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Photodouble ionization (PDI) triple-differential cross sections (TDCSs) of benzene and thiophene have
been measured in electron—electron coincidence experiments under 10-10 eV and 20-20 eV equal
energy sharing conditions. A multi-Gaussian fit method has been employed to characterize the TDCSs.
The trends and features observed for benzene and thiophene do highlight differences with helium most
likely from molecular PDI contributions to the TDCS. A comparison with the well-known helium PDI
TDCS for equal energy sharing conditions [Avaldi and Huetz J. Phys. B: At. Mol. Opt. Phys., 2005, 38,
S861-S891] supported the validity of the multi-Gaussian fitting method and contextualized the benzene

Received 4th December 2023, and thiophene fits. The molecular targets and energy sharing conditions were chosen to provide insight

Accepted 15th March 2024 into the unexpected resonances observed in aromatic hydrocarbons but not aromatic heterocyclic
molecules [Wehlitz et al, Phys. Rev. Lett, 2012, 109, 193001]. Contrary to the work of [Wehlitz et al.,
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1 Introduction

Photodouble ionization (PDI) is the ionization of an atom or
molecule with one photon, yielding two electrons. Direct PDI
processes occur when the two electrons are ionized without any
intermediate states, while indirect processes involve an excited
intermediate that is quickly ionized again." Measurement of
coincidence electrons from PDI enables the investigation of PDI
mechanisms, the correlation between the two electrons, and
atomic or molecular structure. Aromatic hydrocarbons are of
particular interest to be studied with coincidence PDI measure-
ments, since electrons in the blended n orbitals characteristic
of aromaticity are delocalized and freely moving over the
molecule.” Additionally, the stability of aromatic hydrocarbons
lends to the molecules’ importance in a variety of processes,
for example: larger polycyclic aromatic hydrocarbons in astro-
chemistry>* and aromatic hydrocarbons’ relevance to super-
conductivity>”®

The PDI of aromatic hydrocarbons and aromatic heterocyclic
molecules has been investigated by other groups.>®’ Aromatic
heterocyclic molecules differ from aromatic hydrocarbons, by
having one C atom of the cyclic ring replaced with another atom,
like S. The free electrons of the C replacing atom maintain the
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aromaticity of the molecule. For the aromatic hydrocarbons,
Wehlitz et al. found resonances in the ratio of doubly charged
ions to the total number of parent molecules, after subtracting
the contribution from the direct PDI process.® The resonance in
aromatic hydrocarbons began at excess energies between 30 eV
and 40 eV, while the aromatic heterocyclic molecules only had
an approximately linear increase starting at 42 eV excess
energies.® Furthermore, the photoelectron spectra of two aro-
matic hydrocarbons revealed corroborating resonances after
subtraction of the expected direct process continuum, but the
resonances were not observed for aromatic heterocyclic
molecules.® Wehlitz et al. suggested the mechanism for the
resonance involves the emission of a Cooper pair which breaks
up into two electrons, based on similar resonance enhance-
ment observations in Ceg.° In the Cg, observations, the
enhancements occurred at energies corresponding to de Bro-
glie wavelengths of electrons equal to the specific C to C
spacing within Ce.® For the aromatic hydrocarbons, the same
matching was only achieved with a de Broglie wavelength from
a particle of twice the mass of an electron.® Then, assuming a
de Broglie wavelength equal to the distance between carbons in
the aromatic hydrocarbons, the particle has an energy of
38.3 eV, which is the energy where the resonances begin to
appear.® Jinkild et al. performed coincidence measurements
and separately observed the resonance enhancements; but the
analysis of the energy sharing among the two photoelectrons
did not support the proposed Cooper pair mechanism.” The
mechanism is still not well understood, but measurements of
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the triple-differential cross section (TDCS) of these PDI pro-
cesses might provide further insight.

Helium gas was one of the first PDI targets given the
simplicity of the atom resulting in the direct PDI process being
dominant." Theoretical TDCS models developed for helium
have also been extensively experimentally verified,"*™' and
the helium TDCS for coincidence electrons in equal energy
sharing conditions (E; = E) can be described as

0° = |ag(El2, E/2, 01,)|*[cos(0;) + cos(6,)], (1)

where a, is the complex amplitude corresponding to the sym-
metric (gerade) exchange of the two electrons, E is the total
excess energy from PDI (E = E; + E,), 0, is the mutual angle
between the two electrons, and 0, is the angle of emission
around the polarization axis of linearly polarized light for
electron n.' Eqn (1) describes the helium PDI TDCS in two
components. a, encompasses the dynamic contributions, and
the bracketed cos term accounts for the kinematic contri-
butions.! Furthermore, a, is well described using a Gaussian
of the form

|ag|” = a(E)exp[—4In(2)(n — 012)"/(Orwina)’], ()

where a(E) is now a scaling amplitude dependent on the
electron energy and Opwy is the full width at half-maximum
of the Gaussian which describes a,."'* Importantly, Opwinm is a
measure of the electron correlations, where the electrons have
strong correlations at small Orwv and weak correlations at
large Opwin.' Thus, the experiments verifying the validity of
eqn (1) and (2) allow a greater understanding of the direct PDI
mechanism and electron correlation for He."**' When com-
bined with theoretical models, experimentally measured TDCSs
have been shown to provide important information on the PDI
mechanism and electron correlation of targets. The TDCS can
be experimentally measured by detecting both photoelectrons
in coincidence with known emission directions. These properties
make angularly resolved photoelectron coincidence measurements
an ideal step to further investigate aromatic hydrocarbons and
heterocyclic molecules.

The measurements were performed at the GasPhase beamline
of the Elettra Synchrotron in Trieste, Italy, selecting the case of
equal energy sharing electrons. The resonances observed by
Wehlitz et al.® appear around total excess energies of 40 eV,
so electrons in equal energy sharing conditions of 10 eV and
20 eV (denoted 10-10 and 20-20, respectively) were selected to
measure both off- and on-resonance. Additionally, since the
resonance was seen for aromatic hydrocarbons but not
for aromatic heterocyclic molecules,® benzene (C¢H,) and thio-
phene (C,H,S) were selected as targets.

Section 2 first describes the experimental apparatus and
procedures and second the TDCS fitting method employed for
the benzene and thiophene data. The experimentally measured
PDI TDCS with fits are presented in Section 3, with the analysis
of the data in comparison with helium PDI TDCS. Finally,
concluding remarks are contained in Section 4.
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2 Experimental
2.1 Apparatus and setup

The Elettra Synchrotron in Trieste, Italy provided the ionizing
radiation for the PDI experiments. The present measurements
were taken during operation with beam energies of 2 and
2.4 GeV, and the electrons were stored in the ring in a multi-
bunch mode. The dark gap between the two ends of the multi-
bunch electron train was measured as 73.9 ns. As stated
previously, the measurements were carried out at the GasPhase
beamline of Elettra, which utilizes linearly polarized undulator
radiation. A multi-coincidence angularly resolved electron spec-
trometer detected the PDI electrons.

The spectrometer consists of 10 hemispherical analyzers
mounted on two frames. Fig. 1(a) shows the actual spectro-
meter at the GasPhase beamline of Elettra, along with a
schematic diagram of the spectrometer in Fig. 1(b). Three
analyzers are mounted on a fixed frame at angles of 0°, 30°,
and 60°, where 0° is the direction of the polarization vector of
the linearly polarized light. These analyzers are kept stationary
and are labeled M1, M2, and M3. The 7 other analyzers are
mounted 30° apart on a rotatable frame and are labeled A1 through
A7; although, A7 was not functioning for these experiments.

During data acquisition, each M analyzer records counts
separately; thus, three sets of coincidence measurements are
recorded at the same time, between each M analyzer and any of
the A analyzers. Bolognesi et al."® describe the data acquisition,
data processing, and spectrometer in more detail. For the
present data, both frames were in the plane perpendicular to
the propagation direction of the ionizing radiation, and the
position of the rotatable frame was changed to allow measure-
ments from 113° to 291°. The hemispherical analyzers were
then set to record electrons under 10-10 or 20-20 equal energy
sharing conditions. The energy resolution and the angular
acceptance in the dispersion plane of the spectrometers were
AE;, AE, =~ 0.3 and 0.6 eV at 10 and 20 eV kinetic energy,
respectively, and A0,, A0, =~ 4°.

This experimental end-station has been specifically designed
to perform the angular resolved photoelectron—-photoelectron
coincidence experiments to study TDCS."® The hemispherical
analyzers can be equipped with entrance/exit slits of different
size and shape to improve either the energy resolution or the
count rate. The angular resolution is on the order of a few
degrees, the energy resolution is about 3% of the hemispherical
analyzers’ pass energy, and different target sources (gas jets,
heated oven) can be hosted in the chamber.

A different approach to multiangle detection for PDI studies
has been proposed by Reddish et al.,"* which used two toroidal
analyzers to cover an angular range similar to the setup used
here. The range of the kinetic energy of photoelectrons in this
spectrometer has been limited to 30 eV.'® Setups with multi-
angle and energy detection like the cold target recoil ion
momentum spectroscopy (COLTRIMS) setup offer a more effi-
cient data collection, but in the case of PDI studies COLTRIMS
setups definitely have a lower angular resolution (in most cases
the TDCSs are integrated over 20°'°) and energy resolution
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Rotatable

Fig. 1 A picture of the multi-coincidence spectrometer setup at the GasPhase beamline of Elettra (a) and schematic diagram of the spectrometer
(b). The fixed analyzers are labeled I, II, and lll, while the rotatable analyzers are labeled 1 to 7, and the synchrotron photon beam (purple arrows) and

polarization vector (red arrow) are displayed in the schematic (b).

comparable to the multi-angle spectrometer used here. Moreover,
COLTRIMS setups use cold targets produced by supersonic jets,
which increases the experimental complexity, and their use in the
PDI studies has been limited to He atoms and H, molecules.*®
Magnetic bottle spectrometers’” have also been used to study
double and multiple photoionization. This type of analyzer, which
is based on the measurement of the time-of-flight of the photo-
electrons, provides highly efficient detection of several electrons
in coincidence and is characterized by high resolution. Magnetic
bottle spectrometers have been extensively used to study
the energy spectra of dications'” and to produce photoproduct
coincidence maps, which inform molecular fragmentation and
dissociation pathways'’™® but provide no information on the
angular distribution.

Here, liquid benzene and thiophene samples were used.
Before being connected to the experimental chamber, a process
of freeze-pump-thawing the samples ensured the purity of
benzene and thiophene. A sensitive leak valve permitted control
of the flow of the gas sample. For measurements, the flow rate
was adjusted until the vacuum chamber pressure was stable at
a pressure at least an order of magnitude larger than the
sample free pressures, which were on the order of 10~7 mbar.

One more step before measuring the PDI TDCS is determin-
ing the appropriate photon energy. Double ionization energy
spectra from the literature act as starting points. Linusson
et al.’® and Eland”" and Tarantelli et al.>> provide the double
ionization energy for benzene and thiophene around, 24.6 eV
and 24.7 eV respectively. The target photon energy is then
derived from equal energy sharing condition electrons of either
10 eV or 20 eV kinetic energy and E; + E, = hv + ID, where Av is
the photon energy and ID is the double ionization energy of
the molecule. Next, a binding energy spectrum is measured
around the calculated target photon energy to maximize the

10786 | Phys. Chem. Chem. Phys., 2024, 26,10784-10795

coincidence count rates of the spectrometer. The scans resulted
in photon energies of 45.75 eV and 65 eV for benzene at 10-10
and 20-20 and energies of 46.5 €V and 66 eV for the thiophene
at 10-10 and 20-20. A similar experiment on Ne, whose double
ionized states produce well isolated features, allowed the
accurate calibration of the kinetic energy of the photoelectrons.
From this experiment, we derived that in both benzene and
thiophene we have investigated dication states with a binding
energy of about 25 eV. At this binding energy, the expected
dication states to contribute to the measured PDI TDCS
are *A,g, 'E,g, and 'Ay, for benzene®"?*? and °B,, 'B,, and 'A, for
thiophene.*°

Additional angular distribution measurements of a well-
known process enabled the relative calibration of the hemi-
spherical analyzers to each other. Here, the photoionization of
the 2p electron of Ne was the process, and electrons with 10 eV
and 20 eV kinetic energy were measured. A photoelectron
spectrum (PES) was measured at each position of the rotatable
frame the coincidence measurements were taken at. A Gaussian
fit to each PES provided counts at each angle, yielding an
angular distribution. Comparing the experimental angular dis-
tribution to the known angular distribution for 2p Ne
electrons®>® gave scaling calibration coefficients for each
analyzer at each position. When applying the scaling calibra-
tion coefficient, each coincidence measurement needed to
account for both the A and M analyzer angular efficiency, so
two scaling coefficients were applied to the final data to
account for both the A and M analyzers. The angular calibration
of the M analyzers allows the three TDCSs to be set on the same
relative scale.

After measurement, the subtraction of the contribution of
random coincidences to the time coincidence spectra is required.
Two types of background contributions were considered. The first
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type was purely random coincidences resulting in a flat back-
ground contribution. The second type arises because the 73.9 ns
dark gap in the electron train leads to a pulsed light source.
Synchrotron radiation of this type has a known triangular shaped
background coincidence count contribution centered on the
region of true coincidence counts.*® However, including the
synchrotron contributions in the background resulted in over-
fitting the data and the loss of most coincidence counts. The
purely random and synchrotron background contributions were
compared. Across the benzene and thiophene data, the mean
percent contribution of the synchrotron background counts to the
total background was 11.9 + 0.6%. In some cases, the synchrotron
background counts were within the uncertainties of the flat
background contribution, but no clear trend was observed. Based
on the low contribution of the synchrotron background, a flat
background was assumed here.

2.2 TDCS fitting

As mentioned previously, models of PDI TDCS give insight into
the PDI mechanism and electron angular correlation of the
ionized target. Works containing theoretical models for the
TDCS of H,0,”” CO,,*® Mg,*® and various noble gases'® have
been published; however, current reported theoretical studies
have not yet been extended to molecules as complex as benzene
and thiophene. Several models"*°~? that fit PDI TDCS similar
in shape to the following results were attempted to gain some
quantitative comparison, but the lack of a strong physical basis
and the poor fits lead to a different method for quantitative
comparison.

An examination of helium TDCS provides the basis for the
new method. Helium PDI TDCS at 10-10 equal energy sharing
conditions from Schwarzkopf and Schmidt® are shown in Fig. 2
for fixed analyzer angles of 30° and 52.5°, marked by red lines.
In Fig. 2, 0° corresponds to the ionizing radiation’s polarization
vector. The lobes of the TDCS can be described by Gaussian
functions, as demonstrated by eqn (2) and highlighted by Fig. 2.
Thus, a multi-Gaussian function was fit to each TDCS. Each
Gaussian corresponded to a different lobe and was fit as

S e

where 0 is the angle of the electron measured in an A analyzer
and A, o, and p are fitting parameters corresponding to the
scaling factor, the width of the Gaussian, and the centroid of
the Gaussian, respectively. So, the total fitting function for each
TDCS was a sum of Gaussians in the form of eqn (3), where
u gives the angular position of each lobe and ¢ the width of
each lobe.

The multi-Gaussian fit procedure utilized for benzene and
thiophene (described below) was applied to published He data
for PDI at equal energy sharing with 10 eV*'® and 20 eV.'" The
results of the fit not only provide multi-Gaussian parameters
for comparison, but also act as a validity check of the multi-
Gaussian fit when compared to the well tested He TDCS given

f(0) = Aexp
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Helium 10-10

Fig. 2 TDCS for helium at 10-10 eV equal energy sharing conditions from
Schwarzkopf and Schmidt® with fixed analyzer angles of 30° and 52.5° (red
lines in a and b, respectively). Here, 0° is the direction of the ionizing
radiation’s polarization vector, and the experimental TDCS are the purple
and brown points for the 30° and 52.5° data. Multi-Gaussian fits (black
dotted curves) and He fits from eqgn (1) (grey dash-dotted curve) are also
shown.

by eqn (1) and (2), referred to here as the He fit to distinguish
from the multi-Gaussian fits.

Fig. 2 shows both the multi-Gaussian and He fits are in good
agreement, supporting the validity of the multi-Gaussian fit for
PDI TDCS. Notably, the small secondary lobes observed in the
He data and He fit, around 0 = 180° in Fig. 2(a) and (b), are
partially described by the multi-Gaussian fit through the sym-
metric lobe. The multi-Gaussian fit os for He can also be scaled
to reported Orwrm values, as described in Section 3.2, and the
agreement between the scaled Ogwinvs and the reported values
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provides further support for the multi-Gaussian fit. Additional
comparisons with ratios of the molecular data and scaled
He fits discussed in Section 3.2 and shown in Fig. 6 lend extra
support to the validity of the multi-Gaussian fit for the mole-
cular targets.

Limits were established for all three fitting parameters. The
lower and upper limits for ¢ had the largest consequence on
the fits, and the values used were 0.25 radians or 14.3° and /2
radians or 90°, respectively. The lower limit is non-zero,
because the multi-Gaussian fitting can easily overfit the data
with many narrow Gaussians, since the expected number of
lobes is unknown. 0.25 radians comes from the smallest lobe
width obtained from fitting He TDCS from Dérner et al.*® in the
10-10 energy sharing case where the narrowest lobes are
expected due to a smaller Ogwin. A comparison of the o =
0.25 radian lobe to the known He PDI TDCS confirmed the
validity of the limit on the lobe width. Meanwhile, the n/2 limit
was chosen based on being slightly larger than the largest fit o
values which reasonably fit lobes. For the fitting, one group of
three TDCSs for a molecule at a particular kinetic energy can
have as many as 27 different fitting parameters if each coin-
cidence data set just has three lobes. However, several factors
constrain the parameters and reduces the amount of free
variables.

First, the Gaussian description of each lobe can be thought
of similarly to the He PDI TDCS model; thus the scaling
parameters A in part contains the kinematic contributions,
while the Gaussian contains the dynamic contributions. As a
consequence, the widths, o, should be the same across the
three TDCSs for a given molecule at a given kinetic energy.
Thus, as long as the three TDCSs are fit simultaneously a single
o parameter is employed in the fit. Second, since the coinci-
dence electrons are measured under equal energy sharing
conditions, the emission direction of the electrons is assumed
to be symmetric about the axis of the first electron’s emission
angle and the back-to-back emission angle, which corresponds
to two lobes whose positions, , are equidistant from the back-
to-back emission angle. Here, the back-to-back emission angle
is taken as the reference angle. Third, since electrons detected
at M1 are in the direction of the polarization vector, there is
a kinematic emission symmetry around the axis of the first
electron’s emission angle and back-to-back emission angle for
M1 TDCSs. The kinematic symmetry restricts symmetric lobe
pairs to have the same variable A parameter, since A accounts
for the kinematic contributions in the fitting approach adopted
here. Fourth, only lobes in the observed angular range are
included in the fit to avoid unreasonable lobes fitting the tails
of the data; thus, only lobes whose ; are within the data range
contribute to the final multi-Gaussian fit. These constraints are
summarized as:

(i) The three TDCSs for a given molecule and kinetic energy
are fit simultaneously with one ¢ parameter;

(ii) Lobe positions (u) should have symmetric partners
around the back-to-back emission angle;

(iii) Symmetric lobes in M1 TDCSs share the same A
parameter;

10788 | Phys. Chem. Chem. Phys., 2024, 26, 10784-10795
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(iv) Lobes with u values outside the data range do not
contribute to the final fit.

With the restrictions (i)-(iv), the same multi-Gaussian fitting
procedure was applied to each data set enabling a consistent
comparison. For each molecule and at each kinetic energy, the
TDCSs from the three M analyzers were fit simultaneously with
one ¢ parameter. An initial fit swept through the parameter
space for three allowable lobe pairs and a back-to-back emis-
sion lobe. Since the angular range of the A analyzers is not
centered about the back-to-back emission angle, only one lobe
out of a symmetric pair may be observed in the data set. Thus,
fitting without some lobe parameters was carried out until a
reasonable result with a > value and overall shape consistent
with the smallest achievable 4> fit was obtained.

With this procedure, the multi-Gaussian fits only reflect the
final summation of contributions. Randazzo et al. show the
different final state contributions from theoretical water PDI
TDCS have complex overlapping lobe structures;*® thus, the
multi-Gaussian fit would not necessarily accurately predict the
individual contributions of each PDI channel. Measures such
as additional Gaussians or relaxed fitting constraints could
enable more accurate final state contribution modeling, but
overfitting the data and multiple fit solutions to the final TDCS
fit are concerns. Without theoretical support, the more cau-
tious approach for multi-Gaussian fitting described above was
the chosen method to facilitate comparison of the molecular
TDCS data sets.

3 Results and discussion
3.1 Benzene and thiophene

The following benzene and thiophene TDCS are three-point
smoothed for clarity. Negative counts in the smoothed plots
were artificially set to zero. The multi-Gaussian fits shown in
the plots were calculated using the unsmoothed data. Fig. 3
shows the TDCS for benzene and thiophene at 10-10 and 20-20
energy sharing conditions, where 0° is the angle of the ionizing
radiation’s polarization vector. Each radial plot in Fig. 3 also
depicts the multi-Gaussian fit as solid black curves. The para-
meters of each fit are stated in Table 1, as well the reduced chi-
square fit statistic, y,%, for comparison. Since the symmetric
lobe u is calculated based on an input lobe position, uncertain-
ties are omitted for the symmetric partner us. Further, as
mentioned in Section 2.2, some symmetric partner lobes were
omitted and are marked with a “~* in Table 1. Back-to-back
emission lobes necessarily do not have symmetric partners,
which is represented as “N/A” in Table 1. Moreover, back-
to-back lobes here have a precisely set u (fixed analyzer angle
+180°), so no uncertainty is given for the back-to-back
positions.

While the fitting procedure described in Section 2.2 enabled
the fitting of benzene at both kinetic energies and thiophene at
20 eV kinetic energy, the 10-10 TDCS for thiophene required
further conditions to obtain uncertainties on the parameters.
The issue for the 10-10 thiophene TDCS was data points at the

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05908a

Open Access Article. Published on 19 2024. Downloaded on 30/10/2025 2:20:33 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP

Benzene 10-10

Benzene 20-20

Fig. 3 TDCS for benzene and thiophene measured at 10 eV and 20 eV equal energy sharing conditions with multi-Gaussian fits (black curves) described
in the text. Each row corresponds to a different molecule and kinetic energy, and each column corresponds to a different fixed analyzer angle 0° (blue
points), 30° (orange points), and 60° (green points). Within each plot, the angle of fixed analyzer is denoted by the red line, and 0° is the direction of the
ionizing radiation’s polarization vector.
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Table 1 Multi-Gaussian fit parameters — lobe width (¢), lobe position (), and lobe scale (A) - and reduced-chi square (x,?) for the benzene and

thiophene TDCSs

Target Energy sharing ,” o [deg] Fixed analyzer [deg] p [deg] A [counts] Symmetric p [deg] Symmetric A [counts]
Benzene 10-10 8.05 14+3 0 144 £ 5 63 £ 14 216 63 £ 14
261 £ 8 38 + 14 — —
180 29 + 27 N/A N/A
30 120 + 23 37 + 40 — —
164 + 14 39 + 22 256 13 £ 16
283 + 16 28 £ 16 137 7.5 x 1072 + 61
210 43 + 14 N/A N/A
60 153 £ 7 32 £ 10 — —
113 + 18 17£9 — —
281 +£6 24 + 8 199 29 +9
240 26 £ 8 N/A N/A
Benzene 20-20 7.49 15+2 0 145 + 4 46 £ 9 215 46 £ 9
277 £ 4 57 £12 — —
180 28 + 18 N/A N/A
30 132 + 21 34 £ 76 288 4.0 x 10°¢ £ 152
142 + 51 5.4 x 107'* £ 87 278 25 £ 128
179 £ 9 26 £9 241 35+ 10
210 18 £15 N/A N/A
60 131+ 6 37+9 — —
169 £ 8 33+9 — —
211+ 6 41 +£9 269 33 £8
240 8+ 19 N/A N/A
Thiophene 10-10 8.00 203 0 122+ 6 86 £ 16 238 86 £ 16
291¢ 86.58“ — —
180 70 £ 34 N/A N/A
30 113¢ 100.04¢ — —
139 + 21 4+21 281 49 + 26
179 + 14 110 + 42 241 92 + 33
210 31 £ 110 N/A N/A
60 130 £ 8 73 £ 16 — —
180 + 53 82 + 428 — —
189 + 16 15 £ 472 291 78 £ 29
240 113 + 17 N/A N/A
Thiophene 20-20 11.68 16+2 0 136 + 3 96 + 15 224 96 + 15
284 £ 6 156 + 45 — —
180 123 + 38 N/A N/A
30 129 + 151 41 + 981 — —
136 £ 6 108 + 1046 284 315 + 98
183 + 10 284 £ 105 237 67 £ 45
210 2.0 x 107° £ 282 N/A N/A
60 125 £ 6 56 + 12 — —
172 + 10 81 £ 27 — —
208 £ 7 82 £ 25 272 70 + 18
240 20 + 28 N/A N/A

“ Gaussian lobe parameters were fixed to obtain uncertainties for the rest of the fit. See text for further details.

angular ends of the data drove lobes in those regions to large
and unreasonable values, since most of the lobes were in an
angular region without data points to fit. However, during the
fitting procedure, these lobes would not become unreasonable
when constrained to the angular range of the observed data,
constraint (iv), and the p and A values obtained from the initial
fit were utilized as fixed parameters in the secondary fit,
yielding uncertainty values for the rest of the parameters.
Specifically, the lobes at 4 = 113° and 291° had fixed x and A
values reported in Table 1.

Comparison of the fitting parameters between the four
scenarios provides some information. Scale parameters (A)
approaching zero may indicate the suppression of a lobe due
to kinematic restraints, like the cos(6;) + cos(,) term in eqn (1).

10790 | Phys. Chem. Chem. Phys., 2024, 26, 10784-10795

Additionally, since the lower limit of the A parameter is 0, the
uncertainties are orders of magnitude larger than the A values.
Aside from zero approaching A parameters, the uncertainty on
most parameters is reasonable across the data sets, but several
examples of uncertainties larger than the value exist, mostly for
A parameters and especially in the thiophene data sets.

The most obvious explanation for the large uncertainties is
the current multi-Gaussian fit does not accurately model the
actual TDCS, despite the reasonable characterization the multi-
Gaussian fit provides for the other data sets. However, until
more in depth theoretical models exist for PDI of benzene and
thiophene, it is difficult to confirm or deny the validity of the
multi-Gaussian fit further. Another possible explanation is that
different combinations of Gaussians can sum to the presented
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multi-Gaussian fits, including combinations where lobes are
suppressed due to kinematic restraints. Without deeper theo-
retical understanding of the PDI process in benzene and
thiophene, performing such fits lack a strong physical basis
and could easily overfit the data. A consequence of the use of
the more conservative constraints is the occasional discrepancy
of minima in the multi-Gaussian fits but observed maxima in
the experimental TDCS, for example in the 30° TDCS for
benzene at 10-10 energy sharing in Fig. 3. Instead of possibly
overfitting the data, He was maintained as a known and
reasonable reference point for the multi-Gaussian fits, namely
as the origin of the ¢ minimum limit described in Section 2.2.
However, despite these minima-maxima discrepancies, the
overall agreement in the y,> between the data sets supports
the multi-Gaussian approach.

One experimental reason exists for the additional constraints
required for the 10-10 thiophene TDCSs. The M1 analyzer for the
thiophene at 10-10 energy sharing experiments had much lower
counts with respect to M2 and M3, when compared to other
experimental conditions, which could account for the increased
difficulty in fitting the data. The o values for the different
molecules at each kinetic energy may also be compared. One
aspect of note is the consistency of ¢ values across the data sets,
and the second important note is the benzene 10-10 TDCS ¢ is at
the minimum value of 0.25 radians or 14.3°.

3.2 Helium comparison

As in the case of the multi-Gaussian fits, the He data at each
kinetic energy was fit simultaneously by the He fit for the
different fixed analyzer angles, yielding Orwmn values for the
10 eV and 20 eV He TDCSs. Since the He 10 eV data came from
two sources and the TDCSs were not internormalized, another
scaling factor was included to account for the difference in data
sets. The He fit for the 10 eV electrons yielded Opwinv = 94 £ 4°.
For comparison, Schwarzkopf and Schmidt reported a value of
90.9 + 2°° and Dérner et al. reported a value of 91.6 + 2°.'°
Likewise, the 20 eV electrons had a Opwuy = 99 + 2° from the
He fit, and Cvejanovic et al give a Opwuy of 103 £ 2°."
Additionally, multi-Gaussian fit ¢ values for helium were cali-
brated to their respective reported Opwin values, with Opwiv at
10-10 being the average of Schwarkopf and Schmidt’s® and
Dorner et al.’s'® values. The calibrated values using a common
factor are Opwum = 90 = 7° and 105 + 8° for the 10-10 and
20-20 o values, respectively. The Orwiy agreement with the He
fit performed here and the published results’ " give support to
the multi-Gaussian fit method. Thus, a comparison of the
multi-Gaussian fit parameters can be done.

Starting with the lobe widths, ¢, Table 2 contains the ¢
values for helium, benzene, and thiophene at both energy
sharing conditions and the helium calibrated Ogwin values.
The o values are directly compared and act as an indicator of
electron correlation. Considering benzene and thiophene, only
the 10-10 thiophene ¢ is significantly different, perhaps being
larger than the other molecular cases. No clear differences are
observed between benzene and thiophene, with ¢ values for the
remaining three cases being within the uncertainties of each
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Table 2 Multi-Gaussian fit o values including helium values
Target Energy sharing o [deg] Orwrnm [deg]
Helium 10-10 24 £ 2 90 £ 7
Helium 20-20 28 +2 105 £+ 8
Benzene 10-10 14 £3 —
Benzene 20-20 15+ 2 —
Thiophene 10-10 20 £ 3 —
Thiophene 20-20 16 £ 2 —

other. Comparing to helium, the molecular os are smaller than
both helium values.

A smaller ¢ (and therefore Opwin) than He is reasonable.
Kheifets and Bray showed the Opwy is related to the momen-
tum profile widths, which are determined from momentum
space radial wave functions of the singly ionized PDI targets.**
Heavier atoms with similar valence electronic structures to He
had smaller momentum widths and smaller Ogwims following
an established power law.>* Further, Kheifets and Bray also
showed that the momentum width for molecular hydrogen, H,,
is smaller than the He’s ground state width.** So, thiophene
and benzene could be expected to have smaller momentum
profile widths and consequently smaller Orwms.

Next, the lobe position, u, values are displayed in a radial plot
form in Fig. 4. The magnitude of the lines in Fig. 4 are arbitrary to
focus on the angular position of each lobe. For a reasonable
comparison between different fixed analyzer angles, the angles in
Fig. 4 are the mutual angle between the fixed analyzer angle and
the lobe angle. He is plotted in both radial plots to provide an
atomic comparison, and the benzene and thiophene lines are
plotted separately in Fig. 4(a) and (b), respectively.

The He p values highlight the kinematic restriction suppres-
sing back-to-back emission." However, back-to-back emission
is observed for the two molecules. The shape of the angular
distribution in PDI is determined by the combination of the
Coulomb repulsion of the two electrons in the continuum and
the symmetry of the wave function of the electron pair, defined
by the dipole selection rule and the initial state wave function.
The symmetry of the electron pair determines the node, or
absence of a lobe, in the back-to-back emission. For atoms, the
node occurs when the electron pair does not have all even or
odd quantum numbers, as in the case of helium where the
electron pair wavefunction is 'P°. For randomly oriented mole-
cules, besides the symmetry of the electron pair, the molecular
contribution described by Reddish and Feagin®> can fill the
node in the back-to-back direction. Thus, if different dication
states contribute to the measured TDCS, then it may be
possible the cross sections of the states varies with the excess
energy, and therefore the filling of the back-to-back node is
different at 10-10 and 20-20 energy sharing conditions.

Table 1 indicates that only the 30° fixed analyzer TDCS for
thiophene under 20-20 energy sharing conditions has a sup-
pressed back-to-back lobe. Aside from the back-to-back lobe
though, the 20-20 u values for both molecules have more lobes
closer to back-to-back emission compared to the 10-10 data,
which may indicate an energy dependent TDCS contribution
common to both benzene and thiophene.
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Lobe Positions (u)

—— He 20-20
He 10-10
—— Fixed Analyzer

— Bz 20-20
—— Bz 10-10

—— Thp 20-20
Thp 10-10

Fig. 4 Multi-Gaussian u fit values adjusted to the mutual angle, 0,
between the u and the fixed analyzer (black lines at 0°) for benzene with
helium for comparison (a), and thiophene with helium for comparison (b).
The magnitude of the lines are arbitrary here, and uncertainties are omitted
for clarity. Within the legend, helium, benzene, and thiophene are abbre-
viated to He, Bz, and Thp, respectively.

Although the molecular TDCSs are not expected to be
similar to the He TDCS, the u values for He provide a well
understood atomic point of reference. Benzene at both 10-10
and 20-20 energy sharing do not have any features at the same
mutual angle as He; only some u values close to the He angles.
For thiophene only the 10-10 energy sharing has lobes directed
in the same angular region as helium. One possible explanation
for the 10-10 thiophene lobes in the helium directions comes
from the sulfur in the molecule. The PDI dication state targeted
for thiophene consists of the outermost out-of-plane orbitals,
namely the sulfur p subshell and the carbon ring.*® Further,
PDI TDCS studies of argon show ionization lobes from 3p
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subshell into residual ion states of both *P® and 'S yield lobes
in similar directions to He PDL"**® Two factors do not support
such a difference for the 10-10 thiophene u values. First, the
issue again of the difficult fitting of the 10-10 thiophene TDCS
necessitates a reserved approach to observed differences.
Second, the p subshell explanation does not explain the lack
of such a lobe for 20-20 thiophene. Therefore, while the
thiophene PDI TDCS at lower kinetic energies may suggest
more atomic-like contributions to the TDCS, further support for
such a difference is required.

Lastly is the scaling parameter, 4; however, a comparison of
the scaling parameter did not reveal any clear insight. Instead,
the full multi-Gaussian fits were compared to each other and
the helium TDCS model. Fig. 5 shows the multi-Gaussian fits
for each fixed analyzer for benzene at both equal energy sharing
conditions in Fig. 5(a)-(c) and for both energy sharing condi-
tions of thiophene in Fig. 5(d)-(f). Along with each multi-
Gaussian fit is a He fit generated using eqn (1) with known
Opwim values of 91.25° (average from ref. 9 and 10) and 103° "
for 10-10 and 20-20 energy sharing, respectively. The He fits
were then scaled to the maximum value of each TDCS.

The data sets were not internormalized, hence the difference
in counts for each TDCS fit. Rather, Fig. 5 emphasizes the
relative scale and quantity of lobes for each data set. Broad
similarities are observed such as similar number of lobes for
the same fixed analyzer and molecule. A difference among the
data is the strength of the back-to-back lobe. In benzene, the
back-to-back lobe is similar in relative magnitude for both
10-10 and 20-20 energy sharing at the 0° fixed analyzer as
evident in Fig. 5 and confirmed with Table 1, but for the 30°
and 60° fixed analyzer the 10-10 energy sharing has a more
dominant back-to-back lobe than the 20-20 multi-Gaussian fits.
A similar trend is present for thiophene, with even the back-to-
back lobe for the 20-20 fit for the 30° fixed analyzer TDCS
approaching an A of zero.

Feagin,?” Reddish and Feagin,**> and Bolognesi et al.*® exam-
ined the ratio of their molecular target TDCSs, D,**?” and N,,*®
and He TDCSs. For the ratios both experimental and fitted
TDCSs were compared.*>*”*® The TDCS ratios highlighted not
only how the molecular targets differ from He, especially at
back-to-back emission, but also how the models compare to the
data.’*?7*® Here, the ratios of the experimental TDCS with the
He fit TDCS and the ratios of the multi-Gaussian fit with the He
fit TDCS for benzene and thiophene are presented in Fig. 6
against the mutual angle 0,,. For the ratio of the experimental
TDCS, the He fits were scaled to the maximum of the experi-
mental data, as for Fig. 5.

Focusing on the acceptable data range, the multi-Gaussian
fit ratios match the experimental TDCS ratios well as expected,
further confirming the validity of the fit method. Furthermore,
the molecular behaviour of a large back-to-back emission peak
observed by Feagin,’” Reddish and Feagin,*® and Bolognesi
et al.*® is also present for thiophene and benzene. Both the multi-
Gaussian fit ratios as well as the experimental TDCS ratios for
thiophene appear to be more helium-like at both 10-10 and 20-20
energy sharing compared to benzene at 6, > 180°. Fig. 6(a) and (b)
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Fig. 5 Multi-Gaussian fits for benzene PDI TDCSs from fixed analyzers at 0° (a), 30° (b) and 60° (c) at 10-10 (cyan solid curve) and 20-20 (blue solid curve)
energy sharing conditions and plotted against the mutual angle, 01,. The same plots for thiophene at 10-10 (olive solid curve) and 20—-20 (green solid curve)
energy sharing conditions are shown in (d), (e), and (f). He fits scaled to the maximum value of each TDCS at each energy sharing condition and using Ogwim =
91.25° and 103° for 10—10 and 20-20 energy sharing, respectively, are also shown as dotted lines. The color of each helium curve is the same as the TDCS the
He fit was scaled to (cyan, blue, olive, and green for benzene 10—-10, benzene 20-20, thiophene 10-10, and thiophene 20-20, respectively).
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Fig. 6 Plots of the ratio of TDCSs and multi-Gaussian fit by the He fits shown in Fig. 5 for benzene at 10-10 (a) and 20-20 (b) energy sharing and
thiophene at 10-10 (c) and 20-20 (d) energy sharing against mutual angle, 0;,. The ratio from TDCSs of fixed analyzer angles of 0° (blue dotted curves),
30° (orange dotted curves) and 60° (green dotted curves) are displayed with experimental values of the same color but different markers (circle, triangle
and diamond, respectively) for comparison. Large uncertainties due to the semi-log scale are omitted for clarity. A ratio of 1 (solid grey horizontal line)
highlights where the most helium-like the multi-Gaussian fits are in all plots.
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show at 6;, > 180° the benzene TDCS ratios deviate more from the
helium-like ratio, with the multi-Gaussian fit curves for benzene
also moving away from helium-like (a value of 1). The difference
could be due to the sulfur atom within thiophene with similar
reasoning described previously for the thiophene 10-10 lobe p
values, where PDI originates from molecular orbitals comprised
partly of the sulfur’s p subshell.

A qualifying aspect to the TDCS ratios is the number of lobes
in the molecular TDCS and multi-Gaussian fits, beyond the two
lobes observed for helium. Since so many lobes have been used to
fit the data and overlap within the region of the helium lobes as
shown in Fig. 5, the TDCS ratios in Fig. 6 exhibit several humps
around the ratio value of 1, which is most helium-like. The
benzene 10-10 TDCS at the 60° fixed analyzer angle displays this
behaviour most clearly in Fig. 6, where the three lobes below
0,, = 180° are visible as two humps and one shoulder. Without
theoretical support, it is unclear whether or not the lobes in the
helium angular region for benzene and thiophene are caused by
helium-like atomic PDI contributions or a molecular contribution.

4 Conclusions

In summary, the PDI TDCS for benzene and thiophene at 10-10
and 20-20 equal energy sharing conditions have been pre-
sented. Despite the lack of a theoretical model, the TDCSs have
been characterized via a multi-Gaussian fitting method.
A comparison with the PDI of helium has not only validated
the multi-Gaussian fits but also contextualized the benzene and
thiophene TDCSs. No difference between the molecules was
found for the o value of the multi-Gaussian fits, which is
an indication of the electron angular correlation; however,
benzene and thiophene did have smaller os than helium.
A comparison of the multi-Gaussian fit u values showed a slight
similarity for benzene and thiophene at 20-20 energy sharing
conditions, which contained more lobes closer to back-to-back
emission than the 10-10 data. Further, the 10-10 thiophene us
were the only data to have lobes directly in the angular region of
the helium lobes. The difference for thiophene may be due to
PDI contributions from the sulfur p subshell, but this differ-
ence may also be due to the challenge in fitting the 10-10
thiophene TDCS. Finally, a comparison of the multi-Gaussian
fits and the well-known He fit TDCS at equal energy sharing
showed an overall greater contribution from the back-to-back
emission for the 10-10 energy sharing conditions over the
20-20 for both molecules. Furthermore, examining the ratio
of the TDCSs with the He fit TDCS, indicated thiophene had a
more helium-like characteristic than benzene at mutual angles,
05, greater than 180°. The difference is qualified by the fact
that benzene and thiophene have multiple lobes which lie
within the angular range of the helium lobes, and the source
of these contributions cannot be determined without more
theoretical support, which is needed to progress understanding
of the experimental molecular TDCSs further.

Even without the support yet, the multi-Gaussian charac-
terization of the benzene and thiophene PDI TDCS gives some
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insight into the resonances observed by Wehlitz et al. for
aromatic hydrocarbons but not for aromatic heterocyclic
molecules.® First, looking at the Gaussian fit parameters pro-
vides some information. The obtained ¢ values broadly showed
no difference between benzene and thiophene, especially given
the larger value for 10-10 thiophene may be due to poor counts.
Generally, the trends in u values for benzene and thiophene
were similar, with the one difference again in 10-10 thiophene.
Trends in the full multi-Gaussian fit and TDCS comparison
with the He fit were also quite similar, with the one difference
observed in the TDCS ratios of thiophene’s more helium-like
TDCS requiring more evidence. Thus according to the fit
parameters, the present results do not show strong evidence
of a reason for the resonance enhancement for benzene at
40 eV excess energy observed by Wehlitz et al.® and Jinkild
et al.” Second, examining the shape of each multi-Gaussian fit
in Fig. 3 shows another facet of the TDCS. Between benzene at
10-10 and 20-20 energy sharing conditions the lobes at 20-20
appear to be broader at the fixed analyzer angles of 30° and 60°,
as shown in Fig. 3. Then, comparing benzene and thiophene at
20-20 energy sharing, some visual differences appear as well.
The differences observed in the fits are not well captured by the
multi-Gaussian fit parameters; however, the fits do highlight
differences among the PDI TDCS. Whether and how these
qualitative differences may be attributed to an effect of the
observed resonances®’ is not straightforward.

Theoretical support which would help to understand the
shapes of the measured TDCSs and the differences between
benzene and thiophene should provide first of all an analysis of
the contributions to the TDCS from the different ionization
channels and second the TDCSs’ variation with excess energy.
The latter would also provide useful information on the
active PDI mechanisms. This could lend further insight into
the unexplained resonance observed by Wehlitz et al® and
Jankild et al.” A more robust TDCS model based on theory
would provide a more grounded comparison with the multi-
Gaussian fits and help to extract the parameterization informa-
tion on the electron correlation in the case of these two
polyatomic molecules, which then can be used for comparison
with other molecules.
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