of ions produced by collisions in the residual gas (background pressure of 1.5×10-9 mbar) 141 
to the Cl6+ or Cl7+ signal. The photon beam flux was monitored by a calibrated photodi- 142 
ode and a typical current of  ~100 µA at 195 eV photon energy and 150 meV bandwidth 143 
was measured. Knowing the photodiode current, the Cl5+ ion current, the form Factor 144 
characterizing the overlap of the two beam, the length of the interaction region, the ion 145 
speed, and the efficiencies of the photodiode and channel-plate detectors, and recording 146 
the Cl6+ and the Cl7+ signals as functions of the photon energy, allowed the determination 147 
of the single and double absolute photoionization cross sections of the Cl5+ ions. During 148 
the Cl5+ experiments, SOLEIL was operated with a current of 450 mA. Circular left polar- 149 
ization, the one delivering the highest flux in the photon range of interest, was used. The 150 
photon energy, corrected for the Doppler shift due to the ion velocity, was calibrated by 151 
the use of a gas cell containing argon, where the 2p3/2->4s transition in argon at 244.39 eV 152 
[39] was measured. The energy uncertainties are of the order of 20 meV but vary depend- 153 
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ing on the resonance (see Tables). The total uncertainty of the measured cross sections is 154 
estimated to be not greater than 15% and is mostly due to the combined effects of the in- 155 
accuracy of the determination of the beam overlaps (the Form Factor), the detector effi- 156 
ciency and the photon flux. 157 

The heating microwaves interact directly with electrons in the ion source through 158 
the ECR mechanism and a complicated range of processes involving energetic electrons 159 
are responsible for the production of the ions. The detailed electron energy distribution 160 
is not known and the ECR ion source plasma is not in equilibrium [40]. A well-recognised 161 
result is that in the merged beam technique the ions in the interaction region can often 162 
exist in excited states as well as the ground state [26-30]. The population of excited levels 163 
depends on their lifetimes and whether they survive the journey from the source into the 164 
interaction region. In general, this can be the case for metastable levels, some of which 165 
can have relatively long lifetimes. We will see below how the issue of excited states for 166 
the specific case of magnesium-like ions can be satisfactorily resolved. 167 

3. Theoretical details 168 
For the recent analogous investigations of photoionization of S4+ we used two quite 169 

disparate theoretical approaches, MCDF and R-matrix theory [18]. We use the same 170 
methods to predict and interpret the new Cl5+ results presented here. While long 171 
established and used for the calculation of many photoionization cross sections for a 172 
wide variety of ion species, both methods are being continuously reviewed and 173 
improved. In the MCDF approach the twelve electron magnesium-like ion is tackled 174 
directly and the quality of the results depends critically on including the most relevant 175 
electron configurations, this being the subject to calculational limitations. The R-matrix 176 
approach treats the magnesium-like challenge as a problem of an incident electron 177 
scattering off the eleven electron sodium-like ion. The quality of the final overall results 178 
of course therefore depends on the accuracy of the intermediate target description. In 179 
many cases some of the thresholds of the target system are already known and this 180 
information can be used to help in the R-matrix approach. This was indeed the case for 181 
S4+ [18] but not for Cl5+. It is, therefore, interesting to see how the R-matrix code works 182 
for the latter when compared to the former. Because of the similarity of the 183 
computations for the Cl5+ system to those previously carried out for the S4+ ion, we here 184 
provide only brief descriptions for the R-matrix and MCDF calculations. Both length and 185 
velocity gauge calculations were carried out, using both approaches, and always show 186 
very satisfactory agreement. On that basis, for the sake of brevity, only the length gauge 187 
results are presented in this paper. 188 

In order to focus on the problem at hand, viz. the L-shell photoionization of Cl5+ 189 
and its behaviour along the beginning of the magnesium sequence, we do not provide 190 
here lengthy mathematical descriptions to support the fundamental aspects of the 191 
theoretical descriptions. Only the most important details, i.e. those specific to the case of 192 
Cl5+ are provided. We invite the reader interested in the more fundamental and 193 
mathematical aspects of the MCDF and R-matrix theories to check the following recent 194 
references that will provide didactic descriptors, as well extensive lists of anterior 195 
references: [41,42] for MCDF and [43–45] for R-Matrix. 196 

 197 
3.1. R-Matrix calculations 198 

The calculational convenience of transitioning from Mg-like S4+ to Cl5+ is that the 199 
electronic orbital and configuration descriptions are the same once proper Z-scaling is 200 
accounted for. Previous R-matrix calculations for S4+ have been described in detail 201 
[18,45,46], and the change for the new calculations on Cl5+ simply amounts to adding one 202 
more proton to the nucleus, keeping the same number of electrons. Indeed, from simple 203 
Z-scaling of the radial coordinate 𝜌 = 𝑍𝑟, the radial orbital	𝑃(𝜌) → 𝑍!/#𝑃(𝑟), and the 204 
cross section 𝜎(𝑍) ∼ 𝜎(1)/𝑍#, the plots of the corresponding radial orbitals 𝑃(𝑟) (shown 205 
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in Figure 1) and resultant photoabsorption cross sections are both remarkably similar. 206 
The Z-scaling also leads naturally to a reduction in the electron correlation effect, 207 
manifested via the electron-electron repulsion 1/|𝑟!222⃗ − 𝑟#222⃗ | that scales as 1/𝑍 and becomes 208 
less significant at higher 𝑍 , therefore Cl5+ is expected to show a more hydrogenic 209 
structure than S4+. This behaviour is seen from Figure 1 where both sets of orbitals 210 
exhibit very similar patterns with a slightly greater localisation of the orbitals near the 211 
nuclear core for Cl5+. 212 

For the present Cl5+ work, the main series considered within the R-matrix 213 
formulation are the 2s22p63l channels of Cl6+ and the 2s22p53s3l and 2s22p53s2 inner-shell 214 
channels.  Note that again, as for S4+, the 2s2p63s3p channels are omitted to keep the 215 
computation tractable; this means that certain weak resonances will be absent that are 216 
seen in the MCDF results. Nevertheless, the main 2p → nd Rydberg resonance series are 217 
well featured in the computed end results, and the weaker, interspersed 2p → (n+1)s 218 
series and 2s → np series at higher photon energy are also included. 219 

 220 

 221 
Figure 1. Plots of radial orbitals 𝑃!"(𝑟)	as a function of the radial coordinate 𝑟 (in atomic units) 222 
used in the present R-matrix calculations. The same orbitals are plotted using the same colour 223 
code for both S4+ and Cl5+. 224 

As can never be overstated, the primary source of uncertainty in any R-matrix 225 
calculation, which is based on a variational principle, is due to a lack of convergence in 226 
the initial and/or final state energies, leading to a corresponding non-convergence of the 227 
photon transition energies. In order to simplify the comparison, we present ab initio 228 
results for Cl5+, rather than use certain empirical energy information [48], knowing in 229 
advance that certain energy shifts are required to align with experimental results.  230 
Additionally, the R-matrix results are preconvolved with a resonance width of	 231 
𝛤$%&'()(*+ = 2.5 × 10,-Ryd for the spectator Auger decay process in order to ensure full 232 
resolution of the various infinite Rydberg series of otherwise narrowing resonances 233 
(𝛤%)+(.'.%)(*+ ∼ 1/𝑛-).  𝛤%)+(.'.%)(*+ refers to the width of the participator Auger decay in 234 
which the initially photon-excited electron engages in the Auger process whereas it does 235 
not in the spectator Auger decay. 236 

As a final note, the R-matrix method does include the Fano interference [49] 237 
between direct photoionization and indirect photoexcitation-autoionization, and thus 238 
asymmetric profiles can be revealed in general. This is in contrast to perturbative 239 
methods, such as the MCDF method, where the resonance is treated as a single final 240 
state, giving a Breit-Wigner (symmetric Lorentzian)  resonance profile added 241 
incoherently to the (uncoupled) smooth background photoionization cross section. 242 
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Hence, the asymmetric profile of the experimental results of, most prominently, the 2s → 243 
np Rydberg series can only be reproduced by the R-matrix calculations here. 244 

  245 
3.2. MCDF calculations 246 

An updated version of the MCDF code developed by Bruneau [50] has been used to 247 
compute the relevant photoexcitation and photoionization cross sections. Calculations 248 
have been performed using a full intermediate coupling scheme in a jj basis set. 249 
Calculations were restricted to electric dipole transitions using both the Coulomb and 250 
the Babushkin gauges which correspond to the velocity and the length form of the 251 
electric dipole operator in the non-relativistic limit, respectively [51]. Preliminary 252 
calculations were performed to compute a set of one-electron wave functions resulting 253 
from the energy minimization of the Slater transition state [52] using the following 254 
configurations set: [Ne]3snl, [Ne]3s, and [F]3s2, and [He]2s2p63s2, where n = 3,…7 and l = 255 
s,p,d and where [He], [F], and [Ne] mean 1s2, 1s22s22p5, and 1s22s22p6, respectively. This 256 
one-electron wave function set (OWFS) was used to calculate the 2s and 2p 257 
photoexcitation cross sections from the 1S0 level of the [Ne]3s2 ground configuration and 258 
from the 3P0,1,2 metastable levels of the [Ne]3s3p configuration. Concerning the 259 
photoexcitation cross sections from the ground level, the following photo-excited 260 
configurations were retained: [F]3s23d, [F]3s3p2, [F]3s2n’l’, and [He]2s2p63s2nd, where n’ 261 
= 4,…, 7 and l’ = s, d. For the photoexcitation cross sections from the [Ne]3s3p 3P0, 1, 2 262 
metastable levels, the photo-excited configurations retained were : [F]3s23p, [F]3s3p3d, 263 
[F]3s3pn’l’, [He]2s2p63s3p2, and [He]2s2p63s3pn’p. The initial OWFS has been also used 264 
to compute autoionization rates for [F]3s23d and [F]3s23p/3s3p3d levels photoexcited 265 
from the [Ne]3s2 1S0 ground level and the [Ne]3s3p 3P0, 1, 2 metastable levels, respectively. 266 
The largest calculated autoionization rates were found for the [F]3s23d 1P1 and 3P1 excited 267 
levels, with corresponding Auger widths equal to 86 and 92 meV, respectively. The 268 
Auger widths for the [F]3s23p excited levels are all lower than 3.6 meV. The direct 2p 269 
and 3s photoionization cross sections have been calculated also using the initial OWFS 270 
for the [Ne]3s2 1S0 and [Ne]3s3p 3P0,1,2 initial levels. The 3p photoionization cross sections 271 
were also computed for the [Ne]3s3p 3P0, 1, 2 levels. 272 
 273 
4. Results 274 
4.1 L-shell photoionization of Cl5+ 275 
We now present the results for single and double ionization of Cl5+ ions over the photon 276 
energy range corresponding to L-shell excitations (both 2s and 2p). Figure 2 shows a 277 
schematic energy level diagram indicating some of the main ionization pathways due to 278 
photon absorption in the L-shell excitation regime. In particular it shows excitation from 279 
the ground 2p63s2 1S, and the metastable 2p63s3p 3P levels which lie just over 12 eV 280 
above the ground state (the vertical upward lines indicate photoabsorption). The final 281 
inner-shell excited states shown lying above ~ 211 eV then give rise to Auger decay 282 
resonances in the photoionization cross section, which can interact with the underlying 283 
direct photoionization process and the downward dotted arrows illustrate the ensuing 284 
production of either Cl6+ or Cl7+ ions due such non-radiative decay process(es) of the 285 
original 2p vacancy. 286 
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 287 
Figure 2. Schematic energy level diagram for Cl5+ showing excitation energies and ionization 288 
thresholds. The vertical solid and dashed lines indicate absorption pathways for synchrotron radi- 289 
ation (SR) photons, starting respectively from the ground level 3s2 1S and the metastable 3s3p 3P 290 
levels. The dotted lines show how the inner shell excitations lead to single ionization (Cl6+) or dou- 291 
ble ionization (Cl7+) channels.  292 

Figure 3 shows the measured photoionization cross section over the photon energy 293 
region from 190 to 370 eV. The 285 - 320 eV photon region was not scanned as 294 
resonances were not expected in this interval. All cross sections between 190 and 285 eV 295 
were measured in the very dominant single ionization (SI) channel and all the cross 296 
sections above 326 eV were measured in the double ionization (DI) channel (which 297 
becomes the dominant channel above the 2p-1 ionization limit). We also show the results 298 
of the ab initio MCDF and R-matrix calculations where the theoretically predicted 299 
resonances are folded with the experimentally determined bandpasses for the different 300 
spectral regions. Because of the weakness of the resonances near 200 eV and those above 301 
320 eV, their cross sections (both experimental and theoretical) are multiplied by a factor 302 
of ten which accounts for the apparent vertical displacements of the cross sections on the 303 
right hand side of figure 3. 304 

 305 
Figure 3. Photoionization cross section data measured (black trace) and calculated using the R- 306 
matrix and MCDF theories (red and blue traces, respectively) for Cl5+ for photon energies lying be- 307 
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tween 190 and 370 eV. The experimental data (labelled Exp.) is the single ionization below the 308 
photon energy of 300 eV and the double ionization above the photon energy of 300 eV. The region 309 
around 200 eV corresponds with 2p-excitations from the metastable 2p63s3p 3P levels. The reso- 310 
nances lying to higher photon energies arise predominantly from 2p (and 2s) excitations from the 311 
ground state 2p63s2 1S0 level. The cross section values in both the 200 eV and above 320 eV regions 312 
are × 10, in order to enhance visibility. 313 

We first discuss how we estimate the contribution of metastable levels to the 314 
overall photoionization cross section. We then analyse the experimental cross section in 315 
comparison with the MCDF and R-matrix predictions, in separate contiguous energy 316 
regions corresponding to changing photon interaction processes and taking into account 317 
the contribution due to the metastable levels. 318 

   319 
4.1.1. Metastable resonance region 320 

The importance of the contribution of metastable levels to photoabsorption of 321 
plasmas containing magnesium-like ions was recognised in some early dual laser- 322 
produced plasma experiments [6], which showed that for Mg, Al+ and Si2+ the resonances 323 
arising from the 2p63s3p 3P levels appear in a separate photon energy region to the 324 
resonances arising from the ground state [5,7]. This feature allows an estimation of the 325 
metastable states population fractions by comparing the theoretically predicted cross 326 
sections from these states with the measured ones at those photon energies. Similar 327 
advantageous behaviour was observed for S4+ [18] and is again the case for the current 328 
Cl5+ results.  329 

 330 
Figure 4. Experimental (single ionization) and scaled theoretical photoionization cross sections of 331 
Cl5+ in the 195 - 201 eV photon region. The observed resonance structure corresponds to 2p excita- 332 
tions from the metastable 2p63s3p 3P  to  2p53s23p 3S, 3P, 3D levels. The relative ground and 2p63s3p 333 
3P metastable level populations are derived from fitting the theoretical MCDF (blue) and R-matrix 334 
(red) cross sections -shown here after convolution with a Gaussian profile of 110 meV FWHM and 335 
shifted by -0.54 eV meV and -0.64 meV, respectively, to the experimental data (black line with su- 336 
perimposed statistical error bars).  337 

In Figure 3, the photoionization resonances arising from excitation from the 3P 338 
metastable levels (2p63s3p 3P → 2p53s23p 3S, 3P, 3D) can be seen in the 195-201 eV photon 339 
energy region, well separated from the ground state resonances lying above 220 eV 340 
photon energy. We can estimate the relative populations of the metastable levels by 341 
comparing the experimental data to the MCDF and R-matrix predicted cross sections. 342 
Figure 4 shows in detail the measured cross section due to the metastable levels and the 343 
comparative cross sections from both MCDF (blue line) and R-matrix (red line) 344 
calculations. The detailed comparison of the relative strengths of the individual 345 
resonances is determined by the relative populations of the individual 3P0,1,2 J-levels and 346 
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the summation of the cross section over all the resonances depends on the relative 347 
metastable to ground state ratio. The best fit of the theoretical to experimental data 348 
implies relative populations of 77% 1S0 + 4% 3P0 + 1% 3P1 + 18% 3P2. As was the case for 349 
S4+, the very low contribution of the 2p63s3p 3P1 state is readily explained by its E1 350 
radiative decay lifetime of ~ 2.6 µs [53] which contributes to significantly repopulating 351 
the ground state by the time the fast (3.23×105 ms-1) Cl5+ sample ions reach the interaction 352 
zone. These relative population factors are used in all future figures where we compare 353 
the experimental data with the theoretical predictions.  354 

It should be noted that in comparing the experimental data of Figure 4 to theory, 355 
the ab initio MCDF predictions were shifted by -0.54 eV and the ab initio R-matrix results 356 
were shifted by -0.64 eV. The integrated cross sections over the metastable resonances, 357 
taking into account the relative populations, were: Experimental (2.9 ± 0.4 Mb.eV), 358 
MCDF (2.36 Mb.eV), R-matrix (2.91 Mb.eV). In Table 1, we show experimental and 359 
theoretical (both R-matrix and MCDF) resonance energies, together with resonance line 360 
strengths (cross section integrated over a single resonance profile) and assignments, for 361 
the structures in the 195 eV to 200 eV photon energy region arising from inner-shell 362 
excitations of the valence-excited metastable 3P levels. The assignments are based on best 363 
intensity and energy position matchings of the observed resonances and the MCDF 364 
predictions.  365 

 366 
Table 1. Experimental energies, theoretical energies, line strengths and assignments in LSJ nota- 367 
tion (based on MCDF results) for Cl5+ resonances in the 195 eV - 200 eV photon energy range, aris- 368 
ing from 2p → 3s inner-shell excitations from the valence-excited metastable 2p63s3p 3P0,1,2 states. 369 

 Energy (eV) / Strength (Mb eV)   
Experimental *  R Matrix MCDF Assignment 

195.66(4) / 0.09(2)  196.61 / 0.083 196.84 / 0.064 3P2-3S1 
195.95(3) / 0.15(3) 196.83 / 0.074 197.05 / 0.064 3P0-3S1 
197.29(2) / 0.85(13) 198.20 / 0.864 198.13 / 0.700 3P2-3D3 
197.54(4) / 0.09(2) 198.47 / 0.118 198.38 / 0.036 3P1-3D2 
198.12(3) / 0.27(4) 199.04 / 0.268 198.97 / 0.211 3P0-3D1 
198.31(4) / 0.28(5) 199.24 / 0.076 199.10 / 0.273 3P2-3P2 
199.09(4) / 0.07(3) 200.04 / 0.054 199.94 / 0.048 3P2-3D1 
199.33(4) / 0.09(2) 200.18 / 0.013 200.08 / 0.012 3P1-3D1 
199.49(4) / 0.11(2) 200.25 / 0.028 200.15 / 0.024 3P0-3D1 
199.59(2) / 0.47(8) 200.51 / 0.478 200.36 / 0.306 3P2-3D2 

 200.57 / 0.252 200.47 / 0.156 3P2-3P1 
199.97(5) / 0.05(2) 200.79 / 0.067 200.68 / 0.50 3P0-3P1 

* The number in brackets is the experimental uncertainty on the last digit, i.e. 195.66(4) eV is the 370 
same as (195.66 ± 0.04) eV. The same convention is used for all the data presented in this column. 371 
 372 
4.1.2. 2p → 3d excitation region 373 

The dominant resonance structures observed between 235 and 240 eV in Figure 3 374 
are due to the expected 2p-3d excitations, accompanied by considerably weaker 2p-ns 375 
resonances, and are shown in detail in Figure 5. The relative strengths of the individual 376 
resonances within this group vary considerably as one progresses from neutral 377 
magnesium towards Cl5+, and the detailed spectroscopic assignments of the 378 
corresponding resonances for the early members of the sequence gave rise to 379 
considerable early discussions [1,2,5,16], with the labelling to some extent depending on 380 
the particular theoretical approach. This is not surprising as, previously noted in section 381 
2.1, considerable challenge arises in the theoretical calculations due to the complexity 382 
associated with multiply excited outer electron configurations combining with the 383 
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innershell excited 2p (or 2s) hole. Further complexity arises from the nominally closed 384 
shell ground state of 3s2 1S0 mixing with configurations such as 3p2 [5,9,10]. The theoretical 385 
calculations indicate that some of the weaker resonances within Figure 5 are attributable 386 
to such electron correlation effects between energetically close-lying multiply excited 387 
states. 388 
 389 

 390 
 391 

Figure 5. Photoionization cross sections for Cl5+ in the photon energy region corresponding to 2p 392 
→ 3d excitations: experimental data (single ionization, black trace) and MCDF (blue) and R-matrix 393 
(red) theoretical predictions, respectively. The theoretical predictions are folded with the experi- 394 
mental bandpass (Gaussian profile of 50 meV FWHM) and weighted according to semi- 395 
empirically determined population percentages (see text). The MCDF and R-matrix theoretical 396 
predictions are shifted by -0.46 eV and -1.86 eV, respectively.  397 

It is seen from Figure 5 that the R-matrix results mimic the experimental data in 398 
this region somewhat better than the corresponding MCDF predictions, but by a small 399 
amount. Both theoretical approaches require systematic energy shifts in order to bring 400 
the strongest resonances into approximate agreement with experiment (MCDF and R- 401 
matrix shifts of -0.46 eV and -1.86 eV respectively). When compared to the experimental 402 
data, the R-matrix relative strengths of the main resonances are somewhat 403 
underestimated, while the energy separation of the strongest resonances is slightly 404 
overestimated (by typically an amount of less than 0.5 eV) in the MCDF calculations. For 405 
the latter approach, the use of an even more extended set of ground state and 406 
photoexcited configurations would likely improve the value of this energy separation, 407 
via both improved OWFS and description of ground and excited states correlations. This  408 
relatively minor improvement would require significant additional computational 409 
efforts which were not available to the authors. The cross sections integrated over the 410 
photon energies of the spectral region of Figure 5 are: Experiment (129 ± 19 Mb.eV), 411 
MCDF (111.2 Mb.eV) and R-matrix (118.9 Mb.eV), respectively.  412 
 413 
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 414 
Figure 6. Photoionization cross sections for Cl5+ in the photon energy region corresponding to 2p 415 
→ nd excitations: experimental data (single ionization, black trace) and MCDF (blue) and R-matrix 416 
(red) theoretical predictions, respectively. The theoretical predictions are folded with the experi- 417 
mental bandpass (Gaussian profile of 190 meV FWHM) and weighted according to semi- 418 
empirically determined population percentages (see text). The MCDF and R-matrix theoretical 419 
predictions are shifted by +0.97 eV and -4.36 eV, respectively.  420 

4.1.3. Region of 2p → nd excitations 421 
Figure 6 shows the corresponding comparisons for the experimental and ab initio 422 

theoretical predictions for the resonances in the 2p → nd (n>3) photon energy region. 423 
The systematic energy shifts required to bring the theoretical predictions into 424 
approximate agreement with the experimental data are +0.97 eV for the MCDF and a 425 
larger shift of -4.36 eV for the R-matrix calculations. The integrated cross sections over 426 
the spectral region covered by Figure 6 are in good agreement and are respectively: 427 
Experiment (87±13 Mb.eV), MCDF (71.8 Mb.eV) and R-matrix (85.4 Mb.eV). Both the R- 428 
matrix and MCDF results suggest that the strong resonance feature observed at 282.66 429 
eV, likely corresponds to the first member (n = 3) of the 2s → np 1P1 series. Numerical 430 
fitting of the Rydberg series for the 2p → nd series using the basic 𝐸/ = 𝐼% − 431 
!-.1×1!

(/,4)!
	hydrogenic quantum defect formula (in eV) leads to values of 299.6(2) eV	and 432 

0.22(1) for the (2s22p53s2) 2P ionisation limit 𝐼% and quantum defect 𝛿, respectively. In the 433 
experimental conditions, it was not possible to reliably access the energy values of the 434 
two fine-structure limits 2P1/2,3/2. The comment made in 3.1.2 about the use of more 435 
extended OFWS and configuration sets is also applicable here.  436 

 437 
4.1.4. Region of 2s → np excitations 438 

Above the 2p53s2 2P limit, we observed a regular series of relatively weak 439 
resonances analogous in shape to those previously observed for S4+ [54]. As experimental 440 
absolute cross sections were not available here, the data was instead normalised to the 441 
theoretical cross sections, as shown in Figure 7. The strongest resonance lies at ~ 330 eV 442 
and can be identified as the 2s → 4p member of the series. The most striking feature of 443 
the resonances in this region are the strongly asymmetric Fano profiles due to the strong 444 
autoionisation interaction with the underlying continua. As noted in section 2.1, the R- 445 
matrix calculation includes the Fano interference between the resonance and the 446 
underlying continua and mimics rather well the observed asymmetric profiles. 447 
Hydrogenic extrapolation (see previous paragraph) of the experimental 2s	 →	 np series 448 
leads to best fit values of 373.2(6) eV and 0.70(1) for the 2𝑠  𝑆# !/# ionization threshold 449 
energy and quantum defect of the 2𝑠𝑛𝑝  𝑃! ! levels, respectively. 450 

 451 
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 452 
Figure 7. Photoionization cross sections for Cl5+ in the photon energy region corresponding to exci- 453 
tations from the 2s inner-shell: MCDF (blue) and R-matrix (red) theoretical predictions, experi- 454 
mental data (double ionization, black trace) normalized to the theoretical curves. The theoretical 455 
predictions are folded with the experimental bandpass (Gaussian profile of 340 meV FWHM) and 456 
weighted according to semi-empirically determined population percentages (see text).The MCDF 457 
and R-matrix theoretical predictions are shifted by +1.0 eV and -7.0 eV, respectively.  458 

In Table 2, we gather together the experimental measurements and the 459 
corresponding theoretical predictions for all resonances observed between 225 and 370 460 
eV, most of which have been shown in detail in Figures 5, 6 and 7. Table 2 shows that the 461 
vast majority of the observed resonances are reasonably accounted for by both theories, 462 
in terms of resonance energy, strength and width. In addition, the supernumerary low- 463 
intensity peaks seen in Figure 5 are readily interpreted as transitions from the 464 
2𝑝13𝑠3𝑝  𝑃- 6,#  metastable states to -𝑆,- 𝐷  states of the multiply-excited 2𝑝83𝑠3𝑝3𝑑 465 
configuration which is consistent with our interpretation of the 195 eV - 201 eV low- 466 
energy photon region (see section 3.1.1.). 467 

      468 
Table 2. Experimental and theoretical (MCDF and R-matrix) energies, as-measured line strengths 469 
and, where available, Auger widths for the Cl5+ resonances due to 2p → nd and 2s → np inner- 470 
shell excitations from the 2p63s2 1S0 ground state. Where identifiable from the output of the MCDF 471 
theory, the dominant electron configuration and leading LSJ character of the final state of the res- 472 
onance is given in the outermost right column.          473 

 Energy (eV)/Strength (Mb eV)/Auger 
width (meV) * 
Experimental **   

Energy (eV)/Strength (Mb 
eV)/Auger width (meV) * 

R-matrix   

 Energy 
(eV)/Strength (Mb 
eV)/Auger width 

(meV) * 
MCDF   

Assignment 
(MCDF) 

225.28(3) / 4.0(7) / x 226.77 / 3.94 / x 224.78 / 5.06 / x 2𝑝83𝑠3𝑝#  𝐷- ! 
226.56(7) / 0.7(4) / x 228.08 / 0.63 / x 225.93 / 6.57 / x 2𝑝83𝑠3𝑝#  𝑃- ! 
230.03(7) / 0.9(4) / x 231.91 / 1.07 / x   
231.01(3)/2.9(6)/x 232.88/2.75/x 231.25 / 1.32 / x 2𝑝83𝑠3𝑝#  𝑃- ! 

231.93(4) / 2.2(5) / x 233.80 / 2.12 / x   
232.49(7) / 0.8(4) / x    
233.05(5) / 1.2(4) / x 235.18/0.19/x   
233.64(10) / 0.5(4) / x    
234.26(4) / 2.4(5) / x  234.48 / 2.83 / x 2𝑝83𝑠3𝑝3𝑑  𝐷- - 
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234.73(6) /1.0(4) /x    
235.98(2) / 26(4) / 51(4)  237.81 / 29 / 37 236.01 / 39.8 / 45 2𝑝83𝑠#3𝑑  𝐷- ! 

236.35(3) / 1.1(4) / x    
236.54(3) / 1.5(4) / x    

236.71(3) / 9(2) / 158(65) 238.69 / 20.3 / 134 236.97 / 28 / 92 2𝑝83𝑠#3𝑑  𝑃- ! 
237.27(3) / 2.2(3) / x    
237.34(3) / 4.7(8) / x  237.73 / 5.5 / x 2𝑝83𝑠3𝑝3𝑑  𝐷- #*** 
237.49(4) / 0.5(4) / x    
237.66(3) / 4.8(8) / x  238.16 / 2.7 / x 2𝑝83𝑠3𝑝3𝑑  𝐷- -*** 
238.01(3) / 2.3(5) / x  238.45 / 1.72 /  x 2𝑝83𝑠3𝑝3𝑑  𝐷- !*** 

238.61(2) / 78(12) / 46(2) 240.58 / 58.1 / 69 239.46 / 42.6 / 86 2𝑝83𝑠#3𝑑  𝑃- ! 
240.26(4) / 2.0(5) / x  240 / 2.24 / x 2𝑝83𝑠3𝑝3𝑑  𝑆- !*** 
240.47(7) / 9(4) / x    

251.98(2) / 1.5(2) / x 255.97 / 1.9/ 87 251.10 / 1.0 / x 2𝑝83𝑠#3𝑑  𝑃! ! 
253.55(2) / 1.4(2) / x 257.51  /1.8 / 87  252.71 / 0.8 / x 2𝑝83𝑠#4𝑠  𝑃- ! 
265.33(3) / 13(2) / x 269.73 / 12.2 / 59 264.36 / 14.0 / x 2𝑝83𝑠#4𝑑  𝐷- ! 
266.88(3) / 21(3) /x 271.18 / 17.9 / 53 265.96 / 21.8 / x 2𝑝83𝑠#4𝑑  𝑃- ! 
278.01(3) / 4.1(7) / x    
278.75 / 8.5(1.3) / x  276.98 / 9.09 / x 2𝑝83𝑠#5𝑑  𝑃- ! 

280.05(3) / 8.4(1.3) / x  278.56 / 7.57 / x 2𝑝83𝑠#5𝑑  𝑃- ! 
282.66(3) / 6.5(1.0) / x  282.60 / 21.9 / x 2𝑠2𝑝13𝑠#3𝑝  𝑃! ! 

329.6(1) / x / x 336.88 / x / x 328.85 / 4.27 / x 2𝑠2𝑝13𝑠#4𝑝  𝑃! ! 
346.7(1) / x / x 353.38 / x / x 345.47 / 1.77 / x 2𝑠2𝑝13𝑠#5𝑝  𝑃! ! 
355.3(1) / x / x 362.03 / x / x 353.69 / 0.88 / x 2𝑠2𝑝13𝑠#6𝑝  𝑃! ! 
360.4(1) / x / x 366.67 / x / x 358.38 / 0.49 / x 2𝑠2𝑝13𝑠#7𝑝  𝑃! ! 

* The symbol x indicates partial absence of data for that entry. No entry at all means that there are 474 
no data available. 475 
** The number in brackets is the experimental uncertainty on the last digit of the data, i.e. 476 

235.98(2)/26(4)/51(4) is the same as (235.98 ± 0.02) eV/(26 ± 4) MbeV/(51 ± 4) meV. The same 477 
notation convention is used for all the data presented in this column.  478 
***  These resonances are due to 2p → 3d excitations from the inital 2𝑝#3𝑠3𝑝  𝑃$ %,' metastable 479 

states.   480 
 481 
4.2 Evolution along the Mg-like sequence 482 

Studies of isoelectronic sequences of atomic energy levels [55] and absorption 483 
oscillator strengths (f-values) [56], line strengths or cross sections are of fundamental 484 
interest. New atomic data can be inferred from isoelectronic sequences via the 485 
interpolation/extrapolation to neighbouring atoms and ions of sets of 𝑓-values/energies 486 
exhibiting smooth and systematic variations. Further, it is the trend along an 487 
isoelectronic sequence that is also of great general interest, as a smooth trend can be 488 
modeled using 𝑍-dependent perturbation theory. Irregular, non-monotonic, trends are 489 
also known to occur and are commonly related to the crossing of levels of correlation- 490 
mixed states from interacting electronic configurations or spin-orbit mixed states [57]. 491 
The magnesium spectrum is a case in point in this case for correlation mixing, due to the 492 
strongly perturbing effects of the 3𝑝# configuration on the 3𝑠3𝑑 configuration and over 493 
the entire 3𝑑𝑛𝑠 series indeed. As pointed out in the introduction section, these effects are 494 
found to persist in the presence of a 2𝑝 vacancy. Therefore, it is interesting to view the 495 
Cl5+ results within the overall context of the magnesium isoelectronic sequence.  496 

Figure 8 provides a full view of both the single and double experimental 497 
photoionization cross sections, measured in synchrotron radiation based merged-beam 498 
experiments, including Al+ [9] (ASTRID), Si2+ [10] (SuperACO), S4+ [18] (SOLEIL) and Cl5+ 499 
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(SOLEIL, this work). Although it is not possible to make detailed and/or quantitative 500 
intercomparisons between the four traces of Figure 8 due to their very different photon 501 
energy ranges with associated different spectral dispersions (determined by the 502 
beamline instrumentation) as well as the choice of experimental monochromator 503 
bandpass(es), the following qualitative remarks can be made. As expected, the resonance 504 
structures shift markedly to higher energies as the nuclear charge increases. The 505 
corresponding trends will be explored in greater detail for selected transitions below. 506 
Progressing along the series, the progressive discretization of the SI resonance structure 507 
(i.e. mostly the 2𝑝83𝑠#𝑛𝑑 resonances) into a seemingly hydrogenic Rydberg series for 508 
Cl5+, as well as the concomitant redistribution of the line strengths into the first 2𝑝83𝑠#3𝑑 509 
series member, are apparent.  510 

 511 
Figure 8. Single (red) and double (blue) photoionization cross sections for the magnesium-like ions 512 
Al+ [9], Si2+ [10], S4+ [18] and Cl5+ [this work] in the photon energy region corresponding to L-shell ex- 513 
citations.  514 

In order to better visualise and characterize the main features of the isoelectronic 515 
evolution, we show in Figure 9 the total cross sections for the ions Al+ to Cl5+ but 516 
displayed on modified photon energy scales so that the resulting spectra line up for 517 
better inter-comparison. To accomplish this, the energy scales are multiplied by 518 
appropriate numerical factors and suitably shifted so that the main 2𝑝  →  3𝑑 and 2𝑝  → 519 
 4𝑑 resonance structures line up (i.e. the same 2𝑝  →  3𝑑, 2𝑝  →  4𝑑  energy difference is 520 
maintained for the four ions) below each other. It is clear from Figure 9 that for S4+ and 521 
Cl5+ the overall resonance structures are very similar and confirm that by S4+ the 522 
increased core charge has become the dominating factor and simplifies the spectra as 523 
they become more hydrogenic in character. For the early members of the sequence the 524 
2𝑝 → 3𝑑  structures show considerable changes as we move from Al+ to S4+: the 525 
supernumerary resonances to the lower energy side of the 2𝑝 → 3𝑑 group notably are 526 
strong for Al+, weaker for Si2+ and very much weaker for S4+ and Cl5+, showing the 527 
rapidly diminishing effects of the main 2𝑝83𝑠(3𝑝#) series perturber (see above).  528 

  529 
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 530 
Figure 9. Photoionization cross sections  for the magnesium-like ions Al+ [9], Si2+ [10], S4+ [18] (sum of 531 
the single and double ionization channels) and Cl5+ (this work: single ionization below, or double 532 
ionization above, the photon energy of 300 eV) in the photon energy region corresponding to L- 533 
shell excitations, with modified photon energy scales (see text).  534 

In Table 3, we have compiled the main energy level and strength data (resonance 535 
energies and inner ionization thresholds) for all the early members of the sequence 536 
including magnesium. Where necessary explanations regarding the origin of some data 537 
entries are provided in the footnotes of Table 3. We plot this data in two different ways in 538 
order to establish isoelectronic trends and interpolate to the missing P3+ ion.  539 

  540 
Table 3. Top line: Experimental energy (eV), middle line: Non radiative (NR) width (meV) and 541 
bottom line: Strength (Mb eV) for the strongest 2𝑝 → 3𝑑	 (𝑃(,$𝐷(,$ 𝑃( resonances; energy of the 2p 542 
limit (eV) and experimental energy of the 2𝑠 → 3𝑝 (𝑃( resonance along the magnesium-like se- 543 
quence. Experimental data and their reference are provided for all members of the sequence up to 544 
Cl5+, apart from P3+ for which interpolated values are deduced. The symbol x indicates that the da- 545 
ta is not available. The number in brackets is the experimental uncertainty on the last digit of the 546 
data, i.e. 55.492(1) is the same as (55.492 ± 0.001) etc.; the same convention is used for all the data 547 
presented in this Table where error values are available. 548 

Atom/ion 𝟐𝒑 → 𝟑𝒅  
𝟏𝑷𝟏  

𝟐𝒑 → 𝟑𝒅  
𝟑𝑫𝟏 

𝟐𝒑 → 𝟑𝒅 
𝟑𝑷𝟏 

2p limit  
 

𝟐𝒔 → 𝟑𝒑  
𝟏𝑷𝟏 

Mg I 
55.492(1)  55.677(1) 55.838(1) 57.658(2) e x 

4.6(9) 5.0(1) 8.2(4)   
x x x   

Al II  
84.99(2) 85.36(2) 85.57(2) 91.75(15) c 121.5(5) 

x x x   
5.6 b 0.54 b 1.5 b   

Si III  
117.6(1) 118.1(1) 118.8(1) 133.5(1) c 155.7(4) 

x x x   
37(7) b 17(3) b 5(1) b   

P IV (present work) a 
154.4 153.9 154.7 180.5 193.6 

x 
x 

x 
x 

x 
x 
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S V 
194.88 

51 
46(7) b 

192.74 
47 

32(5) b 

193.42 
149 

13(2) b 

237.35 c 235.4 
 
 

Cl VI (present work) 
238.61(2) 

46(2) 
68(10) b 

235.98(2) 
51(4) 

26(4) b 

236.71(3) 
158(65) 
9(2) b 

299.6d 282.66 
 
 

a For P IV the entries are obtained by interpolation of the isoelectronic plots of Figure 10 and 549 
italicised for clarity. b Not corrected for possible contributions of metastable states. c Values 550 
estimated from the experimental photon energy of the onset of double ionization. d From 551 
hydrogenic fit (see text). e Statistically averaged over the '𝑃(/' and '𝑃$/' components. 552 

Firstly, as shown in Figure 10, the cross section data (represented to scale for all the 553 
ions where electronic data is available) are displayed as a function of photon energy, and 554 
parametrically, as a function of the net core charge ζ	seen by a Rydberg electron (ζ = 1 555 
for Mg, ζ = 2 for Al+, etc...). The spectra are shifted vertically from one to the next by an 556 
arbitrary amount of 100 Mb for clarity. The three curves in Figure 10 show the move- 557 
ment of the strongest 2p → 3d (the energy differences between the three possible final 558 
states of Table 3 are too small to be seen in Figure 9) and 2s → 3p resonances, and the 2p 559 
ionization threshold as the net core charge increases from one to six. Noting the very 560 
smooth evolution of the curves along the sequence, the data are very accurately repre- 561 
sented by 3rd-order polynomial fits (red-, blue- and green-colored broken lines, respec- 562 
tively), it seems justified to derive results for the missing member P3+ by interpolation, 563 
we show the corresponding data in Table 3. 564 
 565 

 566 
Figure 10. Photoionization cross sections for the magnesium-like sequence Al+ [9], Si2+ [10], S4+ [18] 567 
(sum of the single and double ionization channels) and Cl5+ (this work: single ionization below, or 568 
double ionization above, the photon energy of 300 eV) in the photon energy region corresponding 569 
to L-shell excitations. No experimental data as yet exists for P3+. The scale ticks on the right hand 570 
side indicates the net core charge of the ion. The energies of the strongest 2𝑝 → 3𝑑 resonance (red 571 
triangles), the 2𝑠 → 3𝑝 resonance (blue stars) and the 2p-1 threshold (green diamonds) are shown 572 
for each ion. The data are very accurately represented by 3rd-order polynomial fits (red-, blue- and 573 
green-colored broken lines, respectively) yielding the corresponding photon energies for P3+ by in- 574 
terpolation. 575 

We note that for the first four members, the 2𝑠 → 3𝑝 resonance is found at energies 576 
above the 2𝑝 threshold. For a value of the net core charge close to five (vicinity of S4+), 577 
this situation is reversed. This is discussed in greater detail below. 578 
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Secondly, we examine the isoelectronic trends of characteristic (resonance and 579 
threshold) energies and absorption oscillator strength as shown in Figures 11(a) and 580 
11(b), respectively. In Figure 11(a), the 𝐸#%→-<	and 𝐸#$→-% transition energies divided by 581 
the net core charge are plotted, referred to the energy value of the first inner limit 582 
2𝑝83𝑠#  𝑃#  W𝐸#%Xdivided by the net core charge (𝜁), i.e. W𝐸#%→-< − 𝐸#%X/𝜁 and W𝐸#$→-% − 583 
𝐸#%X/𝜁 , respectively. The energy differences between the three possible final 584 
states !𝑃!,- 𝐷!,- 𝑃! are too small to be seen in Figure 11(a). Further relevant data in the 585 
form of the theoretical 2s-1 threshold energies taken from [58], referred to the 2p-1 586 
threshold in the same manner, are also included in Figure 11(a).  587 

  
(a) (b) 

Figure 11. Isoelectronic plots for selected L-shell transitions and thresholds along the magnesium 588 
electronic sequence: (a) Transition and threshold energies (in eV) relative to the 2p limit, divided 589 
by the net core charge (spectral roman number) for the first six members of the sequence (the 590 
experimental data for P IV is unknown); (b) Absorption oscillator strength plotted as a function of 591 
1/Z for the 2𝑝 → 3𝑑 !𝑃!,- 𝐷!,- 𝑃! transitions. Further details for both plots are given in the text. 592 
The solid lines joining the points in both plots are cubic-spline numerical fits to guide the eye more 593 
easily through the data. 594 

From Figure 11(a), we observe a regular (linear) series behaviour for the 2𝑝83𝑠#3𝑑 595 
average term energy, while for both the 2𝑠2𝑝13𝑠#3𝑝  𝑃! ! and the 2s-1 threshold energies 596 
the series behaviours are clearly non-linear, although smooth. Notably, the energy 597 
position of the first member of the asymmetric profile 2𝑠 → 3𝑝  𝑃! !  excitation moves 598 
closer to the 2p-1 threshold as the core charge increases, and drops just below and well 599 
below the 2p-1 threshold for S4+ [18] and Cl5+, respectively. This crossing of the 2p-1 600 
threshold by the 2𝑠2𝑝13𝑠#3𝑝  𝑃! !state is accompanied by a noticeable change from Fano 601 
to Lorentzian profile and a prominence of the resonance in the single ionization channel 602 
only. As one moves further up the sequence this downward movement towards the 2p-1 603 
threshold (and finally below) is expected to be replicated for the higher members of the 604 
series (n>3). We note the similarity of this behaviour with the previously observed 605 
behaviour for the 2𝑠 → 𝑛𝑝 transitions in the neon-like sequence [59]. This suggests a 606 
lesser role played by the aforementioned (3𝑠# + 3𝑝# + 3𝑑#)	correlations on the 2𝑠 → 3𝑝 607 
transition compared with the 2𝑝 → 3𝑑 for the early members of the Mg-like sequence. If 608 
we interpolate the data for P3+ from Figure 11(a), we obtain the values 154 eV (2p-3d) 609 
and 195 eV (2s-3p), which compare favourably with the corresponding predictions from 610 
Figure 10, as shown in Table 3. The value of the 2p-1 threshold for P3+, which is needed to 611 
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obtain the data just quoted, was estimated from [60] to be (183 ± 1) eV and is in 612 
reasonable agreement with the interpolated value shown in Table 3. 613 

In Figure 11(b), we plot the oscillator strengths 𝑓.→= for the 2𝑝 → 3𝑑 !𝑃!,- 𝐷!,- 𝑃! 614 
transitions obtained from the integrated cross sections (in Mb eV) shown in Table 3,  615 
using the standard equation  ∫ 𝜎(𝐸)𝑑𝐸>./& = 109.8𝑓.→= ∫ 𝛷.=(𝐸)𝑑𝐸>./& , where 𝛷.=  is the 616 
normalized line profile, as a function of 1/𝑍 where 𝑍 is the atomic number. Correction 617 
factors of 0.95, 0.975, 0.78 and 0.77 were applied to the Al+, Si2+, S4+ and Cl5+ strength 618 
values in Table 3, respectively, to take into account the different initial ground state 619 
populations. The curves for the 2𝑝 → 3𝑑 -𝐷!,- 𝑃!  transitions are seen to present a 620 
maximum (near S4+) which is characteristic of series where configuration interaction 621 
effects are known to be important [55]. This is fully compatible with our previous 622 
discussions regarding the effects of the (3𝑠#3𝑑 + 3𝑠3𝑝#) mixing along the magnesium 623 
sequence. As the nuclear charge increases, the oscillator strength transfers into the fully 624 
LS allowed 2𝑝 𝑆! 6 → 3𝑑 !𝑃!  transition in tandem with the weakening of the 625 
configuration interaction effects discussed above.  626 

 627 
5. Conclusions 628 
 The development of the storage-ring-based merged beam technique has allowed 629 
the systematic study of the inner-shell photoionization for extended isoelectronic 630 
sequences. For magnesium-like ions, the current results extend the sequence up to Cl5+ 631 
and the similarity of the S4+ and Cl5+ ion yields implies that the photoionization 632 
behaviour has settled down when compared to the earlier members of the sequence. The 633 
new experimental results for Cl5+ are compared with ab initio MCDF and R-matrix 634 
calculations. Differences between the experimental data and the theoretical predictions 635 
underscore the importance of the ongoing benchmarking of theory. While the relative 636 
energies and strengths of resonances are reasonably predicted by theory, it is clear that 637 
significant systematic energy shifts are required to bring the theoretically predicted 638 
resonance structures into reasonable coincidence with experiment. Interpolation of the 639 
results along the sequence provides estimates for the energies of the 2p--3d and 2s-3p 640 
resonances and the 2p-1 and 2s-1 thresholds for the P3+ ion, which has not yet been 641 
experimentally studied. 642 
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