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Imaging SF6 with K-shell molecular-frame photoelectron angular distributions
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We report a joint experimental and theoretical study of K-shell photoionization of S and F atoms in sulfur
hexafluoride, SF6. In our experiment, we employed tunable synchrotron radiation to generate photoelectrons
emitted from the 1s shells of the S and F atoms with different kinetic energies. Coincident electron- and
fragment-ion detection, carried out using cold target recoil-ion momentum spectroscopy, enabled access to
polarization-averaged molecular-frame photoelectron angular distributions. In addition, we performed electronic
structure calculations within the relaxed-core Hartree-Fock approximation by using a stationary single-center
method. The calculations are in good agreement with the experiment. Our results support previous findings
on the feasibility of imaging three-dimensional atomic arrangements in molecules using polarization-averaged
molecular-frame angular distributions. In particular, we demonstrate that such imaging is possible even at
intermediate photoelectron kinetic energies and even for six experimentally undistinguished F 1s emitters.

DOI: 10.1103/68bc-m3y9

I. INTRODUCTION

Molecular-frame photoelectron angular distributions (MF-
PADs [1–6]) are known to be very sensitive probes of
molecular structure and dynamics (see also Ref. [7] for a
recent review). In contrast to laboratory-frame angular distri-
butions, MFPADs are mainly determined by the instantaneous
spatial arrangement of the constituent atoms, which influences
an outgoing photoelectron wave. The resulting distributions
are thus given by a coherent superposition of multiple-
scattered photoelectron waves, providing detailed information
on the molecular geometry and the ionization process. Such
multiple-scattering processes are particularly pronounced in
the regime of lower photoelectron energies, i.e., below 15 eV,
resulting in nonintuitive emission distributions of high com-
plexity. In contrast, MFPADs of high-energy photoelectrons
(e.g., higher than 70 eV) are more intuitive [8–10] and can be
understood within the concept of electron diffraction imag-
ing. In particular, they exhibit interference patterns that can
already be explained within a single-scattering approximation
and related to the distance between the emitter and scatterer
atoms [11–13]. Moreover, the emission probabilities exhibit
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prominent forward-scattering lobes pointing toward heavy
neighbors [11–13], as if the photoelectron wave were focused
by the nuclei. As can be shown theoretically [14,15], these
features of the high-energy MFPADs survive averaging over
all polarizations of the ionizing light and are also present in the
polarization-averaged molecular-frame photoelectron angular
distributions (PA-MFPADs).

Motivated by preceding experimental results on PA-
MFPADs of low-energy photoelectrons in CH4 [3,4], a
theoretical work [16] performed a comprehensive study of K-
shell ionization of small diatomic and polyatomic molecules
over a very broad range of photoelectron kinetic energies.
The authors of Ref. [16] found that, in cases where the
addressed emitter atom has heavy neighboring atoms, the
computed PA-MFPADs exhibit the aforementioned enhance-
ment of the emission probability toward the neighbors even
at selected intermediate photoelectron kinetic energies (see
the Supplemental Material of Ref. [16] for an animated evo-
lution of the computed distributions as functions of photon
energy). When such an enhancement occurs, the respective
PA-MFPADs thus encode structural information about the
three-dimensional spatial arrangement of heavy atoms in the
molecule. Among the molecules considered in Ref. [16], sul-
fur hexafluoride (SF6) possesses high (octahedral) symmetry
and a well-defined geometry. It contains only heavy atoms as
neighbors to any possible emitter, which may enable imaging
of its structure using PA-MFPADs at intermediate photoelec-
tron kinetic energies. This assumption seems to be reasonable,
since such photoelectrons, for which multiple-scattering ef-
fects are still pronounced, may also enable diffraction imaging
(i.e., they share advantages of both low- and high-energy
domains). In order to check the validity of this assumption,
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we examine here the PA-MFPADs of SF6 for the S 1s and F 1s
shells at intermediate photoelectron kinetic energies of 28 and
38 eV, both experimentally and theoretically. The experimen-
tal and theoretical approaches are outlined in Secs. II and III,
respectively. The obtained results are compared and discussed
in Sec. IV. We conclude in Sec. V with a brief summary.

II. EXPERIMENT

The experiments were carried out at the soft X-ray beam-
line P04 [17] of the synchrotron PETRA III (DESY, Hamburg,
Germany) in the few-bunch timing mode (bunch spacing
192 ns), using circularly polarized photons with nominal (not
calibrated; see below) energies of about 725 eV (for F 1s),
2515 eV, and 2525 eV (for S 1s), generated by its APPLE
II undulator. The SF6 molecules were provided in a super-
sonic gas jet, which passed through two skimmers (300 m
in diameter each) and was crossed with the photon beam at
right angles. The gas nozzle had a diameter of 30 m, and
the driving pressure was 6.2 bar. For detection, we used the
permanently installed cold target recoil-ion momentum spec-
troscopy (COLTRIMS) reaction microscope [18–20].

The spectrometer comprised an ion arm with an accel-
eration length of 16.7 cm and an electron arm with an
acceleration length of 12.0 cm for the first set of measure-
ments performed at the two photon energies of 725 and
2515 eV, while for the second campaign consisting of mea-
surements at the energy of 2525 eV, it comprised an ion arm
with an acceleration length of 13 cm and an electron arm
with an acceleration length of 7 cm and a drift length of
12 cm. Both arms were equipped with microchannel plate
detectors (active area 80 mm diameter) with hexagonal delay-
line position readout [21]. Electrons and ions were guided by
homogeneous electric fields of 42.8 V/cm (first campaign) and
49.4 V/cm (second campaign) and magnetic fields of 12.8 and
11.16 G, respectively, onto the time- and position-sensitive
detectors. The field strengths were chosen to achieve a 4π

collection solid angle for electrons with kinetic energies up
to 57 and 43 eV in the two sets of measurements. Similarly,
cases of two F+ fragment ions emitted from the molecule
at a relative angle of 90◦ were recorded for ion energies up
to 7.5 and 13 eV, respectively. Since the nominal photon
energies may deviate from the exact values by a few eV,
we calibrated the electron kinetic energies of the spectrom-
eter using N 1s photoelectrons from N2 with well-known
MFPADs [2].

Ionic fragments and photoelectrons were detected in co-
incidence. From the measured times of flight and impact
positions, the three-dimensional momentum vectors of all
charged fragments were reconstructed, along with derived
quantities such as kinetic energies and emission angles. The
momenta of the ionic fragments provide information on the
orientation of the molecule in the laboratory frame of refer-
ence. This is possible if the molecule breaks up rapidly after
ionization, so that it does not rotate significantly [22,23] (i.e.,
the axial recoil approximation [24] is satisfied). The recorded
angular emission distribution of the two F+ fragments, as a
function of their relative emission angle, exhibits two sharp
maxima: one centered at 90◦ and another at 180◦, representing
either two neighboring or two opposite fluorine atoms in SF6,

FIG. 1. (a), (c) Experimental and (b), (d) theoretical PA-MFP-
ADs for S 1s photoelectrons emitted with a kinetic energy of 28 eV.
(a), (b) Two-dimensional emission probability as a function of the
polar and azimuthal electron emission angles, encoded in a color
map. The theoretical distributions are normalized to their maxima
and shown on relative scales. The sulfur atom is located at the origin,
while the positions of the six fluorine atoms are shown in this molec-
ular frame of reference by green dots. (c), (d) Three-dimensional
representations of (a) and (b), where the emission probability is
encoded in the distance from the origin using the same color-coded
scale. The molecular orientation in space is indicated by the positions
of the fluorine atoms (green balls). The number of counts Nmax

counts,
corresponding to the maximum of the experimental distribution, is
listed on its right-hand side together with the maximal statistical
uncertainty, given by

√
Nmax

counts and visualized by the black error bar.
For better comparison, the theoretical data are additionally smoothed
with a resolution of 10◦ in both angles.

respectively. Gating the coincident data on the former peak se-
lects the fluorine atoms of two perpendicular molecular bonds.
The kinetic energy release spectrum of two perpendicularly
emitted F+ fragments is sharp and structureless, indicating
that the fragments are emitted with nearly equal energies and
containing no clear information on the apparent localization
of the F (1s−1) holes [25] in the decay of SF6. In line with
the molecular symmetry, we chose these two to define the xz
plane, which contains four F atoms, while two remaining F
atoms lie along the y axis, perpendicular to this plane. We then
transformed the electron momentum vectors into this recoil
frame to construct the MFPADs. As we did not restrict the
data to specific molecular orientation with respect to the prop-
agation direction of the circularly polarized synchrotron light,
we obtained the PA-MFPADs reported in Figs. 1–3 below.

III. THEORY

We carried out our calculations of S 1s and F 1s
photoionization of the SF6 molecule using the stationary
single-center method [26–29]. Similar to our very recent
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FIG. 2. The same as in Fig. 1, but for S 1s photoelectrons emitted
with a kinetic energy of 38 eV. See the caption of Fig. 1 for details
on the data representation.

works on inner-shell ionization of fenchone [30,31], we used
the fixed equilibrium geometry of SF6 [32] and employed the
relaxed-core Hartree-Fock approximation. Briefly, the occu-
pied molecular orbitals were generated with the PC GAMESS

(US) [33] quantum-chemistry package using a triple zeta va-
lence basis [34], augmented by two additional p and one d
polarization functions. We accounted for the monopole relax-
ation of the bound orbitals of the ion caused by the created

FIG. 3. The same as in Fig. 1, but for F 1s photoelectrons emitted
with a kinetic energy of 28 eV. The theoretical distributions were
averaged over the six fluorine atoms with equal weights. See the
caption of Fig. 1 for details on the data representation. Note the
different color scale used in this case.

core vacancy. This effect was simulated within the equivalent-
core approximation using a fractional nuclear charge
for the core-ionized atom [35,36]. For this purpose, when
generating bound orbitals of the ion, the nuclear charge of
the emitting atom in the molecule with all 70 electrons was
increased by +0.5, modeling core relaxation on half of the
created core vacancy. These bound orbitals were further repre-
sented by single-center expansions with � � 99 and employed
to generate ionic potentials of the singly charged core-ionized
molecule. These ionic potentials were then used to obtain
the partial photoelectron continuum waves with � � 29 and
subsequently to calculate dipole amplitudes for the elec-
tron transition from the chosen core orbitals of the neutral
molecule into the continuum. The PA-MFPADs were obtained
via explicit analytic equations derived in Ref. [37] and, in
the case of F 1s ionization, additionally averaged over contri-
butions from six equivalent localized emitters, computed via
separate noncoupled-channel calculations [38].

IV. RESULTS AND DISCUSSION

The results of our study of S 1s ionization are depicted in
Figs. 1 and 2, respectively, for photoelectron kinetic energies
of 28 and 38 eV, while those of F 1s ionization at a kinetic
energy of 28 eV are shown in Fig. 3. In each figure, the
experimental PA-MFPADs are shown in the left-hand panels,
while the theoretical ones are shown in the right-hand panels.
The upper panels depict the two-dimensional emission prob-
ability via a color-coded map as a function of the electron
emission angles θ and ϕ in the molecular frame of reference.
The positions of the F atoms in this frame are indicated by
green dots. In particular, as discussed in Sec. II, two F atoms
appear on the y axis at (θ = 90◦, ϕ = ±90◦). For a better rep-
resentation (such that none of the remaining F atoms appear
on the z axis, where the azimuthal angle ϕ is not defined), we
chose the positive direction of the molecular z axis along the
sum of the momenta of the two F+ fragments, which were
emitted under a relative angle close to 90◦. Thereby, the re-
spective green dots emerge at (θ = 45◦ or 135◦, ϕ = 0◦) and
(θ = 45◦ or 135◦, ϕ = ±180◦), with all detected pairs of
neighboring F+ ions being assigned to the same pair of green
dots at (θ = 45◦, ϕ = 0◦ or ± 180◦). These PA-MFPADs are
shown again in the lower panels as three-dimensional distri-
butions (see the figure captions for details), with the positions
of the F atoms indicated by green balls on sticks. The Sup-
plemental Material [39] offers an interactive view of these
PA-MFPADs, where the three-dimensional distributions can
be rotated and viewed from different directions.

Figures 1 and 2 demonstrate good agreement between
the measured and computed PA-MFPADs of S 1s photoelec-
trons with kinetic energies of 28 and 38 eV. In contrast, the
present distributions differ from the theoretical predictions of
Ref. [16], which are available in the Supplemental Material
of that publication as animated movies over a very broad
photon-energy range. However, the present results agree well
with their predictions made at (about 10 eV) lower kinetic
energies, in particular at about 18 and 28 eV, respectively (cor-
responding to photon energies of about 2508 and 2518 eV).
Note that, as indicated in the description of the movie, a
binding energy of 2490 eV must be used to relate their photon
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and electron energy scales. This discrepancy might be caused
by an insufficient accounting for core relaxation, which has a
strong effect for such a deep inner-shell vacancy.

For 28 eV (Fig. 1), the distributions exhibit prominent
lobes pointing from the emitter (the S atom located at the
origin) toward all six scatterers (the F atoms), thereby reflect-
ing the three-dimensional structure of SF6. For the somewhat
larger kinetic energy of 38 eV (Fig. 2), the photoemis-
sion distributions exhibit a rather different structure, without
prominent lobes toward the F atoms. Nevertheless, even if
the assignments of the emission direction of the F atoms to
distinct features in the PA-MFPAD were not known, the three-
dimensional structure of SF6 could still be deduced from these
distributions. For this purpose, one can exploit the molecular
symmetry and search for a sixfold pattern in the distributions,
as indicated by the green dots in Figs. 2(a) and 2(b) (note that
the ϕ = ±180◦ sides of the two-dimensional representations
correspond to the negative x axis and are equivalent). As can
be seen, all other structures in the distributions are either
eightfold (the dips) or 12-fold (the edges) and therefore cannot
be related to the six F atoms.

Our computed and measured PA-MFPADs for the six in-
distinguishable F atoms acting as photoelectron emitters at
a kinetic energy of 28 eV are shown in Fig. 3. Because of
averaging over six contributions, the respective distributions
exhibit less pronounced features. We therefore used a different
color scale to enhance their visibility. As can be seen from
this figure, all structures revealed by theory can be uniquely
recognized in the experiment, albeit with somewhat lower
contrast. Again, only a certain pattern in the distributions ap-
pears six times (at the positions of the green dots), whereas all
other structures appear eight or twelve times. Consequently,
the former can be unambiguously assigned to the positions of
the six F atoms, which in this case act both as emitters and
scatterers.

V. CONCLUSIONS

Motivated by an earlier theoretical work [16], we ex-
plored the possibility of imaging the highly symmetric
SF6 molecule using polarization-averaged molecular-frame

photoelectron angular distributions for S 1s and F 1s photo-
electrons with intermediate kinetic energies of 28 and 38 eV.
The measurements were performed at the synchrotron radi-
ation facility PETRA III at DESY employing a COLTRIMS
reaction microscope for coincident particle detection, while
the calculations were performed using the single-center
method and code. The present experimental and theoret-
ical PA-MFPADs agree well with each other, and for S
1s ionization, both also agree with the available theoretical
predictions of Ref. [16] made for somewhat lower photo-
electron kinetic energies (by about 10 eV). Even when the
present PA-MFPADs do not directly image molecular bonds
via forward-scattering lobes pointing toward heavy neigh-
bors, taking into account the known octahedral molecular
symmetry, it was possible to assign specific structures in the
distributions to the positions of the six F atoms for all consid-
ered electron energies and emitters.
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