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The absolute cross sections for the production of X+ and X** ions following absorption of mono-
chromatised SOLEIL synchrotron radiation by the HX* hydride molecular ions (X = S, Cl) are presented
as a function of photon energy in the region of the X, ionisation thresholds (~180 eV and ~220 eV for
sulphur and chlorine, respectively). The experimental results are interpreted with the help of extensive
ab initio density functional theory (DFT) and post-Hartree—Fock configuration interaction calculations
including spin—orbit coupling to compute the absorption oscillator strengths of the X 2p core excitations

Received 16th July 2025,
Accepted 11th August 2025

DOI: 10.1039/d5cp02717a to valence and Rydberg states. In order to account for all the experimental features, the calculations

must include vibrational dynamics and spin—orbit coupling. Similar experimental data are also presented
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1 Introduction

The Auger decay of free atomic and molecular species upon the
absorption of short wavelength (ionising) photons is a funda-
mental process in nature with relevance and applications in
many different fields such as plasma physics," astrophysics,>*
medical physics® and the analytical, surface and material
sciences, e.g. ref. 5. Due to the strengthening of the Coulomb
potential, the systematic study of the photoionisation behav-
iour of ionised atomic and molecular species®” is of equal
fundamental interest. In the case of molecular ions, the non-
spherical nature of the molecular field together with the
coupling of the nuclear degrees of freedom will add complexity
compared to the atomic case as seen in unique spectral features
such as the molecular shape resonance.®

While for atomic ions there exists a large corpus of experi-
mental and theoretical photoionisation data, this is not the
case for molecular ions. This is largely due to the significant
challenges posed to both the experimental techniques and the
theoretical models, namely (1) the production of sufficiently
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for the sulfaniumyl H,S™ molecular ion.

sensitive molecular ion beam or trap photoionisation appara-
tus and, (2) the accurate description of highly excited molecular
states, respectively. In spite of these difficulties, the field of soft
X-ray absorption in molecular ions has witnessed marked
progress over the past ten years with combined experimental
and theoretical modelling studies for, e.g., N,*,” NO*,'* H,0*,"*
C3H;" "2 or 0,"." This is in parallel with a body of work on the
structure and dynamics of molecular hydride ions: HC', HO",
and HSi","* HI',"”* HSi", H,Si", H;Si",'"" H,N" (y = 0 to 3),"
HBr",'® HN"'® and HF".*° Further, the Auger decay rates and
fragmentation dynamics of H,C" and H;C" were investigated
theoretically in ref. 21.

It is well known that diatomic molecular hydrides and their
ions play key roles in the evolution of the interstellar medium
and are, thus, invaluable probes (tracers) of many chemical and
radiative processes in molecular clouds, e.g. ref. 22-27. In this
work, we present for the first time experimental and theoretical
absorption cross sections for the sulfanylium HS" and chloro-
niumyl HCI" diatomic molecular hydrides. These were discov-
ered in the interstellar gas in 2011%® and 2012, respectively.
We also report experimental cross sections for the sulfaniumyl
H,S" molecular ion which, to our knowledge, remains hitherto
unidentified in the interstellar gas.

Another point of interest concerning the inner shell photo-
ionisation of molecular hydrides is that the initial core hole and
its subsequent decay are necessarily localised on the heavy
element. If the non-radiative decay leads to dissociation of the
original parent molecular ion, the fragments are imparted
additional kinetic energy, ie. the phenomenon of kinetic
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energy release or KER. As the KER mirrors the Auger decay,
related experimental and theoretical studies are key to the
understanding of the interplay between electronic and nuclear
decay processes in molecular photoionisation. This has been
an extensively researched field for the past nearly sixty years
and is still actively explored, see e.g. ref. 20 and 30-38 and all
the references therein.

In this work, we report absolute photofragmentation cross
sections for the HS*, H,S" and HCI" molecular ions in the
photon energy regions of the 2p threshold. The specific experi-
mental aspects of our photoion yield measurements are
detailed in the experimental section. This is supplemented
with a discussion (in Appendix), based on an analytical
approach, of some physical aspects of KER that are pertinent
to our cross section measurements carried out using a fast ion
beam. In Section 4 Analyses and discussions, the experimental
results are analysed with the help of ab initio density functional
theory (DFT) and post Hartree-Fock configuration interaction
(CI) theoretical calculations. Comparisons of the results with
other relevant isoelectronic atomic and molecular species are
also presented in this section.

2 Experimental details and
presentation of results

2.1 Experimental procedures and details

A detailed description of the merged-beam MAIA (Multi-
Analysis Ion Apparatus) apparatus as well as the general
experimental procedures used in the present work are given
in ref. 39 and our more recent works, e.g. ref. 16 and 40. Some
specific details pertaining to the present work are given below
and in Table 1. The HS" or HCI" sample (parent) molecular ions
were produced from H,S or HCI gas, respectively, leaked into a
permanent magnet electron cyclotron resonance ion source
(ECRIS). The latter was excited by a 12.36 GHz microwave
power supply and operated at the powers indicated in
Table 1. For each of the photoionisation experiments, the
individual beam of the HS" or HCI" parent ion was extracted

Table 1 Sample values of main experimental parameters for the produc-
tion of the $2*, $3* and CI?*, CI** ionic fragments at the 2p — 3oq
resonance energies of 175.0 and 212.5 eV in HS* and HCL, respectively

Experimental parameter HS" HCl
Photoion count (cps) $>* CI** 31860/10 s 6680/4 s
Background count (cps) $** CI** 1810/10 s 1260/4 s
Photoion count (cps) $** CI** 2876/10 s 1470/10 s
Background count (cps) $** CI** 100/10 s 247/10 s
Photodiode current $>* CI** (uA) 160 44
Photodiode current $** CI** (nA) 160 44

Ton current S** CI** (nA) 106 595

Ton current S** CI** (nA) 107 570

Ion beam velocity v (m s %) 1.72 x 10° 1.65 x 10°
Tag voltage (kV) -1.0 -1.0

ECRIS RF power (uW) 63 71

Channel plates efficiency & 0.56 0.56
Form factor $>* CI** (m ™) 42700 30000
Form factor $*" CI** (m™) 43500 34000

18596 | Phys. Chem. Chem. Phys., 2025, 27, 18595-18608

View Article Online

PCCP

at —4 kV producing a velocity vy, m s~'. A magnetic filter and
electrostatic deflector, tuned to v,y and a given nuclear mass,
then selected and guided the sample ion beam (*H3zS* or 'H33
Cl", respectively HS' or HCI" in the rest of the paper) to the
interaction region. The latter is a 0.57 m in length and 0.06 m in
diameter cylinder subtending a solid angle of 8.7 x 10> sr and
an exit angle of 6.0° at the (ion) entrance apex. The background
pressure was ~2 x 10~ ° mbar for all the experiments. In the
interaction region the parent ion beam was merged with the
counter-propagating, left-handed circularly polarised, synchro-
tron radiation (SR) beam produced by an undulator and mono-
chromatised by a 600 1 mm™' grating. The effects of the
superposition of the short wavelength synchrotron radiation
reflected in the second and third diffraction orders of the
grating were evaluated and found to have negligible contribu-
tions on the final cross section results. In order to capture the
greatest possible number of tagged ions (see below), an electro-
static (Einzel) lens of matched aperture follows the polarised
cylinder.

After the interaction region, the $*>" or $*, and CI** or CI**,
photo-ion signals were counted with a microchannel plate
following mass/charge analysis by a combination of a bending
electro-magnet and an electrostatic deflector. A high-voltage
(tag) bias of —1 kv was applied to the interaction region in
order to distinguish the photo-ions produced within the inter-
action region from those produced outside the region. In
consequence, the singly charged parent positive ion beam
saw its kinetic energy (KE) of 4 keV increased to 5 keV as it
penetrated the interaction volume. The value of the speed of
the HS" and HCI" parent ions in the interaction region is thus
set to VHIS" =1.72x 10° ms™! and VH = 1.65x 10° ms™!,
respectively.t Calibration of the apparatus has provided the
following relationships between the electro-magnet current Iy,
the resulting magnetic field strength B and the kinetic energy
Ex of the ion (mass m) under analysis after the interaction
region:

5.806
Bg = 31.84515 —20.618 = T\/mEK (1)

where ¢’ is the final charge state of the fragment. Bg, I5, m and
Ek are in units of Gauss, amp, amu and eV, respectively.

By measuring the photon and ion beam parameters, their
overlap volumes (the form factor in Table 1), using calibrated
photon and ion detectors and subtracting noise, it was possible
to obtain the measured cross sections on an absolute basis.*®
Finally, photon energy scans of the photo-ions count rates were
carried out to map out the energy dependence of the photo-
absorption cross sections. The photon energies were calibrated
using a gas cell and known argon reference lines*" and could be
determined to within an accuracy of 40 meV. The relative
uncertainty in the measured absolute cross sections is generally
within 15%.%°

+ The susbscript C indicates that this is the centre of mass velocity of the
molecule prior to dissociation (see Appendix section).
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Fig. 1 Cross sections for the HS™ (sulfanylium) molecular ion for the
photo-ion yield of (a) S?* ions and (b) S** ions as a function of photon
energy in the region of the sulfur 2p threshold.

2.2 Principle of the measurements and results

Upon absorption of a photon creating an inner-shell vacancy,
the parent molecular ion will emit one (or several) Auger
electron(s) and, simultaneously or sequentially, dissociate into
atomic fragments. The KE of the fragments will necessarily
include a contribution from the kinetic energy release (KER)
inherent in the series of relaxation processes leading to nuclear
dissociation of the parent molecular ion, see e.g. ref. 33. Ex in
eqn (1) comprises the KER value for the decay/dissociation
process at play. This KE change is also accompanied by a
change in the direction of travel of the fragments, away from
the initial direction of the parent ion beam. These processes are
key to our measurements because they underpin our analyses
of the ionic fragment yield data and subsequent estimation of
photo-absorption cross sections. In the Appendix Section at the
end of the paper, we provide background details on the
dynamics of formation of the dissociation fragments using
the basic equations that express conservation of momentum
and energy. We, thus, calculate, as a function of KER, both the
expected KE changes and dissociation angles of the fragments
with respect to the corresponding original values of the parent
molecular ion beam. Notably, we show there that these
additional,i purely molecular, effects do not affect our X>*
and X*" fragments yield measurements in the specified experi-
mental conditions, with the exception of the unlikely case of
very large KER values of many tens of eV’s.

More specifically in the present case, following the absorp-
tion of a photon of energy in the region of the X 2p threshold,
the HX"™* parent molecular ion may either (1) directly dissociate
and the resulting X** ion single- or double-Auger decay to X>* or

i This is meant in reference to similar measurements performed on atomic ion
beams.
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Fig. 2 Cross sections of the HCl* (chloroniumyl) molecular ion for the
photo-ion yield of (a) CI2* ions and (b) CI** ions as a function of photon
energy in the region of the chlorine 2p threshold.

X**, or (2) resonant/Auger decay with subsequent multiple
dissociation routes of the HX ™*/HX>"2p~" mono/dication lead-
ing to X** or X*" fragments§ or (3) decay radiatively (with
possible subsequent unimolecular dissociation, e.g. HX'* —
S + H" + k). Therefore, an appropriate summation of the
measured cross sections for the total yield of the X", X** and X**
ions will provide a fair approximation of the photo-absorption
cross section of the HX" molecular ion if pure radiative pro-
cesses are ignored. We present these results for the X** ions, X**
daughter ionsq of the HS" and HCI" parent ions in Fig. 1 and 2,
respectively. These data represent the total contributions from
the multiple core excitation/ionisation/dissociation routes
(those leading to H™ are not considered) as follows, where &
is a free electron:

Xt 4+ H " 4e

X>*+H+e

X* + HY +2¢ (2)
X3 +H+26
X3t + Ht + 3¢

HX" + hv —

Similar results are presented in Fig. 3 for the triatomic H,S"
molecular ion. The X" photo-ion yield cannot be obtained in the
present work as the 1 amu mass difference between the X"
fragment and HX' parent ions is too small to be safely distin-
guished by our demerger/analysing apparatus. Therefore, the
fragmentation routes ending on stable S* or Cl" atomic ions
(italicised top line of eqn (2)) are not amenable to experimental
measurement. The total approximate photo-absorption cross

§ Although higher-order ionisation processes are possible, we limit our discus-
sion to single and double ionisation.

€ We have found no experimental evidence for the presence of HX*" or HX®" at
the detection site.
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Fig. 3 Cross sections of the H,S* (sulfaniumyl) molecular ion for the
photo-ion yield of (a) $2* ions and (b) $* ions as a function of photon
energy in the region of the sulfur 2p threshold.

sections, ie. the sum of the single and double ionisation
channels, are shown in Fig. 8(b), (c) and 11(b) for HS®, H,S"
and HCI', respectively.

In other experiments, carried out independently, we have
measured the photoionisation cross sections of the $**° and
CI"** atomic ions. If it is assumed that the 2p photoionisation
cross section for the HS" and HCI" molecular hydrides has a
strong atomic character at photon energies markedly above
threshold, then we may fruitfully compare the two sets of
atomic and molecular data. At 190 eV photon energy, the S*
continuum cross section is 3.4 Mb*° which is 18% larger than
the value obtained from Fig. 8(b). In the case of the chlorine
species, at the photon energy of 260 eV,*” this value is 15%. As
these differences are well within the combined error bars of the
atomic and molecular measurements, they cannot be uniquely
attributed to the contributions to the total molecular cross
section of other (than X** and X**) ionisation/fragmentation
channels. For the triatomic H,S" species, using the same
normalisation as for HS', the $*" and $*' cross sections are
only 23% and 1% of the atomic S" values, leaving a potential
contribution of 76% for the other ionisation/fragmentation
channels. This seems compatible with the new physical condi-
tions appearing in the case of the photoionisation of a triatomic
molecule, viz. the number of possible fragmentation/ionisation
routes following electronic relaxation is significantly increased
leading to a larger selection of charge/mass ratios for the
fragments.

In Sections 3 and 4, the experimental data for the HS" and
HCI" diatomics are analysed in the light of ab initio density
functional theory (DFT) and post Hartree-Fock multiconfigura-
tion self-consistent field theoretical calculations of the absorp-
tion oscillator strengths in the region of the 2p threshold. As
similar calculations are not available for the H,S" triatomic

18598 | Phys. Chem. Chem. Phys., 2025, 27, 18595-18608

View Article Online

PCCP

molecule, the experimental data are discussed qualitatively
without the support of theoretical simulations.

3 Theoretical and computational
aspects
3.1 Calculation of electronic energies

The open-shell triplet HS" and doublet HCI" molecules belong
to the C,, point group. Their valence-shell configurations are
3s6”3pc’3pn’ and 3s6°3pc>3pn’, respectively. All the calcula-
tions in this work were performed with the GAMESS(US)
computer package.*® Initial geometries were optimised using
density functional theory (DFT) at the B3LYP level, which
combines the Becke three-parameter hybrid exchange
functional** with the Lee-Yang-Parr gradient-corrected corre-
lation functional®® including third-order Douglas-Kroll*® scalar
relativistic corrections. The augmented correlation-consistent
polarised core-valence quintuple-zeta (aug-cc-pCV5Z) basis
set'”*® was employed, with additional diffuse (4s, 4p, 4d)
functions added for sulfur and chlorine atoms. The corres-
ponding shapes and energy ordering of the topmost occupied
and lowest unoccupied valence molecular (MO) orbitals are
shown in Fig. 4 and 5, for HS" and HCI", respectively.

The structural and spectroscopic properties of HS" and HCI"
differ significantly from those of their HS and HCI neutral
parents. Upon ionisation, both species exhibit slightly elon-
gated bond lengths: 1.3694 A for HS* and 1.3233 A for HCI",

~4d? °¢.
g

0‘“' = 4p,
azgi, — — S8 8§

T “0 5s

o9
_ # =3dxz,yz
— ol -
A
++ 8 8
% -
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Fig. 4 MO shapes and energy ordering HS™.
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Fig. 5 MO shapes and energy ordering HCL™.

compared to 1.34-1.36 A for HS and 1.2746 A for HCL This
elongation is indicative of a reduced electron density in the
bonding region, consistent with the removal of an electron
from a bonding or weakly antibonding orbital. Dipole moments
increase upon ionisation, from 0.974 D (HS) to 1.2531 D (HS"),
and from 1.08 D (HCI) to 1.2479 D (HCI'), reflecting the
enhanced polarisation and charge separation in both the
cationic states. The fundamental vibrational frequencies are
red-shifted relative to the neutral species: from approximately
2600 cm ™' (HS) to 2517.66 cm ™' (HS"), and from 2940 cm™*
(HCI) to 2614 cm™' (HCI"). This decrease corroborates the
weakening of the bond strength upon removal of one valence
electron. When comparing the two cations, HCI" exhibits a
shorter bond length and a larger vibrational frequency than
HS'. This is consistent with the stronger H-CI" bond and is
likely driven by the higher electronegativity of chlorine relative
to sulfur.

3.2 Simulation of absorption cross section spectra

The final-state energies and absorption intensities in the
regions of the sulphur and chlorine (2p) L-edge were calculated
in the equilibrium geometry of their respective ground state.
The intensities (oscillator strengths) calculations were per-
formed taking into account spin-orbit coupling (SOC) effects
at the Breit-Pauli level of theory and using a post-Hartree-Fock
configuration interaction approach restricted to single-
excitations (CI-S), as implemented in the GAMESS code. These
effects are intrinsic to the sulfur and chlorine 2p core levels,

This journal is © the Owner Societies 2025
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where spin-orbit splitting leads to energetically distinct 2p3,
and 2p;,, components, with differences for sulphur and chlor-
ine of ~1.2 and 1.6 eV, respectively. The inclusion of such
coupling is essential for accurately modelling the fine structure
observed in core-level spectra. The spin-orbit coupling calcula-
tions were performed on variational CI wavefunctions, using
optimized Hartree-Fock [HS*']/[HCI**]2s" molecular orbitals
(MOs) as initial guess orbitals for the SOC-CI calculations. The
core-excited reference S/Cl 25~ ' configurations were chosen to
avoid the artificial preferential orientation effects that can arise
in spin-orbit computations for S(2p)/Cl(2p).,. '. Given that
the S(2s)/S(2p) and Cl(2s)/Cl(2p) orbitals are each (indepen-
dently) nearly close in energy, equivalent relaxation effects are
expected.

To account for the nuclear motion caused by core-level
excitation of the low-lying excited states of interest, numerical
gradients were calculated for the core-excited states in the
ground state geometries. The intensities of the vibrational
progressions were calculated within the Franck-Condon
approximation.

The theoretical treatment of H,S" and more generally that of
X,A molecules, particularly in the context of core-excited or
ionized states, is highly nontrivial. The main reasons for this
are as follows. First, the molecule exhibits near-degenerate
bound and dissociative electronic states upon both valence
and core excitations, especially for S 1s™" and S 2p~" states.
This leads to strong non-adiabatic couplings and conical inter-
sections along the S-H stretching coordinates which compli-
cate the construction of reliable potential energy surfaces and
require multi-configurational approaches to capture the inter-
play between the electronic and nuclear dynamics, see ref. 49
for H,S and ref. 50 for H,O. Secondly, experiments have shown
that core excitation into the lowest unoccupied orbital induces
dissociation faster than Auger decay, a hallmark of ultrafast
dynamics. The detailed vibrational structure in the resonant
Auger spectra of the S*H fragment has been resolved,”" indicat-
ing the involvement of multiple vibrationally excited levels
during dissociation. To accurately reproduce such features
requires a precise modelling of the dissociation pathway,
including geometry-dependent vibrational state calculations
and timing derived from core-hole lifetimes which are essen-
tially used as internal stopclocks.>® Given these complexities,
i.e. non-adiabatic couplings, spin-orbit interactions in the S 2p
manifold, ultrafast dissociation and dense vibronic structures,
we believe that the extension of our current model to H,S"
largely exceeds the methodological scope of the present work. It
is thus deferred to future work as part of a dedicated, molecule-
specific, study.

4 Analyses and discussions
4.1 HS' photo-absorption cross sections

4.1.1 Comparison theoretical-experimental data. To enable
a direct comparison between the theoretical calcula-
tions and the experimental data, a synthetic spectrum was

Phys. Chem. Chem. Phys., 2025, 27, 18595-18608 | 18599
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Fig. 6 Comparison of experimental (red trace) and theoretical (blue trace) relative photoabsorption cross sections of HS* as a function of photon energy
in the region of the 2p threshold. The green-coloured vertical sticks are the calculated oscillator strengths. The resonances between 168 and 172 eV

(black and blue traces) are discussed in the main text of the paper.

generated by assigning normalised Gaussian profiles to the
calculated oscillator strengths. The full width at half maximum
(FWHM) of the Gaussians approximated the experimental
spectral band pass (BP) of 130 meV in the photon energy
region near the 2p HS' ionisation threshold. The resulting
photoabsorption relative cross section spectrum is shown in
Fig. 6 superimposed onto the corresponding experimental trace
and the calculated oscillator strengths shown as vertical sticks.
It is seen that the agreement between theory and experiment is
very satisfactory, both in terms of the energy positions and
relative intensities of the resonance features. The experimental
spectrum is displayed on an absolute cross section scale (Mb)
in the lower and middle panels of Fig. 7 and 8, respectively.
For HS", the low-energy region of the theoretical absorption
spectrum involves final states of the type 2p°r®, see Table 2.
These states exhibit very weak transition intensities and, thus,
should be barely visible in the experimental spectrum (this
spectral region was actually not scanned in this work). The first
experimental spectral feature of noticeable intensity in Fig. 6
appears around 169 eV and consists of a broad, featureless
band. This band is attributed to configurations of the form
2p°n’c*!, extending over approximately 4 eV (black curve).
Its large width reflects the dissociative character of the excited
states which involves breaking of the HS" bond. This interpre-
tation is supported by the calculated energy gradient of
~7 eV A7 in the equilibrium geometry of the ground state,
confirming the strongly dissociative nature of the 2p°n’c*'
configuration. When the bond-breaking effect in the Franck-
Condon region is accounted for, the broadened theoretical
profile (blue curve) closely matches the experimental shape.
Between 173 and 177 eV, the most intense part of the spectrum

18600 | Phys. Chem. Chem. Phys., 2025, 27, 18595-18608

features a series of well-resolved peaks corresponding to
2p — 3d transitions, leading to final states of configuration
2p°3p>3d’. At around 178 eV, the spectrum enters the region of
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Fig. 7 Total photo-absorption cross section in the region of the 2p sub-
shell ionisation threshold for the isoelectronic Cl* atomic*? and HS*
molecular ions (top and bottom, respectively).
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Fig. 8 Total photo-absorption cross section in the region of the 2p sub-
shell ionisation threshold for the S* atomic (a), HS™ (b) and H.S* (c)
molecular ions.

Table 2 Spectral assignment of the main resonance features in the
photoabsorption spectrum of HS* near the 2p threshold photon energy
region

Photon energy (eV) Main electronic configuration

161.0-162.0 2p°n’nt

168.0-172.0 2p°n'ntox!

173.6-174.5 2p5n1n1[4s/3dxziyz]1
174.6-175.6 2p°n' ' [3d .z

175.6-176.4 2p°n' ' [4p,/3d,y, 3dse_ye]
176.4-177.4 2p°n' ' [4p,, 4pa/3dyy, 3de_ 2]
178.8-180.0 2p°n'n'[4d, 5s, 5p]'

2p — 4d transitions, and rapidly converges toward the

2p1/2,32 — ¢d ionisation continua, with a theoretical threshold

+
2p3)2

the 2p thresholds are summarised in Table 2 which gives more
details on the electronic configurations of the final states.
4.1.2 Ionic and fragmentation decay channels. The total
HS" photoabsorption cross section in the region of the 2p
threshold essentially comprises the contributions from all the
decay channels, ¢f eqn (2), terminating on the $** and S** ions
in electronic states stable against further ionisation, cf. Fig. 1(a)
and (b), resp. As our experimental technique would need to be
completed by electron spectrometry to gain insight into the

energy of ~183 eV for HS; . Resonance assignments below
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dynamics of nuclear dissociation vs. electronic decay, we can-
not give definitive conclusions in this regard. We have, how-
ever, shown in the case of the S* atomic ion that the largest
autoionisation rate of the 2p°3s®3p®3d configuration is via the
2p°3s?3p®3d — 2p°3s®3p3d + eé spectator Auger transition (cé
represents the continuum electron).*® This may suggest that
HX" + hv — X*" + H + & is a dominant decay channel for the
resonant Auger processes contributing to Fig. 1(a) as the 3p
valence electrons involved in the Auger process are localised on
the sulphur atom. A significant proportion of broad,
continuum-like processes (as opposed to the sharp, atomic-
like, 3d, resonances) is also seen to contribute to the cross
section in the single-ionisation channel above the photon
energy of =180 eV, ie. close to the theoretical threshold of

~ 183 eV for HS; . This may indicate different decay channels

+
2p3)2
for the nds and (n + 1)s,, 7 > 3 Rydberg states with compara-
tively shorter lifetimes or that they possibly are located in the
autoionisation continuum. Regarding the behaviour of the
cross sections due to the double ionisation channels shown
in Fig. 1(b), we note the almost replicated spectral distributions
in Fig. 1(a) and (b) below the 2p thresholds, while the con-
tinuum part features a comparatively sharper increase in
Fig. 1(b). The latter observation is straightforwardly attributable
to the onset of the direct Auger process above the 2p threshold.
In the resonance region, we may generally invoke direct double
Auger (L, 3-MMM here), cascade Auger or initial state correla-
tions (shake-off) processes to account for the double-
ionisations. Extensive multi coincidence techniques would be
needed to unravel the decay dynamics from the experimental
data, see e.g. ref. 52 and indicate whether dissociation followed
by autoionisation of the fragments or molecular Auger decay is
the dominant process. In the present case, since the 2p vacancy
is necessarily filled first as part of any Auger process, a limited
number of M-shell emission schemes would be available for the
second Auger process as part of the double Auger cascade.

4.1.3 Isoelectronic comparison CI'-HS". Fig. 7 shows the
HS' photoabsorption cross section spectrum against that of the
isoelectronic CI"** (united atom) species in the region of their
respective 2p thresholds. As expected the spectral distributions
of the photoabsorption cross sections are similar in both
spectra with a predominance of the oscillator strength into
the 2p — 3d resonances compared to the valence and Rydberg
states. The broad 2p — o* resonance uniquely features in the
molecular spectrum.

4.1.4 Effects of protonation on S*. Fig. 8 compares the near
2p threshold photoabsorption spectra of S* (ref. 40), HS" and
H,S". The figure shows the effects of the molecular field
resulting from the formation of a chemical bond with one
hydrogen atom (HS') or two hydrogen atoms (H,S'), on the
atomic potential of the S* ion. The enhancement of the absorp-
tion strength into the valence and Rydberg states, relative to
that of the 2p — 3d, resonance, is very noticeable in H,S". Most
of the resonance strength of the 2p — nd series is concentrated
in the 2p — 3d excitations in S* (ref. 40), indicative of the
centrifugal barrier effects of the 3d orbital. The 2p — 3ds

Phys. Chem. Chem. Phys., 2025, 27, 18595-18608 | 18601
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Fig. 9 Comparison of experimental (red trace) and theoretical (blue trace)

relative photo-absorption cross sections of HCL™ as a function of photon

energy in the region of the 2p threshold. The green-coloured vertical sticks are the calculated oscillator strengths. The resonances between 200 and

210 eV (black and blue traces) are discussed in the main text of the paper.

resonances in HS" and H,S" are seen to be sensitive markers of
the modified chemical/electronic environment. Additionally,
we remark that the high-resolution L, ; photoabsorption data
of H,S shown in ref. 53 closely resembles the total photoion
yield spectrum of Fig. 8(c) for H,S". We note that the main
decay channels of neutral H,S following 2p — o&* resonant
excitation is via neutral dissociation into H + HS* followed by
molecular Auger decay of HS*.**>¢

4.2 HCI'" photo-absorption cross sections

In the following, we shall adopt a pattern similar to Section 4.1
for the order of the discussion of the main features of the HCI"
data. Some of the details will therefore not be repeated again
in this section and the reader will easily make reference to
Section 4.1 for cross-comparisons.

4.2.1 Comparison theoretical-experimental data. The
comparison between the theoretical calculations and the
experimental data is shown in the synthetic spectrum of
Fig. 9. The full width at half maximum (FWHM) of the
Gaussians was set equal to 150 meV over the 200-230 eV range.
The actual experimental BP was 165 meV at 206 eV photon
energy. The resulting photoabsorption relative cross section
simulation is again superimposed onto the corresponding
experimental trace and the calculated oscillator strengths. It
is seen again that the agreement between theory and experi-
ment is very satisfactory, both in terms of the energy positions
and relative intensities of the resonance features. The middle
and lower panels of Fig. 10 and 11 show the absolute
experimental cross sections.

The low-energy region near 195 eV corresponds to final
states of type 2p°n’. These were not observed in the

18602 | Phys. Chem. Chem. Phys., 2025, 27, 18595-18608

experiments. This is followed by a broad, structureless feature
centred around 205 eV, attributed to configurations of the type
2p°n’c*'. The broadening again reflects a dissociative excited
state, involving the breaking of the H-Cl bond. The energy
gradient computed at the equilibrium geometry of the HCI"
ground state is calculated to be ~—9 eV A™", confirming the
strongly dissociative nature of the 2p>n®*c*" configuration. Here
again, the inclusion of dissociation-induced broadening in the
computer simulation (blue curve between 200 eV and 210 eV)
results in an excellent agreement with the experimental spec-
trum. In the 206-214 eV region, the most intense part of the
spectrum reveals a series of sharp peaks associated with
2p — 3d, transitions, leading to atomic-like final states of
the form 2p>3s°3p>3d". Above 214 eV, the spectrum progresses
into the 2p — Rydberg transition region featuring only a broad

and highly blended resonance structure. The HCI}  ionisa-

2p3)2
tion threshold is theoretically established at ~220 eV. Reso-
nance assignments are summarised in Table 3 with details on
the electronic configurations of the final states.

4.2.2 Ionic and fragmentation decay channels. The total
HCI" photoabsorption cross section in the region of the 2p
threshold essentially comprises the contributions from all the
decay channels, cf. eqn (2), terminating on the CI** and CI**
ions in electronic states stable against further ionisation, cf.
Fig. 2(a) and (b), respectively. The overall behaviour is quite
similar to HS'. That is to say, (1) an intense group of sharp
atomic-like 3d,; resonances followed to higher photon energies
by broad, smeared resonance patterns corresponding to the
valence/Rydberg states and (2) almost identical spectral pat-
terns in the single and double ionisation spectra except a direct
Auger enhancement above the 2p threshold (218-220 eV) in the

This journal is © the Owner Societies 2025
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Fig. 10 Total photo-absorption cross section in the region of the 2p sub-
shell ionisation threshold for the isoelectronic Art atomic® and HCI* and
H,S™ (from top to bottom) molecular ions.

double ionisation channel. All the comments and suggestions
of Section 4.1.2 can be transposed and repeated for the case of
HCI", with the exception of the comments based on the largest
autoionisation rate of the 2p°3d core-excited configuration
since we do not have similar calculations for CI".

4.2.3 Isoelectronic comparison Ar', HCI*, H,S'. Fig. 10
shows the HCI" photoabsorption cross section spectrum
against that of the isoelectronic Ar*>’ (united atom) species
in the region of their respective 2p thresholds. The Ar" spec-
trum was obtained with a 170 meV photon energy BP. All three
spectra were obtained with different BP’s and, thus, resonance
widths or strengths cannot be directly compared. As expected
the spectral distributions of photoabsorption cross sections
are quite similar in the Ar" and HCI' spectra with a predomi-
nance of the discrete oscillator strength into the 2p — 3d
resonances compared to the valence and Rydberg states. The
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Fig. 11 Total photo-absorption cross section in the region of the 2p sub-
shell ionisation threshold for the Cl* atomic (a) and HCL* (b) molecular
ions. The figure shows the effect of single protonation on the atomic
potential of the CL* ion.

Table 3 Spectral assignment of the main resonance features in the
photo-absorption spectrum of HCl* near the 2p threshold photon energy
region

Photon energy (eV) Main electronic configuration

191.0-196.0 2p°nt

200.0-208.0 2p°rior!

209.0-211.0 2p°1°[45/3d /322"
210.0-215.0 2p°1°[3d .z /302 y2/ 4P,/ AP 5]
215.0-216.0 2p°nf4d, 5s, 5p]*

220.0 Admixture of Rydberg states
225.0 Admixture of Rydberg states

broad 2p — o* resonance uniquely features in both the
molecular spectra. This is somewhat at variance with the 2p
photoabsorption cross section profile for H,S" that shows a
marked enhancement of the absorption strength into the
valence and Rydberg states (see Section 4.1.4).

4.2.4 Effects of protonation on CI'. Fig. 11 shows the
effects of the molecular field resulting from the formation of
a chemical bond with one hydrogen atom (HS") on the atomic
potential of the Cl" ion. Here again, the 2p — nd, resonances
in HCI" are seen to be sensitive markers of the modified
chemical/electronic environment. We note that the total photo-
ion yield spectrum of Fig. 11(b) for HCI" exhibits similarities
with the total ion yield spectra of HCI obtained using time-of-
flight mass spectrometry”® or electron spectroscopy.>® The HCI
absolute photoabsorption cross sections®® of a few megabarns
below and rising to the 2p edges are compatible with the
measurements of Fig. 11(b). Additionally, it is of interest to
remark that in HCI, the 2p — o* resonance decays via fast
neutral dissociation followed by atomic Cl resonance Auger
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decay, whereas the main decay channel for the Rydberg states
following 2p excitation is via the molecular resonance Auger
process with shake-up contributions.>

5 Conclusions

Monochromatised SOLEIL synchrotron radiation (hv) was used
in a photon-ion merged beam apparatus to measure the
absolute cross sections of the HS' + v — S§*, HS' + v — §**,
HCI" + hv —» CI*", HCI' + v —» CI**, H,S" + hw —» $*" and
H,S™ + hv — S*" ionic photofragmentation reactions over the
photon energy regions spanning the energies of the 2p ionisa-
tion thresholds of sulphur (~180 eV) and chlorine (~220 eV).
The absorption oscillator strengths (fvalues) of the HS" and
HCI" 2p core excitations to valence and Rydberg states were
computed using extensive ab initio density functional theory
(DFT) and post-Hartree-Fock configuration interaction calcula-
tions including spin-orbit coupling. Very good agreements
were obtained between the HS" and HCI" synthetic photoab-
sorption cross section spectra generated from the f-values and
the summed (S** + $°*) and (CI** + CI**) photofragmentation
cross section spectra, respectively. Detailed comparison
between the theoretical and experimental results enabled the
electronic configuration assignment of some of the core-hole
states, notably in the 2p~'3d, spectral regions that contain
several sharp resonances. Comparison of photoionisation data
along the isoelectronic series starting at the united atom, i.e.
the Ar*, HCI", H,S" and CI*, HS" series, as well the effects of
protonation along the S*, HS*, H,S" and Cl*, HCI" series, were
considered. Common features in all the molecular spectra
along these series included (1) an intense and broad 2p — o*
resonance, indicative of strongly dissociating upper states and
(2) a marked atomic character for the 2p — 3d,, resonances.
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Appendix

The absorption of a single photon of energy E in an inner
electron subshell will excite the parent molecule (HX' in this
work) to an autoionising resonance level. The subsequent decay
of the latter by electron emission (Auger process) will usually
leave the doubly-ionised molecule in a dissociative final state
with excess internal energy &, above the asymptotic final
potential energy of the fragments &y and &b (HX — H + X
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Fig. 12 Schematic diagram showing, in the laboratory frame of reference,
the geometry of the dissociation of the parent molecular ion HX into heavy
and light fragments of mass and velocities my, v and my, v, respectively.

fragmentation is assumed). This excess energy is retrieved in the
form of kinetic energy imparted to the dissociation fragments. The
sum of the KE for all the fragments constitutes the kinetic energy
release (KER), i.e. &in — (6hn¢ + &me) = Exere If the fragments are all
electrically charged, the final step of this process - the release of the
fragments into the continuum of kinetic energies - has historically
been interpreted as a coulombic explosion.*" See eqn (2) for the
ionisation channels where Coulomb explosion is possible in the
present case. The analyses presented below are valid for neutral or
charged fragments.

The kinematics of the dissociation fragments is determined
solely by the laws of conservation of momentum and energy
and similar to the spontaneous disintegration of a heavy
particle into fragments of smaller masses.>>*"* In the centre
of mass (CM) frame of reference,| the fragments move away
from each other with equal and opposite momenta p, such that
Exgr = Po’/24t where p is the reduced mass of the two fragments
1/u = 1/my + 1/mx and p, = myvy = myvy with vy and vy the
speed of the H and X fragments in the CM system, respectively.
If the velocity of the parent molecular ion, i.e. the sample beam,
in the laboratory (lab) frame is VX then the following vector
equations hold (see Fig. 14 of ref. 61). The dissociation geo-
metry in the laboratory frame of reference is shown in Fig. 12
together with some of the key symbols used in the analytical
treatment of the dissociation.

P V= and X - V= 3, 3)

where v and v* are the velocities of the X and H fragments in
the lab frame, respectively. Solving these equations for v or

v* = v yields,
Vet L,
v=VccosO+£ vy lfv—zsm 0, (4)
0

where Ve = VX and 0 = 07 or 0% is the angle at which the X or H
dissociation fragment moves away from the direction V¢ of the
parent ion beam.** If Vi > v, (in the present case Vg >» ),
the fragment can only move forward at any angle 0 such that
0 < 0 < Opax (see Fig. 14 of ref. 61) with sin 0ax = vo/Ve. The
behaviour of 0., for the fragments (daughters) produced

| The corresponding quantities are indexed with a 0 susbscript.
** More precisely, 0 is half the aperture cone angle of the spherical cone of radius
v, centred on the direction I7c of the parent ion beam.
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Fig. 13 Maximum deviation angles from the direction of the parent beam
for the S, Cl and H dissociation fragments (solid lines) and corresponding
deviation angles for the other daughter (broken lines) as a function of Eyggr
(eV). Colour code: black and red traces for the HS* and HCL*, parent
molecular ion, respectively. (See text for details.)

following dissociation of the 1HS' and HCI" parent ions is
presented using solid lines in Fig. 13 as a function of Exggr. The
range of Exgg values, from a fraction of an eV to several ten’s of
eV’s, is typical for the inner-shell photoionisation processes in
hydrides we are considering in the present work, e.g. ref. 20 and
21. Both daughters cannot simultaneously dissociate at their
respective O,y value. If, for argument’s sake, the X fragment
dissociates at 0%, then the 'H daughter will dissociate at an
angle ' < 0. . The value of ' is then obtained from
considerations of the geometry of the dissociation process in
the CM frame®" as follows. The deviation angle 03 of the heavy
fragment in the CM frame corresponding to its maximum
deviation angle in the lab frame 0% x is such that

cos O = —sin 0% ., with 05 + 6X == (5)

The H deviation angles in the lab frame can now be
obtained from

H o0 gH
vy sin 0,

tan@H = —90 0
Ve + vl cos 0

(6)

We have calculated these angles and their values are repre-
sented as broken lines in Fig. 13. For a given pair of daughters
at a given value of Eggg, the sum (solid line + broken line) of the
angular values gives the maximum (recoil) angle between the
directions of motion of the two fragments as they move away
from one another. The speed of the H atom in the lab frame can
now be obtained by substituting the value of 0" in eqn (4). We
see from Fig. 13 that, as expected from the significant mass
difference between the fragments, 0%, is only a fraction of a
degree while it is several ten’s of degrees for the H fragments.
From the value of the construction parameters of our apparatus
(see Section 2), it is evident that all the heavy fragments will be
transmitted through to the mass analysis/detection stage, while
this will not be the case for most of the hydrogen fragments.
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Fig. 14 Kinetic energy (KE) of the *2S (upper part) and H (lower part)
dissociation fragments as a function of Exer (€V) at @ = 0° and 0 = 0y,
dissociation angles. The purple coloured broken line at 5 keV represents

the kinetic energy of the HS* parent molecular ion, i.e. V = 1.709 x 10°ms™ %

Black solid lines: KEg = %ms(Vc — vﬁ)2 and KEy = %mH(Vc + v{f)zz red

1 1
solid lines: KEg = EmS(VC + v(s))2 and KEy = EmH(VC - v'o")z,

v§ = 427.2\/Exer (eV) (m s7Y and v =

1
KEy = > (Ve cos ot

max

with
32vg. Green solid lines:

)2 with Hﬁax shown as the H black solid line on
Fig. 13; see main text for calculation of KEs in this case; blue solid lines:

1
KEg =§m5(VC cos 63 )2 With 05 Shown as the S black solid line on

max

Fig. 13; see main text for calculation of KEy in this case and additional
background details.

The dissociation process necessarily includes a change of
the kinetic energies of the fragments, away from the initial KE
value of the parent molecular ion, that depends on the Exgg
value. It is thus a purely molecular effect and in addition to the
KE changes that will experience the photoionised ion when
travelling from the high-voltage biased interaction region to the
field-free region preceding the entry into the magnetic analyser
region. We discuss below these changes in the context of our
experimental conditions. As we have just shown that the
fragments can dissociate at any angle 6 such that 0 < 0 <
Omax With sin 0. = vo/ Vi, we calculate the possible values of the
fragments KE for the two possible extreme values of 0 = 0 and
0 = Omax- This is done readily by substituting these values in
eqn (4) and converting to KE values. At 0 = 0°, we can have

1 .
KEx = 3 (Ve - v§)27 together with

(7a)
1 1) 2
KEIH = EWH].[(VC + Vo )
or
1 .
KEx = 5mX(VC + v())()z, together with
(7b)
1 11\ 2
KEIH = Em‘H<VC —Vy ) .
Phys. Chem. Chem. Phys., 2025, 27, 18595-18608 | 18605


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02717a

Open Access Article. Published on 13 August 2025. Downloaded on 1/22/2026 11:40:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

5050 :
5000
4950
4900
4850
4800

s
)
=
c
[
£
(=]
©
=
o
8 4750
Y 400 -
S 350 - 6=0 .
Q
= 300
c
qE> 250
S 200 - o=0 4
© max
£ wo_.===::::::ZZ:::::::::::::
T
o, e *\e:emax 1

50 - il
X 0=0

0 L 1

0 10 20 30 40 50 60
E . (eV)

KER
Fig. 15 Kinetic energy (KE) of the *>Cl (upper part) and *H (lower part)
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dissociation angles. The purple coloured broken line at 5 keV represents
the kinetic energy of the HCL™ parent molecular ion, ie. Ve = 1.637 x 10° m s~ 2.
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Fig. 13; see main text for calculation of KE, in this case and additional
background details.

From Fig. 14 and 15, we see that the KE of one of the
fragments either increases or decreases when that of the other
fragment conversely decreases or increases, as a function of
increasing KER. Similar behaviour is observed when the frag-
ments dissociate at their maximum angle 0., (see solid lines
in Fig. 13). In which case we have

1
KEx = ~mx (Vc cos 0} )27 together with

2 max

, (8a)

KEq :%mH(Vccosf)H + v}){\/l - (Vc/vff)zsin2 9”)
or

)2, together with

max

1
KEH ZE}’I/ZH(VCcOSQH
, (8b)
1 X H\/ X\2 ;-2 pX
KExzzmx Vecos 0% + vy /1 — (Ve /vX) sin® 0X ) .

The positive root in eqn (4) has been kept to obtain eqn (8a) and
(8b) to ensure adequate conservation of the total energy, i.e.
KEux + Exgr = KEx + KEy. The values of 0™ and 0¥ to use in
eqn (8a) and (8b) are obtained from the 'H and X broken lines
on Fig. 13, respectively.

Focusing now on the heavy fragments in Fig. 14 and 15,
we see that the effect of KER is to distribute homogeneously
(quadratically from eqn (4)) their kinetic energies between
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Fig. 16 Current on demerger/analysing electro-magnet vs. photo-ion
yield signal (in arbitrary units) showing the optimisation of the four
ionisation routes that were explored in this work: HS* — $2* and
HCL™ — CI?*, ie. the single ionisation channels, shown in the top half of
the figure and HS* — S and HCl* — CI3*, ie. the double ionisation
channels, shown in the bottom half of the figure.

the minimum and maximum possible values of KEx =

1 1
3mx (Ve - vff)z and KEx = EmX(VC + v(’f)z, respectively, about

1
the KEx value of 3 V2. We take %S for a Exgg value of 10 eVt

as an example. Using eqn (7) and (8) and the data from Fig. 13
gives KEn.x and KE,;, values of (4848 + 75) = 4925 eV and
(4848 — 75) = 4773 eV#f in the interaction zone, respectively.
Using eqn (1) and assuming single ionisation, KE values of
2925 eV and 2773 eV, after the tagging/interaction zone, would
correspond to a magnetic field difference on the exit electro-
magnet analyser of ~23 G or, equivalently, a current difference
of ~0.7 A. We emphasise that this is an ideal, calculated value
approximating the overall broadening effect of the KER on the
ions final KE value prior to entering the analyser/demerger
magnet.

From Fig. 16, we see that the value of 0.7 A is noticeably
smaller than the measured resolution parameter of ~1.5 A =
40 G = 260 eV FWHM of the analysing electro-magnet set for
detection of the **S** ions. The measured widths of the curves
of Fig. 16 comprise all the -always present- instrumental effects
such the fragments refocalisation using ion optics, the frag-
ments emittance at the interaction region exit and the aberra-
tions of the ion optics, for the most part. These independent
effects add in quadrature to the KER broadening contribution
to produce the final width. Fig. 16 shows this data for the four
ionic fragmentation routes, i.e. four different demerger magnet

F1 It is not necessary to consider the width of the KER distribution®® in this
discussion.

+1 Further analytical developments would show that the probability of dissocia-
tion with very low recoil angles is small and therefore the range of energies
considered in the present example is certainly larger than the actual one. This
further supports our conclusions.
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settings, that were used in this work: HS® — S*' and
HCI" — CI’* - the single ionisation/fragmentation channels
shown in the top half of Fig. 16- and HS® — S** and
HCI" — CI*"-the double ionisation/fragmentation channels
shown in the bottom half of Fig. 16. Thus, we conclude that
the bulk of the ion kinetic energies comprised between KE,,«
and KE;, is in all probability transmitted through to the
detection stage for Exgr values of up to a few ten’s of eV. For
larger Exgr values, this experimental situation would likely
become less well verified, resulting in some truncation of the
spectrum of transmitted KEx values. From Fig. 15 and 16,
similar conclusions hold for **Cl.
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