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Abstract
We recorded the sulfur 2p photoelectron spectrum from gas-phase CS2 molecules, in
coincidence with the ionic fragments S+, S2+ and CS+. The fragments are created by the
dissociation of the parent molecular dication following the Auger decay of the S 2p vacancy.
The S 2p photoelectrons were recorded in the direction of the polarization vector of synchrotron
radiation at FinEstBeAMS beamline of MAX IV synchrotron, using a hemispherical energy
analyzer with sufficiently high resolution to resolve the molecular field splitting effects. The
coincident ionic fragments of the linear molecule provided the orientation of the molecular axis
of molecules emitting electrons in the polarization direction along the polarization vector of the
incident photon beam and we obtained the orientation distributions of these molecules for
photoemission from the three spin–orbit and molecular field split components in the S 2p
orbital. The molecular field splitting introduced clear differences in the measured orientation
distributions. Photoemission along the polarization vector from the 2p orbital with
j = 1/2,mj =±1/2 created the most isotropic distribution of the emitter molecules, while the
distribution corresponding to the 2p orbital with j = 3/2,mj =±3/2 was preferredly
perpendicular to the polarization vector. Emission from the 2p orbital with j = 3/2,mj =±1/2
came from molecules preferably oriented along the polarization vector. We compare these
results to previous theoretical predictions with a good quantitative agreement for the
components with mj =±1/2. However, the measured anisotropy for the components with
mj =±3/2 is somewhat weaker than predicted. This work demonstrates how the electron-ion
coincidence technique allows, with high electron energy resolution, for testing photoelectron
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angular distribution predictions, with the constraint that the polarization vector of the incident
photons is parallel to the momentum vector of the photoelectron.

Keywords: molecular photoemission, photoionization, molecular field splitting,
photoemission anisotropy, molecular orientation, photoelectron-photoion coincidence, PEPICO

1. Introduction

Characterizing the angular distribution of photoemission in
the molecular frame of reference has long been a fruitful
topic, requiring both advanced experimental techniques and
careful theoretical analysis [1–6]. Various types of related
information can be gathered in noncoincident experiments,
such as obtaining the photoelectron angular distribution in the
laboratory frame with the molecular orientation unknown; or
obtaining the orientations of the electron-emitting molecules
with the electron emission direction unknown [7, 8]. When
using linearly polarized synchrotron radiation, the polariza-
tion axis fixes the orientation of the laboratory frame of refer-
ence. Coincidence measurements allow gathering information
in the molecular frame, relying on the axial recoil approxima-
tion [2, 9–14]. Also in that case the configuration of the coin-
cidence experiment determines the exact type of information
obtained.

The most general distinction between the molecular and
atomic inner-shell photoemission arises from the lowered
symmetry of the system. In the case of linear molecules, cyl-
indrical symmetry replaces the spherical symmetry of isol-
ated atoms, reducing degeneracies of energy levels and sig-
nificantly altering the observable physical quantities asso-
ciated with them. In the case of 2p photoemission of the
3rd-row elements (Si–Cl) in small molecules, a well-known
example is the degeneracy removal of the 2p atomic orbital
due to the nonspherical symmetry—the molecular field (MF)
splitting [7, 15–25]. The individual MF-split components of
the 2p orbital have their specific orientation in the molecu-
lar frame, which in turn introduces characteristic properties
in the angular distribution of the 2p photoelectrons—if these
components can be resolved. When the spin–orbit (s–o) split-
ting is not negligible, its joint treatment with the MF split-
ting is necessary, which complicates theoretical treatment
somewhat [18].

In an earlier work, we studied the high-kinetic-energy S
2p photoemission from CS2, where the photoelectron recoil is
seen as rotational and vibrational excitations [25]. These excit-
ations and the related line profile depend on the orientation of
the molecule receiving the recoil. Therefore, the theoretical
part of the work dealt with the angular distribution of the pho-
toelectron in the molecular frame. However, for the theoretical
predictions to be comparable with the experiment, the condi-
tions have to be defined precisely. For example, in [25], we
studied the case where the photoelectron was emitted along the
polarization vector of the incident radiation. Momenta of the
dissociating ions were used to determine the direction of the

molecular axis of the molecules that emitted electrons along
the polarization vector.

Theory predicted quantitatively molecular orientations for
the MF and s–o split components in the S 2p photoemission,
whichwere then used to calculate the strength of recoil-excited
rotations and vibrations [25]. Experimentally, the MF splitting
of the 2p photoelectron lines in molecules containing Si, P,
S, and Cl is quite small and the vibrational progressions and
the lifetime and instrumental broadening profiles overlap [22].
Especially in high-kinetic-energy measurements, reducing the
instrumental contribution sufficiently to resolve the MF-split
components poses a challenge [25]. In this work, we focus on
the near-threshold S 2p photoemission, where the recoil effects
are negligible. Under these low-kinetic-energy conditions, we
can resolve the MF-split components in the photoelectron
spectrum, coincident with fragment ions, and determine the
molecular orientation distributions. However, while fast elec-
trons are insensitive to alterations of the scattering potential,
it remains an open question how well a simple atomic model
describes the process when a slow photoelectron experiences a
molecular potential strongly deviant from the spherical atomic
one. In the used experimental scheme (figure 1), we obtain
the orientation distributions of the molecules emitting photo-
electrons along the polarization vector. This is equivalent to
obtaining the molecular-frame photoelectron angular distribu-
tion, but only for the subset of electrons that are emitted along
the polarization vector ê.

Below, we report the experimental results and compare
them with the theoretical predictions from [25].

2. Experiment

The experiment was performed at the Finnish–Estonian beam-
line (FinEstBeAMS) of the MAX IV synchrotron radiation
source in Lund, Sweden, using the gas-phase coincidence
end-station GPES [26]. The beamline [27, 28] is equipped
with a SX700 type monochromator manufactured by FMB
Feinwerk-und Messtechnik GmbH, receiving radiation from
an Apple II type undulator. Horizontally polarized radiation
was used in this experiment.

Carbon disulfide (CS2, Merck, purity ⩾99%) molecules
were introduced by direct evaporation from a liquid reser-
voir at room temperature, after purifying by two freeze-
thaw cycles. The molecular beam crossed the monochro-
matized photon beam at the centre of the sample region
(figure 1). Photoelectrons were detected by a modified Scienta
R4000 hemispherical electron analyzer, equipped with a fast
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Figure 1. Experimental scheme of the PEPIPICO measurements at the FINEstBeams beamline of MAX IV. The photon beam (hν) is
perpendicular to the axis of the ion spectrometer and electron lens, and the polarization vector ê is along that axis. The vector p⃗d is obtained
as the difference of the momenta of two ionic fragments and represents the direction of the molecular axis.

40mm diameter microchannel plate (MCP) and a resistive
anode (Quantar Inc.) position-sensitive detector. The elec-
tron detector provided triggers for the pulsed ion extraction
voltage of 600V across the source region of a modifiedWiley–
McLaren type ion time-of-flight (TOF) spectrometer [26]. The
ions were then accelerated to the final energy by the drift tube
potential of−1850V, first passing a ‘lens’ aperture at−250V
potential, modifying the radial distribution and focusing. Ions
were detected by a Roentdek 80mm diameter MCP and HEX-
anode detector, recording ion flight times and hit positions on
the plane perpendicular to the spectrometer’s axis. Electron
energy, ion TOFs, and hit positions were combined into a coin-
cidence dataset. In addition, non-coincident ‘random’ triggers
for ion extraction were generated at a constant rate, inter-
leaved with the ‘true coincidence’ electron triggers. The ions
collected using the random triggers were used for statistical
subtraction of the false coincidence background from the ion
TOF spectra, electron-ion-ion coincidence maps, coincident
ion pair yields, and ion momentum distributions.

The electron energy window of about 4 eV for a coincid-
ence dataset was defined by the pass energy Ep = 50 eV of the
analyzer. Electron energy resolution was set to about 105meV
and the photon bandwidth to 30meV at the photon energy of
200 eV. Under these conditions, the coincident electron count
rate was 20–25 s−1. As an indication of ion count rates, 45%
of these electron triggers produced ion pairs in the TOF range
of interest (figure 3 of section 3.2), while 8.4% of the random
triggers produced such ion pairs.

3. Sulfur 2p photoionization and molecular
dissociation

3.1. S 2p photoelectron spectrum

Photoemission from the sulfur 2p orbital has been studied
by noncoincident electron spectroscopy in several sulfur-
containing molecules [7, 8, 17, 18, 21, 22, 24, 25, 29–32]. In
general, the spectral structure is defined by three main factors:

(i) s–o splitting of the 2p energy level to two sub-levels with
different one-electron total quantum number j, (ii) vibrational
excitations due to the change of bond length upon ionization,
mainly of the asymmetric stretching normal mode [22], and
(iii) the MF splitting. The latter appears since atomic one-
electron wavefunctions, characterized by the j andmj quantum
numbers after the s–o coupling, experience different molecular
potentials due to their different orientation. MF splitting only
appears when the symmetry of the molecule is low enough so
that the three atomic 2p wavefunctions form the bases of dif-
ferent irreducible representations—in all linear molecules, for
example. In the present case of CS2, MF separates energetic-
ally the 2p j = 3/2, |mj|= 1/2 and j = 3/2, |mj|= 3/2 wavefunc-
tions (abbreviated from here on as 2p3/21/2

and 2p3/23/2
), that in

a free atom correspond to the degenerate 2p3/2
s–o component.

Here we use the atomic j,mj notation throughout as consist-
ent with the applied atomistic model that neglects interatomic
orbital interaction. However, the inner-shell p orbitals are often
described in terms of the symmetry of the MF, i.e. in linear
molecules using th σ and π notation [24]. They correspond
to the quantum numbers |ml| = 0 and 1, correspondingly. It
therefore follows that the 2p3/23/2

component (that can only

arise when |ml| = 1) is of pure π character, while the other
two are of mixed σ–π character.

Figure 2 shows the S 2p photoelectron spectrum of CS2,
measured about 30 eV above the S 2p ionization threshold.
The twomain resolved structures correspond to the atomic s–o
splitting, but in order to resolve any additional features, a least-
squares curve fitting was carried out. The result of the fitting is
shown as three colored lines, with the black curve through the
data points as their sum. The three colors correspond to the
three atomic wavefunctions 2pj|mj|. Each of the three curves
shows an additional structure due to vibrational excitations. In
the fitting, these vibrational envelopes were required to have
the same structure (spacing and relative intensities); all indi-
vidual peaks were also required to have equal lifetime width
and instrumental broadening. The relative binding energies of

3
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Figure 2. Sulfur 2p photoelectron spectrum from CS2, measured at 200 eV photon energy, showing the experimental data points (circles)
with a fitted curve (black line), which is decomposed into three s–o and MF-split component (coloured curves). The dotted black line with
the right-hand scale shows the fraction of the 2p3/23/2

component’s intensity from total. The three regions I–III are colored according to the

dominant component of 2p and were used to extract the orientation distributions of the three components in the photoelectron spectrum.

the three components, as obtained from the fit, are:

Eb

(
2p3/23/2

)
= 0ev,

Eb

(
2p3/21/2

)
= 0.129(5)ev,

Eb

(
2p1/21/2

)
= 1.268(5)ev.

A single value of the common vibrational spacing was
obtained as 190(5)meV, very close to 19 eV that was assigned
to the asymmetric stretching by Wang et al [22]. Fitted
Lorentzian width was 49(13)meV and Gaussian broadening
155(10)meV.

Since the two 2p3/2|mj|
components are not completely sep-

arated in energy, electron-energy-filtered observed quantities
will necessarily be of a mixed character, dominated by either
of the components depending on the electron energy. In order
to quantify this mixing and extract the characteristics of the
‘pure’ MF-split components, we derived first the ratio of the
two MF-split components, 2p3/23/2

to 2p3/21/2
, from the fit. It

is given by the black dotted line in figure 2 and shows, for
example, how the low-energy shoulder of the 2p3/2

structure is
dominated by the 2p3/23/2

component.

3.2. Molecular dissociation

Inner-shell photoionization is predominantly followed in a
few femtoseconds by nonradiative Auger decay, creating a

molecular dication and leading with high probability to the
dissociation of the molecule. These processes, the fragment-
ation pathways and dynamics has been studied before [33–
35]; below we summarize the present results as the mater-
ial from which the fragment momenta and, eventually, the
molecular orientations were derived. The overall character-
istics of the molecular dynamics following S 2p inner-shell
ionization and Auger decay are given by the photoelectron–
photoion–photoion (PEPIPICO) map of figure 3. The three
possible fragmentation pathways of the doubly charged parent
ion that yield singly charged fragments pairs—(S+a ,CS

+
b ),(S

+
a ,

S+b , C) and (C+, S+a , Sb)—have approximately equal probab-
ility (each ≈1/3 of the pair count). For clarity, we will denote
the two S atoms or ions in the fragment pairs by indexes a
and b. These PEPIPICO patterns are accompanied by ‘shad-
ows’ due to the less abundant 34S isotope. There are also much
weaker patterns involving doubly charged ions from the disso-
ciation of CS3+2 , that can be produced for example by shake-off
transitions. They constitute about 12% of the total number of
coincident ion pairs.

4. Molecular orientation in S 2p photoemission

4.1. Experimental results from ion momenta

One of the main dissociation channels of CS22+ is S+a + S+b +
C. Assuming the simplest model case of concerted dissoci-
ation where the neutral particle gets no momentum, there is
no thermal motion and no rovibrational excitation occur, the
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Figure 3. Photoelectron–photoion–photoion map of the fragmentation products of CS22+, detected together with the S 2p photoelectron.
The ion pairs are plotted against the time-of-flight of the first (faster) and second (slower) ion. The strongest patterns are labeled by the
corresponding ion pairs.

momenta of sulfur ions are directed along the molecular axis.
In principle, the momentum of either of the ions is sufficient
to define the molecular axis, but in our experiment, this direc-
tional information is more accurately conveyed by their differ-
ence (see figure 1):

p⃗d = p⃗Sa− p⃗Sb. (1)

For example, effects of the experimental spread in the initial
x,y,z position of the dissociating molecule (the finite source
region size), and of the translational thermal motion of the par-
ent molecule, will cancel out in the p⃗d quantity.

We will present the results regarding the orientation distri-
butions of p⃗d, for the different MF- and s–o split components
in the 2p photoemission. We analyzed three ion pair patterns
in the PIPICOmap, for which the axial recoil approximation is
a reasonable assumption: (S+a ,S

+
b ), (S

+
a , CS

+
b ), and (S+a , S

2+
b ),

the latter having a much poorer statistics.
After extracting the coincident ion pairs, associated with

each of the three photoelectron energy ranges shown in
figure 2, the distribution histograms of p⃗d were generated.
The highest-binding-energy region III corresponds directly to
the 2p1/21/2

component. For the two components 2p3/2|mj|
, the

extracted distributions for regions I and II are mixtures from
the two. The fraction of 2p3/23/2

is 0.816 in region I and 0.452
in region II, according to the dotted curve of figure 2. Using
these values, it was possible to convert the extracted orienta-
tion distributions of regions I and II to the ‘pure’ 2p3/2

3/2
and

2p3/21/2
distributions. These are shown in figures 4(a) and (b)

for the first two ion pair patterns of good statistics. The curves

correspond to the three ‘pure’ s–o andMF components and are
color-coded as in figure 2.

The experimental distributions in figures 4(a) and (b) were
fitted with a distribution function

p(θ) = I
[
Asin2 θ+(1−A)cos2 θ

]
, (2)

where θ is defined as the angle between the vector p⃗d and the
axis of the ion spectrometer, which is collinear with the polar-
ization direction, and the emission direction of of the detected
electron (figure 1). I is the total intensity scaling factor and
the deviation of the coefficient A from 0.5 gives the degree of
anisotropy of the distribution.

Before reporting the results of these fits, let us consider
the instrumental errors and other similar sources of broaden-
ing that are present in the determination of p⃗d. In particular,
we investigate whether these random errors introduce a sys-
tematic bias in the experimentally determined coefficients A
in equation (2). These considerations are presented in detail
in appendix and are summarized in table 1. Briefly, both the
instrumental error in determining the individual momenta, and
the deviations from the antiparallelism of the two momenta
due to deviations from the axial recoil approximation, are seen
in the angle γ between the two momenta. These deviations∆γ
are used to estimate the error ∆θ for the direction of p⃗d. A
Gaussian random error in determining the angle θ smears out
the angular distributions by convolution and brings the coeffi-
cients A close to the isotropic value of 0.5. The inverse correc-
tion (essentially deconvoluting the distributions) was applied
to the fitted values of A.

5
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Table 1. Data analysis results from coincident ion pairs. The table contains: (1) Correlation of the momentum vectors of the charged
fragments, (2) rotational effects on the momenta, (3) total angular broadening, (4) fitting coefficients A of equation (2) to the pd(θ)
distributions for the three pj|mj| components, and (5) the coefficients A after isotropic renormalization of the combined distribution. Errors in
brackets represent only the statistical uncertainty of the least-squares fitting.

Quantity (S+a ,S
+
b ) (S+a ,CS

+
b ) (S+a ,S

2+
b )

1 Deviation from cosγ =−1
∆(cosγ) 0.108 0.017 0.104
∆θ 27◦ 9◦ 25◦

2 Average thermal rotation angle of pd
∆θrot 8.2◦ 5.5◦ 5.9◦

3 Total broadening of pd orientation
FWHM 33◦ 19◦ 30◦

4 Fitted A coefficients
A(2p3/2 3/2) 0.580(24) 0.570(18) 0.67(10)
A(2p3/2 1/2) 0.225(28) 0.363(23) 0.46(12)
A(2p1/2 1/2) 0.356(10) 0.416(9) 0.44(4)

5 Fitted A coefficients, isotropic renorm.
A(2p3/2 3/2) 0.711(24) 0.625(18) 0.65(10)
A(2p3/2 1/2) 0.344(28) 0.418(23) 0.44(12)
A(2p1/2 1/2) 0.488(10) 0.471(9) 0.43(4)

Figure 4. Orientation distributions of the CS2 molecules emitting the three s–o and MF split components of the S 2p photoelectrons in the
polarization direction. Experimental data points are given by circles; continuous lines are least-squares fits of equation (2). Graphs (a) and
(b) are extracted from the (S+a , S

+
b ) and (S

+
a , CS

+
b ) pairs, respectively. All distributions are divided by the sinθ geometrical factor for better

visualization. Original data spans the range from 0 to 90◦ in graph (a) and is reflected to 90◦–180◦ for better visualization.

The results of fitting the experimental orientation distribu-
tions with equation (2) are reported in table 1, after perform-
ing the above corrections: converting to the ‘pure’ 2p3/23/2

and
2p3/21/2

distributions and removing the anisotropy-reducing

effect of the instrumental and thermal broadening.
Qualitatively, all ion pairs give a very similar result: the

2p3/23/2
electrons, emitted along the polarization axis, are pref-

erentially emitted by molecules oriented perpendicularly to
that direction (see also figure 5). Conversely, the 2p3/21/2

elec-

trons are preferentially emitted by molecules that were ori-
ented along the polarization axis. For the 2p1/21/2

component,

the observed orientational anisotropy is the weakest, also with
the preferred direction along the polarization axis.

Next, the theoretical method of predicting the molecular
orientation distributions is summarized and the results are
compared with the experiment, followed by the analysis of
possible sources of discrepancies.

4.2. Theoretical predictions

The 2p orbitals of the sulfur atom in a molecule are subject
to two splitting mechanisms: the s–o interaction and the MF.
We have previously treated the joint effect of the according

6
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parametrized interaction Hamiltonians in the basis of the six
product states |1m⟩

∣∣ 1
2ms

〉
(m=−1,0,1; ms =−1/2,1/2) [25].

While the s–o interaction Hamiltonian is independent of the
coordinate system, the MF Hamiltonian is naturally not. In
the used simple atom-in-a-molecule model, this modifies the
angular distribution of the resulting lines to deviate from the
s–o–split atomic case as a function of θ, the angle in between
the molecular axis and the 2p photoelectron momentum. In
the present case, there is an additional constraint that the elec-
tron momentum is parallel to the polarization of the incoming
photon beam. Note that in the experimental analysis, the angle
θ was defined in the laboratory frame, as that between the axis
of the ion spectrometer and p⃗d. With the axial recoil approxim-
ation and the assumptions that the light is 100% polarized and
the coincident electron detection is strictly limited to the polar-
ization direction, these two definitions of θ become equivalent.

In the model, the relative photoemission cross-section
σrel
i (R) for state i was derived [25] to read

σrel
i (R) =

∑
ms

∣∣∣∣∣∑
m

D(1)
0m (R)c(i)mms

∣∣∣∣∣
2

, (3)

where D(1)(R) is the Wigner rotation matrix for the rotation
R that transforms the laboratory frame to the molecular one,
and c(i)mms are the expansion coefficients of the eigenstate i in
the aforementioned product basis in the molecular frame of
reference.

We use the coefficients c(i)mms of [25] for the combined effect
of the s–o and MF Hamiltonians. For comparison with exper-
iment, the angular distribution functions for the three doubly
degenerate components read

σrel
3/2

3/2
= 0.500

(
1.000sin2 θ

)
,

σrel
3/2
1/2

= 0.793
(
0.261sin2 θ+ 0.739cos2 θ

)
,

σrel
1/21/2

= 0.707
(
0.414sin2 θ+ 0.586cos2 θ

)
, (4)

when the form of equation (2) and table 1 is used. We note
that these functions do not account for the varying probability
of observing a molecular orientation with the angle θ in the
randomly oriented sample, which follows an additional geo-
metric factor sinθ. One can also relate the coefficients A to the
symmetry character of the three components in equation (4):
the 2p3/23/2

component of purely π symmetry has A= 1.

5. Discussion

Qualitatively, the experiment and theory are in agreement for
all three MF- and s–o split components: the 2p3/23/2

compon-
ent’s distribution, for example, has the dominant contribution
from themolecules aligned perpendicular to the electron emis-
sion direction along the polarization vector. Quantitatively,
however, the agreement is not complete—the model pre-
dicts that for the 2p3/23/2

component, the contribution from
molecules aligned parallel to the electron detection direction

drops to zero (A = 1), whereas the experiment gives A = 0.58
for (S+a ,S

+
b ) and 0.57 for (S

+
a ,CS

+
b ).

When adding up all three distributions (i.e. obtaining
molecular orientation for the total 2p photoemission), one
notices that the combined distribution remains clearly aniso-
tropic, with the perpendicular orientation depressed. On the
one hand, this depression can be an instrumental artifact due
to an increased possibility of ion loss for the strongly non-
axial trajectories (see, e.g. [36]). In addition, in the case of
the (S+a ,S

+
b ) pair the two sulfur ions, emitted from a molecule

with an axis perpendicular to the TOF axis have nearly equal
flight times, which can result in reduced detection efficiency.

On the other hand, the isotropic orientation of all three com-
ponents combined would be the baseline theoretical assump-
tion when the inner-shell photoemission is taken as entirely
atomic with the only effect of the MF being the removal of the
degeneracy of the 2p wavefunctions. We therefore added part
5 to table 1, where the obtained distributions were renormal-
ized to give the combined isotropic distribution and correcting
for possible instrumental anisotropy.

The summary of the original and the isotropically renor-
malized fitting coefficients A is given in figure 5, presenting
also the theoretical values. In addition, a polar plot of figure 6
shows the theoretical and experimental distribution curves for
the (S+,S+) pairs, with both the original and normalized A
coefficients.

The (S+a , S
+
b ) and (S+a , S

2+
b ) fragments are released in a

three-body process, in which the third, neutral particle can in
principle seriously disturb the axial recoil approximation. One
notes that if the dissociation geometry has inversion symmetry
at all stages, the direction of the vector p⃗d is not affected by
any momentum transfer to the C atom. However, the neutral
C fragment obtaining a significant fraction of the momentum
release in a symmetric, concerted dissociation would be seen
in the PIPICO map due to the change of the angle γ between
the two momenta. Indeed, the deviation for cosγ is clearly lar-
ger fo the (S+a ,S

+
b ) pair than for the two-body dissociation pair

(S+a , CS
+
b ) (table 1, part 1).

As an alternative to a concerted dissociation, a two-step
process of secondary dissociation creates first the S+a +CS+b
fragments and, after a (considerable) delay, the CS+b separates
into the S+b and C fragments. The secondary dissociation pro-
cess can destroy the recoil approximation, if a large part of the
momentum is released in the second, neutral fragment separ-
ation step. This is, however, unlikely.

The main experimental signature of the secondary dissoci-
ation is an altered division of the magnitude of the momenta—
since initially the momentum of the Coulomb explosion is
received by the CS+b fragment, the final ratio |pSb |/|pSa | is
not 1.0 as for a concerted dissociation, but 32/44 = 0.73.
Investigation of |pSb |/|pSa | showed a distribution centered at
ratio 1.0, however. Secondary dissociation would also be seen
in the slope of the (S+a ,S

+
b ) pattern of the PIPICO map, chan-

ging from−45◦ to both−36◦ and−54◦ at the asymptotic limit
of secondary dissociation. Analysis of the experimental data
gives the slope of the pattern as −45.05(4)◦ with no indica-
tion of pattern splitting and slope change that would indicate

7
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Figure 5. Summary of the analysis of orientation distributions for three ion pairs: coefficients A from table 1. Solid-colored bars are the
original fitting results from Part 4 of table 1 and the shaded bars are isotropically renormalized (Part 5). The height of the bars corresponds
to the standard errors from least-squares fitting. Theoretical values are given in the last column.

Figure 6. Comparison of the theoretically predicted orientation distributions (solid lines) with the experimental results from the (S+,S+)
ion pair (dashed lines: original result, dotted lines: isotropically renormalized). The angle θ = 0 corresponds to the direction of both the
electron emission and the polarization vector. The curves do not include the geometrical sinθ-factor.

a secondary dissociation process. The pattern is broader than
the two-body (S+a ,CS

+
b ) pattern, which, although attributable

to the neutral carbon receiving some momentum in instant-
aneous dissociation, could also be due to the slightly delayed
CS+ fragment dissociation.

Multi-body dissociation obviously cannot account for the
reduced 2p3/23/2

anisotropy when derived from the two-

body (S+a ,CS
+
b ) pattern and yet, the experimental results

do not show any stronger anisotropy in this case (figure 5
and table 1). We therefore conclude that multi-body effects
and the resultant blurring of the axial recoil approxima-
tion are not the principal cause of the quantitative differ-
ences between the experiment and the theory, although they
could slightly influence the results obtained from the (S+a ,S

+
b )

pattern.
Lastly, from the theoretical point of view, the calculated

anisotropies arise when considering the degeneracy-removing
effect of the MF on the bound atomic inner-shell orbitals.
The effect of MF on the outgoing continuum waves was not
accounted for and could be a factor altering the predicted dis-
tributions, e.g. reducing the anisotropy of the 2p3/23/2

.

6. Conclusion

The electron-energy-resolved PEPIPICO technique was suc-
cessfully used to extract molecular-frame angular information
on the S 2p photoemission of the individual MF and spin–
orbit split components. The high electron energy resolution
of the hemispherical analyzer allowed us to resolve the minor
MF splitting in the photoelectron spectrum, combined with
reliable determination of the molecular axis orientation by
the 3Dmomentum-resolving multi-ion detection. Comparison
with the effective atomic model reveals an good match for the
2p1/21/2

and 2p3/21/2
components, whereas for the 2p3/23/2

isol-

ated component, the experiment showsweaker anisotropy than
predicted, although both are still in qualitative agreement. We
have considered various experimental sources for the discrep-
ancy, and corrected for instrumental effects.

The simple model used in this work can be improved, e.g.,
by accounting for the molecular-geometry-induced effects on
the departing photoelectron, such as intramolecular scattering.
The used experimental technique allows for testing such more
advanced photoelectron angular distribution predictions, when

8
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evaluated with the constraint that the polarization vector of
the incident photons is parallel to the momentum vector of the
photoelectron.
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Appendix. Statistical and systematic error analysis

Belowwe consider the threemain sources that affect the exper-
imentally obtained molecular orientation distributions.

Momentum resolution of the ion spectrometer: Denoting
the instrumental variation of the measured orientation of the
individual momentum vectors p⃗Sa,b as angle error∆α(⃗pS), one
can estimate the error of the orientation of p⃗d as

√
2∆α(⃗pS).

This is also the error of determining the angle between the indi-
vidual vectors, γ = ∠(⃗pSa, p⃗Sb). Making a baseline assumption
that originally cosγ =−1, an experimental deviation from
this value can be studied. For the (⃗pSa, p⃗Sb) pairs, the meas-
ured cosγ distribution was well described by the exponential
function

p(cosγ) = exp

(
−1+ cosγ

δ

)
(5)

with δ = 0.108. This also gives the experimental error for
determining the orientation angle θ of p⃗d. This uncertainty
affects the angular distributions that depend on θ; we found the
effect to be well represented by a convolution with a Gaussian
broadening with FWHM w = 27.8◦.

In the case of the two-body channel CS2 → S+ +CS+, the
PIPICO pattern is considerably sharper (figure 3). Analysis
of the cosγ distribution (γ = ∠(⃗pSa, p⃗CSb)) in this case gives
δ = 0.017, corresponding to the Gaussian broadening of
8.7◦ FWHM for figure 4(b). Lastly, for the (⃗pSa+ ,⃗pSb++)
pairs, δ = 0.104.

We are ultimately interested in how this broadening reduces
the observed anisotropies. The instrumental effect of redu-
cing the observed anisotropy is the strongest for A = 0 or 1
(equation (2) in the main text), and has no effect with the iso-
tropic distribution of A = 0.5. We found a general empirical
relationship between the convoluted and unconvoluted orient-
ation distributions of p⃗d as

A≈ 2Aconv − c
2(1− c)

, c≡ 1.41× 10−3w+ 6.2× 10−5w2, (6)

where A is the sin2 θ coefficient in the original distribution
and w[degrees] is the FWHM of the convoluting Gaussian
function.

Thermal rotational and vibrational motion: The molecules
in a gas-phase sample are in thermal motion, involving also the
rotational and vibrational degrees of freedom. The degrees of
freedom directly affecting the direction of the momenta of the
dissociation products are the bending vibrations and rotations
around the two rotational axes in the molecular frame.

In the case of rotations, the orientation of p⃗d is altered.
Although various ballpark estimates of this change can be
made, we estimated the effect of rotations by numerical sim-
ulations of dissociating molecules (as point charges) in a
thermal motion. The two rotational degrees combined have an
average thermal energy of 25meV at room temperature. At this
energy, and using the S+a , S

+
b ion pair for orientation determin-

ation, the change in the orientation of the p⃗d vector is 8.4◦ (with
the initial C–S bond length of 1.55 Å). Notably, the effect of
the rotation is not visible in the angle γ between the individual
vectors and is therefore not incorporated by the experimental
error determination presented above. However, its effect on the
orientation distributions can also be represented by a convolu-
tion with a Gaussian distribution for the rotation of the p⃗d to
a random direction, having FWHM of 13.6◦. For the bending
vibrations, since the motion is symmetric for the two sulfur
atoms and our analysis is based on the p⃗d vector, its direction
is not affected by this motion in the case of the S+a , S

+
b ion pair

analysis.
An analogous analysis was done for the other two ion pairs,

presented in table 1 of the main manuscript. In simulating dis-
sociation into the (S+a , CS

+
b ) pairs, a harmonic bond with k =

2500N m−1 was added between the C and Sb atoms and both
were assigned the charge of +0.5e. In this case, the bending
vibrations can also affect the molecular orientation determ-
ination, since (a) about 10% of the molecules are at the first
excited vibrational level at room temperature and (b) upon
dissociation, part of the vibrational energy becomes rotational
motion of the two fragments. This is also represented by the
classical numerical simulation where, using the thermal aver-
age energy per bending degree of freedom, only about 0.1◦

change in the orientation of p⃗d is obtained. Therefore, vibra-
tional motion is not a significant factor also in the case of the
S+a , CS

+
b ) pattern.
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Photoelectron recoil: Rotational motion can also be induced
by the recoil momentum of the photo- and Auger-electrons,
with a similar effect on the RF-IF transition as the thermal
rotations. The total recoil energy of 32 eV photoelectrons emit-
ted from S atoms is 0.55 meV and for the Auger electrons of
the average energy of 180 eV, 3.1meV. Only a fraction of this
energy is used for rotational excitations, remaining less than
10% of the thermal energy. Therefore, we conclude that in
this experiment with near-threshold photoemission, the pho-
toelectron recoil is not a significant additional factor to be
considered.

Photoelectron acceptance angle: The 2p photoelectrons are
collected from a certain solid angle by the electron analyzer,
determined by its transmission. It is affected by many factors,
such as the electron lens settings, pass and kinetic energies,
source dimensions and alignment. The opening angle of the
acceptance cone can be up to 20◦ according to the manufac-
turer’s documentation, which then introduces a corresponding
broadening in the determination of p⃗d in respect to the polar-
ization direction. As a ballpark estimate, we approximate it as
a Gaussian broadening with FWHM of 10◦, multiplied with a
sinθ geometrical factor.

For the final correction, all three broadenings—TOF spec-
trometer’s, rotational and electron spectrometer’s—were con-
voluted, giving the total FWHM as 33.3◦, 19.2◦, and 29.5◦

for the (S+a , S
+
b ) ,(S

+
a , CS

+
b ) and (S+a , S

2+
b ) ion pairs, respect-

ively. Equation (6) was then used to calculate the corrected
coefficients A.
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