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Dissociation upon sulfur K-shell excitation or ionization of SF6 is studied by sulfur L-shell emission
spectroscopy using synchrotron radiation and multiconfiguration Dirac-Hartree-Fock calculations of
emission energies and transition rates. The decay path involves in particular Auger emission with the
ejection of one or more electrons, leading to singly or multiply charged intermediate states. Nevertheless,
the results of the study show that the observed photon emission at 151–152 eV following excitation at
2485–2489 eVoriginates dominantly from transitions in neutral sulfur. This clearly indicates that the central
atom retains its electrons in a dissociation process where all fluorine atoms detach before the S 2p decay.
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The interaction of x-rays with matter typically results in a
complex interplay of absorption, scattering, ionization,
decay of excited states, and nuclear rearrangement. Apart
from the fundamental interest in these intricate processes,
understanding the effects of x-ray irradiation is crucial for
the advancement in numerous scientific and engineering
disciplines. Moreover, the interactions are important for
applications ranging from medical imaging and therapy to
manipulation of materials.
Tender and hard x-rays create deep electron vacancies

that are characterized by very short lifetimes on the order of
1 fs or less [1]. The decay pathways involved proceed
through a series of sequential relaxation steps, including
Auger (also sometimes called Auger-Meitner) decay and

x-ray emission. Numerous fragments are typically observed
in the various steps of the Auger cascades, primarily due to
Coulomb repulsion. In some cases, dissociation occurs on
the same timescale as the core-hole decay, e.g., following
Cl1s → σ

� excitation inHCl [2]. This is a consequenceof the
formation of strongly dissociative and/or multiply charged
core-hole intermediate states, which subsequently undergo
fragmentation through processes known as ultrafast disso-
ciation (UFD) and Coulomb explosion. The dissociation
process that occurs during multistep cascade decays is
termed MUST UFD (multistep ultrafast dissociation) to
distinguish it from UFD processes associated with the
single-step relaxation of shallow core-hole intermediates [2].
UFD studies employing resonant Auger electron spec-

troscopy and resonant inelastic x-ray scattering (RIXS)
represent a powerful and comprehensive approach to
elucidate the complex dynamics of molecular systems on
ultrafast timescales [3–7]. In particular, x-ray emission may
offer a higher degree of resolution and contrast in some
cases as it is not affected by charge distribution, unlike
Auger electron emission.
In an early high-resolution study of sulfur L x-ray

emission of SF6, excited by 10 keV electron impact, a
distinct group of very narrow lines at 151–152 eV was
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observed, indicating complete detachment of the fluorine
atoms [8]. The emission clearly showed that S 2p core-hole
states with sufficient lifetime to allow dissociation prior to
decay were formed [9,10]. In the hard x-ray regime,
dissociation can occur during the subsequent decay steps
of the relaxation cascade, except for the first step, which is
usually characterized by an extremely short lifetime with
very little freedom for nuclear dynamics.
In the present work, we used monochromatized syn-

chrotron radiation to selectively study the L emission from
S 1s excited SF6 in the gas phase. This selectivity enables
us to clearly separate the resonant S 1s excitation in the
neutral molecule from ionization, with the direct S 2p
excitation channel excluded in both cases, unlike the
previous experiment. To reveal the underlying decay
dynamics, detailed calculations have been performed on
the transition energies and decay rates of the different steps
of the decay to investigate the origin of the observed lines.
The study shows that although single or multiple ionization
takes place in the early phase of the decay path, due to
Auger relaxation, the final x-ray emission step takes place
in predominantly neutral sulfur atoms.
The experiments were carried out at beamline P04 of the

PETRA III synchrotron facility in Hamburg, which offers
circularly polarized x-rays in the 250–3000 eV range
with fluxes up to several 1012 photons per second and a
resolving power of over 104 [11].
The spectrometer usedwas a compactGrace-type grazing-

incidence Rowland instrument that has been used in numer-
ous experiments since its conception in 1987 [12]. Its
acceptance angle was ∼3 × 10−4 steradians, employing a
1200 mm−1 grating and no entrance slit. The detector was a
CsI-coatedmicrochannel plate (MCP) sensorwith phosphor-
screen display. While the size of the source determined the
resolution of the outgoing photons, this was not limited by
the spatial resolution of the MCP detector. Instead, the
limiting factor was the smallest exit slit of the monochro-
mator compatiblewith adequate signal strength, resulting in a
resolution of 0.25 eV.
A constant flow of SF6 gas through a gas cell,

separated from vacuum by a 150 nm diamondlike carbon
membrane [13], was maintained. This allowed us to
replenish the sample and to avoid interference signals from
fragments. The gas-cell arrangement was similar to pre-
vious molecular RIXS studies [3], though special attention
was required to optimize signal due to the longer absorption
length of the 2.5 keV exciting photons in SF6 compared to
the 150 eV emitted photons. Figure 1 shows the exper-
imental setup at beamline P04 at PETRA III with the Grace
spectrometer and the gas-cell arrangement.
A grazing angle of incidence was used to achieve

maximum absorption of the exciting radiation and mini-
mize self-absorption of emitted radiation. Transmission of
both exciting and emitted radiation through the membrane
and the sample gas are the primary factors that control the

intensity dependence on the angle of incidence. In practice,
only a limited range of sample gas pressures can be
accessed if the angle of incidence is not sufficiently small.
A compromise pressure of ∼300–400 mbar was chosen to
optimize signal and membrane lifetime, see Fig. 1. The
dissociation products of SF6 severely etched the membrane,
necessitating replacement approximately every 7 h.
The sulfur L emission from gaseous SF6 was measured

at different photon energies, from 2450 to 2500 eV, i.e., in
steps from well below the 1s → 6t1u resonance to above the
ionization threshold. The resulting spectra are shown in
Fig. 2, in the lowermost part, as color-coded composite
spectra recorded at different excitation energies. This
exhibits an excitation-energy-dependent spectral feature
centered at 151.5 eV photon energy. In the middle part
of the figure peak-normalized spectra are shown. In
addition to the strongly resonant structure, there are
features at photon energies corresponding to the molecular

FIG. 1. (a) Experimental setup at PETRA III and graph
showing the dependence of L-emission intensity on SF6 gas
pressure for different incidence angles. (b) Photo of the spec-
trometer setup. The PETRA III beam enters from the right.
(c) Inset showing details of the gas cell. Arrow shows how the
beam enters onto the carbon membrane.
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5a1g − 2p1=2;3=2 and 3eg, 1t2g − 2p1=2;3=2 transitions [8],
i.e., in the not dissociated molecule. The relative intensities
of these emission lines increase with the excitation energy
and especially above the ionization threshold, supporting
identifying these features as molecular emission lines. The
uppermost spectrum in the figure is an excerpt from the
original study mentioned above [8]. The resolution in
the present experiment is not sufficient to clearly resolve
the components apparently present in this spectral feature.
A closer look at the structure reveals some excitation-
dependent variations in the relative intensities between the
components. This, together with the observation in Ref. [8],
suggests a dependence of the population of atomic states
responsible for photon emission on the excitation energy. In
the Supplemental Material [14], this dependence is pre-
sented in more detail.
Given the observations of the 151–152 eV lines at

10 keV electron-beam excitation, the analysis strategy
begins with calculations of atomic sulfur emission asso-
ciated with atomic S 2p hole states. The quite limited
energy range of the observed spectrum and the high
accuracy of the calculations (⪕1 eV) offers a means to

identify the specific transitions with the aim to identify
specific states populated in the dissociative decay path
following S 1s excitation. Furthermore, there are exper-
imental indications of S 2p hole states being dissociative.
In a study of gaseous carbonyl sulfide using Auger and
x-ray emission, one observes dissociation upon L2 and L3

absorption [15,16]. Also, in SF6 L emission using S 2p
resonant excitation one observes emission emerging at
151–152 eV when exciting to the 2p5 4e�g state around
196 eV [17], suggesting dissociation of the excited neutral
molecule. Note that, in our present work, the relaxation of
the deep 1s hole involves multiple steps with charged or
multiply charged intermediate states, whereas in the men-
tioned studies, the relaxation of shallow 2p holes occurs
through a single radiative step, leading directly to neutral
final configurations.
To model the (stepwise) decay of the initial 1s hole in

sulfur, advanced energy-level and transition-rate calcula-
tions were performed. This relaxation of a well-localized
core hole can be formally described by an atomic cascade
that connects ions of various charge states via different
radiative and autoionization processes [18]. Particularly for
atoms (and molecules) with holes in the inner shell, the
multiconfiguration Dirac-Hartree-Fock method has proven
to be versatile in dealing with the interplay of different
relaxation processes in the course of stabilization of the
atoms and ions [19–21]. To model such cascades, we used
the JAC toolbox, the Jena Atomic Calculator [22], which has
recently been extended to handle and analyze sizable
ionization pathways. The focus was placed on the decay
of the 1s2s22p63s23p5 and 1s2s22p63s23p4 (initial) con-
figurations and how the (relative) population of associated
fine-structure levels propagates through the cascade.
A series of cascade calculations implemented in the JAC

toolbox were performed to examine the population of
S 2p5 hole states formed during the second or third step
of the relaxation decay cascade. This cascade follows the
first step of KLLAuger decay, which is dominant over other
decay channels. S 2p5 hole states are also formed after
the KLM Auger and K

α
decay of the S 1s core hole, but

with a significantly lower cross section [23]. The numerical
results together with the experimental measurements are
discussed below.
The calculated energy levels clearly confirm that the

photon emission at 151–152 eV results from a 3s → 2p
transition, although the charge state of the sulfur ions
was initially much less apparent. In fact, all 2p53s23pm

(m ¼ 4;…; 1) hole configurations of Sqþ support 3s → 2p
photon emission with energies nearby, but generally higher
than observed in the measurements. The rapid autoioniza-
tion of a 1s−1 core hole typically results in an extensive fine
structure of the S 2p core-hole states, along with many
other dipole transitions that are allowed but not observed.
The calculations provide photon emission energies as

well as radiative and nonradiative rates for the transitions

FIG. 2. L-emission spectra of gaseous SF6. Lowermost spectra
excited at various photon energies below and near the
S 1s → 6t1u resonance energy 2487 eV, as well as above the
ionization threshold. Middle spectra are peak normalized. Upper-
most spectrum is excited by 10 keV electrons [8].
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from all states of the neutral electron configurations
2p53s23p5, 2p53s23p43d, 2p53s23p44s, 2p53s23p44p,
and the n ¼ 1 to n ¼ 4 charged configurations
2p53s23p5−n. Since the Auger rate may vary significantly
for different transitions, the line strengths need to be
weighted by the calculated fluorescence yield. Spectra
based on the calculations were synthesized by summing
the Gaussian broadened line intensities on a photon-energy
scale and are presented as graphs in Fig. 3. Figure 3(a)
shows the sulfur L emission from the 10% lowest 2p
hole states for all charge states, from neutral to 4+ since the
preceding S 1s deexcitation process populates preferen-
tially energetically lower states with a S 2p hole. In
Fig. 3(b), the corresponding transitions for all states are
shown. The experimental L emission from SF6 excited on
the S 1s → 6t1u resonance at 2487 eV is also displayed as
reference. In the Supplemental Material [14], plots also for
75%, 50%, 25%, and 5% fractions of states are shown.

The calculations show in particular that all charged
configurations with a S 2p hole give rise to spectra that
extend over several eVand have only partial overlap with the
observed spectrum (see Fig. 1 in the Supplemental Material
[14]). Also, considering the significant chemical shift, caused
by the strong electronegativity of the fluorine atoms, the
observed photon emission lines are unlikely to originate from
positively charged molecular fragments.
When all the initial 2p hole states are included, the

calculated spectrum is clearly not compatiblewith the overall
shape of the experimental spectrum. Still, the dominant
components arise from the neutral species with 3d, 4s, and
4p spectator occupancy, whereas the charged species con-
tribute negligible intensity. In Fig. 3(a), where only the 10%
lowest states contribute, quite good agreement with experi-
ment is seen, knowing the expected accuracy of the calcu-
lated transition energies of about 1 eV. Here too, the
contribution of the neutral species of 3d, 4s, and 4p almost
completely forms the resulting spectrum.
The finding that the spectral feature at 151–152 eV is

primarily due to photon emission from neutral atoms is
indeed prominent given the electronegative character of
fluorine and that photon emission must occur independ-
ently of the initial charge state and level population of
sulfur after the photon impact. Nevertheless, the presence
of neutral sulfur can be understood by the charge concen-
tration of the 3p-2p electron pairs, that form the chemical
bonds of the SF6 molecule, due to screening of the inner-
shell holes in sulfur by valence electrons; these inner-shell
holes in the S 1s, S 2s, and S 2p core orbitals lead to a
compression of electron density around the sulfur atom.
Therefore, when intermediate ðSF6Þqþ ions undergo dis-
sociation, Fþ ions are ejected, leaving behind sulfur or
sulfur-containing molecular fragments with reduced or
even neutral charge. Notably, mass-spectroscopy measure-
ments performed around the ionization threshold of S 1s
show a significant dominance of Fþ ions, accounting for
∼60% of the total ion yield [24], while atomic Snþ cations
(n ≤ 4) account for only ∼21%, with the contribution of
Sþ and S2þ ions being ∼14% and ∼6%, respectively (see
results fromCOLTRIMSmeasurements in the Supplemental
Material [14,25–30]).
In the atomic calculations, this charge concentration can

still be modeled by a S 2p53s23pm (m ≤ 4) configuration
despite the prior autoionization. To gain deeper insight into
the redistribution of valence-electron density due to screen-
ing effects of S 1s and S 2p core-hole states, we conducted
a Mulliken population analysis [31,32] specifically target-
ing the 4t1u bonding orbitals. For an illustration of the
molecular orbital structure of SF6, see, e.g., Ref. [33].
These orbitals are the highest-lying bonding molecular
orbitals and arise from the linear combination of the 3p
atomic orbitals of S and the 2p atomic orbitals of F:

4t1u ¼ c03pS � Σici2pi;F; ð1Þ

FIG. 3. (a) Calculated sulfur L emission involving the 10%
lowest of all neutral and charged S 2p hole states, compared to
the experimental emission spectrum excited at 2487 eV (dotted
line). (b) Corresponding calculated spectrum accounting for all of
the possible initial states. Plotted intensity is proportional to line
strength multiplied by fluorescence yield. The spectra are con-
voluted with a 0.3 eV FWHM Gaussian function.
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where the squares of the ci combination coefficients define
the Mulliken population associated with each combined
orbital. To investigate whether orbital localization could be
a reason for the unexpected electron retention of the sulfur
atom in the dissociation process a Mulliken population
analysis was performed for SF6 in the ground state and in a
series of different core-hole states that arise during the
decay of the 1s core-hole state.
In Fig. 4, we present the F 2p=S 3p ratio of Mulliken

populations for the 4t1u molecular orbitals. This ratio
decreases from 0.5 in the ground state to 0.3 in the
S 1s−1 states and to 0.2 in the S 2p−2 core-hole states,
indicating the localization of bonding electrons on sulfur as
specific core-hole configurations emerge on the sulfur
atom. Notably, the ratio is one of the lowest for configu-
rations involving S 2p−2 double core holes, which are
prevalent in the dominant KLLAuger decay. Because of the
localization of the bonding electrons on the sulfur atom
during electronic relaxation, we find a rationale for the
observation that neutral sulfur makes the dominant con-
tribution to the L-emission spectrum. The neutral sulfur
observed in the experiment is therefore explained by
delocalization of binding valence electrons toward sulfur
from the surrounding fluorine atoms in the course of the
sulfur core-hole cascade decay.
In this work, the sulfur L emission from SF6 gas excited

at different photon energies below, at, and above the
S 1s → 6t1u resonance was studied. The resulting spectra
show a composite structure with varying intensity across
the resonance, and slight variations in the weights of
individual components. The spectral structure appears at
151–152 eV, exactly where a group of very narrow atomic
lines was observed in an early high-resolution study using
10 keV electron-beam excitation. This result shows that
dissociation of SF6 leads to sulfur L x-ray emission from
predominantly neutral species after S 1s excitation or
ionization, despite the dominant autoionization of a S 1s

initial hole, which involves one or more Auger electrons.
During dissociation, delocalization of the electron density
neutralizes the sulfur atom before L emission, as the
(missing) screening charge can still be attracted from the
surrounding fluorine atoms. Furthermore, the relative
weight of the molecular lines was found to increase above
the S 1s resonance, indicating a higher dissociation
probability upon resonant excitation. Importantly, the clear
observation of L emission above the S 1s threshold
underscores that MUST UFD is a general phenomenon,
independent of photon energy, as long as it is sufficient to
create a deep core hole. This experiment successfully
demonstrates the efficacy of x-ray emission techniques
in probing ultrafast dynamics during cascade decays, which
typically produce multiply charged intermediates following
deep-core electron emission. In the future, it would be
essential to explore the mechanisms of dissociation and
charge redistribution during cascade decays, as well as to
investigate the timescales of these processes. Utilizing
pump-probe techniques at x-ray free-electron laser facilities
could provide valuable insights into the ultrafast dynamics
involved for a deeper understanding of the underlying
phenomena.
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R. Püttner, H. Iwayama, E. Shigemasa, M. N. Piancastelli,
and M. Simon, Phys. Rev. Lett. 116, 213001 (2016).

[3] A. Pietzsch, Y.-P. Sun, F. Hennies, Z. Rinkevicius, H. O.
Karlsson, T. Schmitt, V. N. Strocov, J. Andersson, B.
Kennedy, J. Schlappa, A. Föhlisch, J.-E. Rubensson, and
F. Gel’mukhanov, Phys. Rev. Lett. 106, 153004 (2011).

FIG. 4. F 2p=S 3p ratio of Mulliken populations for the 4t1u
molecular orbitals in SF6.

PHYSICAL REVIEW LETTERS 134, 063003 (2025)

063003-5



[4] T. Marchenko, S. Carniato, L. Journel, R. Guillemin, E.
Kawerk, M. Žitnik, M. Kavčič, K. Bučar, R. Bohinc, M.
Petric, V. Vaz da Cruz, F. Gel’mukhanov, and M. Simon,
Phys. Rev. X 5, 031021 (2015).

[5] O. Travnikova, N. Sisourat, T. Marchenko, G. Goldsztejn,
R. Guillemin, L. Journel, D. Céolin, I. Ismail, A. F. Lago, R.
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