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Photo-double-ionization mechanisms in aromatic hydrocarbons
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We have measured the ratios of doubly to singly charged molecular parent ions of benzene (partially deuterated),
naphthalene, anthracene, pentacene, pyrrole, furan, selenophene, and coronene for photon energies ranging from
threshold to the carbon K shell. The photon-energy dependence of the ratio curves has been analyzed and
compared to each other for the above molecules. We conclude that two—and in some cases three—different
photo-double-ionization mechanisms exist for aromatic hydrocarbons. One of the mechanisms is the formation
of a two-electron pseudoparticle. This finding may be useful in the quest for understanding high-temperature
superconductivity.
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I. INTRODUCTION

Direct photo-double-ionization, also known as direct dou-
ble photoionization in the literature, of atoms in which
two electrons are simultaneously emitted is of high interest
for understanding electron correlations. Many investigations
of photo-double-ionization have focused on helium—the
textbook example for double ionization. Other atoms (see,
e.g., [1,2]) and small molecules (see, e.g., [3–5]) have been
investigated as well. However, the photo-double-ionization
process in larger molecules consisting of more than six atoms
has been investigated only marginally. There are only a few
papers about doubly charged ions of benzene [4,30,31] and
benzene clusters [6], and about doubly charged ions of larger
hydrocarbons [7–10].

It is also worthwhile to mention a few investigations on the
photo-double-ionization process in C60 that were performed
over a larger photon energy range [11–13] or around the
carbon K edge (i.e., the 1s ionization threshold) [14]. The
C60 photo-double- to photo-single-ionization ratio exhibited a
modulation extending from threshold to the carbon K edge
that could be attributed to the particular structure of the C60

molecule [13], but it was not clear whether this modulation
was a more general phenomenon.

In this paper, we will address the question of how the
structure of an aromatic molecule affects the photo-double-
ionization process for photon energies from threshold to the
carbon K edge. Some of the results presented in this paper have
already been published [15,16]. The goal of this paper is to
provide more details and to also extend the energy range of the
previously published data. Moreover, selenophene will serve
as an example of how to apply our newly gained knowledge
about photo-double-ionization mechanisms.

The motivation for our investigations is twofold and can be
characterized by the following problems: (a) How do electrons
move through large molecules such as biomolecules? How
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does the molecule react to this charge migration? (b) As
outlined in Ref. [16], our investigations may help in the future
to understand the underlying mechanisms in high-temperature
superconductors [17], and in particular organic hydrocarbons
[18] such as picene [19].

The idea of organic superconductors has already been
discussed many years ago (see, e.g., [20–22]). In particular,
aromatic hydrocarbons with their freely movable π electrons,
which can behave similarly to superconduction electrons,
are promising candidates, and pair correlation in molecules
such as ovalene has been discussed [21]. Here, we offer
a starting point for studying the pairing mechanism for
high-temperature superconductivity from a molecular point
of view, a mechanism that may or may not be based on
electron-phonon coupling. Here we explore an alternative
avenue for investigating this issue.

II. EXPERIMENT

Two different beamlines at the Synchrotron Radiation
Center (SRC) in Stoughton, WI (USA) have been used in this
investigation. The experiments were performed on the 6-m
toroidal-grating monochromator (6m-TGM) beamline [23]
with a bending-magnet source for photon energies from 17 to
170 eV and the varied line-spacing plane-grating monochro-
mator (VLS-PGM) beamline with an undulator source [24] for
energies from 150 to 280 eV. On the 6m-TGM we employed
an Sn filter (17–36 eV), an Al filter (36–71 eV), an Si−3N−4
filter (71–100 eV), and a C filter (150–170 eV) to suppress
higher-order and stray light. On the VLS we employed a C
filter.

Because a high photon-energy resolution was not essential
in these experiments, the entrance and exit slits were adjusted
such that dead time of the detection electronics was not an
issue. Generally, the slits were set as narrow as reasonably
possible to avoid scattered light (in addition to using filters),
but at the same time wide enough to get a decent signal.

The monochromatic photon beam entered through a dif-
ferential pumping stage into the interaction region inside
the vacuum chamber where the beam crossed the target
molecules. A pulsed electric field accelerated the photoions
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FIG. 1. The molecules studied in this investigation. (a) Partially
deuterated benzene, (b) naphthalene, (c) anthracene, (d) pentacene,
(e) coronene, (f) pyrrole, (g) furan, and (h) selenophene.

and photofragments toward a drift tube with a Z stack of
microchannel plates (MCPs) at its end. The pulse period was
0.1 ms so that only long-lived metastable or fully stable ions
were detected. A more detailed description of the setup can be
found elsewhere [25].

We have detected doubly and singly charged molecular
parent ions of partially deuterated benzene (C6H3D3, Sigma-
Aldrich, 98%purity), naphthalene (C10H8, Alfa-Aesar, 99.6%
purity), anthracene (C14H10, Alfa-Aesar, 99.9%purity), pen-
tacene (C22H14, Alfa-Aesar, 99.9%purity), pyrrole (C4H5N,
Sigma-Aldrich, 98% purity), furan (C4H4O, Alfa-Aesar, 99%
purity), selenophene (C4H4Se, Sigma-Aldrich, 97% purity),
and coronene (C24H12, Sigma-Aldrich, 97%purity). The
molecules’ structures are displayed in Fig. 1 for reference.
The reason why we have used partially deuterated benzene
is that the fragment C3H3

+ and the doubly charged parent
ion C6H6

2+ have the same mass-to-charge ratio and cannot
be separated in our spectrometer, whereas C6H3D3

2+ does not
have a corresponding fragment of the same mass-to-charge
ratio. The other molecules did not exhibit this problem.

The voltage across all three MCPs was set high enough, so
that no discrimination between the doubly and singly charged
ions was detectable. Figure 2 shows the ratio for anthracene
and furan as a function of the MCP voltage. As one can see, the
optimal MCP voltage is not always the same but also depends
on the age of the MCPs.

Likewise, the threshold for processing a signal in the elec-
tronics was set low in the constant fraction discriminator (CFD)
(Fig. 3) such that noise was suppressed without discriminating
against different charge states. Note that different charge states
have different signal strengths (pulse heights). Both settings,
the MCP voltage and the CFD threshold, are important as they
affect directly the ratio of doubly to singly charged ions.

It is worthwhile to mention that it was possible to have a
low count rate of ions without any synchrotron light. This was
due to (a) the ambient light in the experimental hall and (b) to
the ion gauge monitoring the pressure of the vacuum chamber.
The former was eliminated by covering all window flanges
and the latter by turning the ion gauge off during data taking.
Figure 4 shows an example of a partially deuterated benzene

FIG. 2. (Color online) Photo-double- to photo-single-ionization
ratio of anthracene (LH scale) and furan (RH scale) as a function of
the MCP voltage U .

spectrum taken without light but with the ion gauge on and the
same spectrum taken with light.

The liquid samples were freeze-pump-thawed three times
to remove gases from the vial holding the sample. The vial
containing the powder naphthalene was pumped for about
30 min before use. The powder anthracene had to be warmed
up in a crucible to 33 ◦C to achieve a sufficient vapor
pressure. Pentacene and coronene were vaporized using a
resistively heated oven at a temperature of about 185 and
134 ◦C, respectively. The chamber’s base pressure was in the
mid-10−9-mbar range. The sample gas pressure was about
1.0 × 10−6 mbar. A pressure dependence of the ratio could
not be found in the pressure range used as demonstrated in
Fig. 5. To get reliable results even at low gas pressures when
the signal is weak, we have used a low mass-to-charge region
(m/q = 35–45) denoted as “L” and a high mass-to-charge
region (m/q = 75–85) denoted as “H” to monitor the L/H

ratio as a function of gas pressure.

III. DATA ANALYSIS

We extracted the areas of the singly and doubly charged ion
peaks in our ion time-of-flight spectra using direct numerical
integration when possible. For some of the spectra we had to

FIG. 3. (Color online) Photo-double- to photo-single-ionization
ratio of anthracene as a function of the CFD threshold TCFD.
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fit the ion peaks if they were not separated from neighboring
fragment peaks using a Voigt profile. In these cases, we
determined the shape of the fragment peaks from a spectrum
taken below the double-ionization threshold and kept the
widths of the fragment peaks fixed for all other fits in order to
minimize systematic errors.

As an example for this data analysis, we show the region
of the doubly charged parent ion of deuterated benzene in
Fig. 6. At that time our spectrometer’ resolution was not as
good as in later experiments with the other molecules due
to a lower pusher voltage in the time-of-flight spectrometer.
Nevertheless, the peak of doubly charged ions can be easily
fitted keeping the shapes of the fragment peaks fixed. The
shape of the fragment peaks was determined below the double-
ionization threshold.

The calculated ratio Rs of doubly to singly charged parent
ions pertains only to stable or long-lived metastable parent
ions. It is well known that molecules can also dissociate into
singly and doubly charged fragments after photoionization.
Those fragments are clearly visible in our spectra but were
not considered in this investigation. Instead, we focused
on the parent ions that cannot be created by dissociation
processes. One can disentangle the dissociative pathways
for small molecules using photoelectron-photoion-photoion
coincidences (see, e.g., [3,26–28]), but it is difficult to do
so for large molecules. Thus, the ratio of the true photo-
double- to photo-single-ionization cross sections will be
different due to fragmentation processes. We note in passing
that the photo-double- to photo-single-ionization ratio for
benzene at 75 eV is about five times larger when measuring
the photoelectrons instead of the photoions. This large differ-
ence is most likely due to the long flight time of the doubly
charged ions that can fragment before reaching the detector
and are, thus, not counted in the ion spectrum. An overview
of the photoionization dynamics in molecules can be found
in [29]. The numbers of doubly and singly charged parent ions
are most likely to be larger right after photoionization than
at the time when the ions are detected (about 100 μs later)
after fragmentation has occurred. In this respect, our measured

FIG. 4. (Color online) Ion spectra of partially deuterated benzene
as a function of the mass-to-charge ratio. The solid line is a spectrum
taken at 72 eV; the filled spectrum was taken without light but with
the ion gauge turned on. The collection time for both spectra was the
same.

FIG. 5. Ratio of the low-to-high mass-to-charge ratio as a
function of the chamber pressure for partially deuterated benzene.

ratio is a simplified photo-double- to photo-single-ionization
ratio for molecules, which can be determined reliably in a
straightforward manner.

The photon energy calibration of the 6m-TGM was ac-
complished with the help of the Ar 3s → 4p resonance (in
first and second order), the Ne 2s → 3p resonance, the He
1s2 → 2s2p resonance, the Xe 4d → 6p resonance, and the
Kr 3d → 5p resonance. On the VLS-PGM beamline, the Ar
2p3/2 → 4s resonance has been used for energy calibration.

IV. RESULTS AND DISCUSSION

A. Low-energy region

Figure 7 shows the ratios Rs of doubly to singly charged par-
ent ions near threshold of the molecules under investigation. To
determine the double-ionization thresholds of the molecules,
we applied a least-squares fit to the near-threshold ratios using
a power function:

Rs(hν) = a(hν − E2+)n + b. (1)

Here, hν is the photon energy, E2+ is the threshold energy, a is
a fit parameter, n is an exponent, and b is an additional offset.

FIG. 6. (Color online) Part of an ion time-of-flight spectrum of
deuterated benzene along with fit curves as a function of the mass-to-
charge ratio taken at 37 eV. The gray (blue) shaded area is the doubly
charged parent ion between two major fragments.
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FIG. 7. (Color online) Ratio of doubly to singly charged parent
ions Rs of (a) partially deuterated benzene, (b) naphthalene, (c)
anthracene, (d) pentacene, (e) pyrrole, (f) furan, (g) selenophene,
and (h) coronene. The solid lines are fit curves to determine the
double-ionization threshold.

This empirical method to determine the double-ionization
thresholds has been used in the past [30,31] and was referred
to as the “nth power rule,” [30] meaning an approximately
parabolic fit for double ionization. We have used n as fit
parameters that was between 1.8 and 2.1 for the acenes ben-
zene, naphthalene, anthracene, pentacene, and for coronene.
However, this parameter was significantly lower (1.0–1.3)
for pyrrole, furan, and selenophene. A small offset b was
include in the fit function to take care of any remaining doubly
charged ion signal due to second-order light, scattered light,
or symmetric fragmentation.

The resulting double-ionization thresholds are summarized
in Table I; the thresholds for the acenes have already been
presented in Ref. [15] and have been compared to values from
other experiments. Included in Table I are the exponents n of
the fit using Eq. (1). Interestingly, there is a clear difference
between the acenes and the molecules with a pentagonal
structure. While the former have the expected exponent n of
approximately 2, the latter have a significantly lower n.

As has been discussed previously [15], the photo-double-
to photo-total-ionization ratio of acene parent ions scales with
the length of the molecule at excess energies up to about 30 eV.
This means, for instance, that the ratio for naphthalene is twice
as large as the one for benzene. This scaling holds for the
acenes from benzene to pentacene [15] when the molecules

TABLE I. Double-photoionization thresholds E2+ for benzene,
naphthalene, anthracene, pentacene, pyrrole, furan, selenophene, and
coronene given in eV. Also given is the exponent n used in the fit cf.
[Eq.(1)].

Molecule E2+ n

Benzene 24.92(7) 1.82(9)
Naphthalene 21.39(11) 2.11(12)
Anthracene 20.07(17) 1.91(14)
Pentacene 18.62(21) 1.99(15)
Pyrrole 24.20(6) 1.23(6)
Furan 25.18(14) 1.32(5)
Selenophene 24.17(24) 0.99(17)
Coronene 18.8 (3) 2.0(2)

become longer. Coronene, however, is a molecule with a ring
structure in two dimensions. Thus, it is interesting to find out
whether the scaling model still applies.

Figure 8 shows the ratio of doubly charged to all coronene
parent ions as a function of excess energy and is compared to
the corresponding helium ratio curve that serves as a model
function described later. There are two features that deserve
attention. First, the threshold region shows a very slow rise of
the ratio, which, in general, is typical for molecules. Second,
whereas the He ratio curve can be matched to the coronene
data fairly well, it becomes apparent that there is another
hump around 10 eV excess energy, as will be discussed later.
Ignoring the threshold region, we have fit the He ratio curve
to the coronene ratio curve between 13 and 33 eV, and we
obtained an energy scaling factor of 1.05(3) with a ratio scaling
of 6.68(10), which corresponds to an increase in the ratio
relative to benzene of 6.21(10). In addition, we visually scaled
our benzene ratio data to the coronene data (without scaling
the energy) and obtained a factor of 6.15, as can be seen in
Fig. 8. Both scaling factors are close to 6, which indicates
the number of active benzene rings in the coronene molecule.
Note that the “ring” in the center is actually a hole rather
than a ring because it is created by the six surrounding rings.

FIG. 8. (Color online) Ratio of doubly to all charged parent ions
Rt as a function of excess energy of coronene (circles) and benzene
(asterisks). The dashed line is the threshold-fit curve for coronene
shown in Fig. 7(h). The gray solid line is the He ratio curve [32]
scaled in width and height.
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Thus, one can say that the relative photo-double-ionization
probability corresponds to the number (or area) of active
benzene rings.

B. Medium- and high-energy region

The energy behavior of the ratio Rs as a function of excess
energy is presented in Fig. 9. The excess energy is defined
as the energy above the double-ionization threshold of the
corresponding molecule. The ratio curves exhibit a very similar
behavior with a “heliumlike” rise up to about 30 eV, which is
already known for the acenes [15]. The reason why we use the
He photo-double- to photo-single-ionization ratio curve for
comparison is that He is the simplest model system for photo-
double-ionization with reliable data over an extended photon-
energy range. It is known that the He photo-double-ionization
process is mainly due to the knock-out mechanism at lower
energies, which is the energy region in which we are interested,
and only at higher energies does the shake-off mechanism
make a significant contribution to the ratio. Therefore, helium
serves here as a model system for the knock-out mechanism.
Note that the shapes of the ratio curves of several other atoms
(e.g., Li, Be, Na, Mg) are almost identical to the shape of
the He ratio curve [33]. However, those experimental data
are available only over a short energy range or have a lower
accuracy than helium.

FIG. 9. (Color online) Ratio of doubly to singly charged parent
ions Rs as a function of excess energy. The upper panel shows the
ratios of partially deuterated benzene (1), naphthalene (2), anthracene
(3), and pentacene (4). The gray curve (5) is the photo-double- to
photo-single-ionization ratio of helium [32] scaled in height by 1.07
to match the benzene data at low energies [15]. The lower panel shows
the ratios of pyrrole (6), furan (7), and selenophene (8).

FIG. 10. (Color online) Ratio of doubly to singly charged parent
ions Rs as a function of excess energy of pyrrole (I), furan (II), and
selenophene (III). The gray dashed curves are He ratio curves [32]
scaled in width and height. The gray solid curves are straight line fits
to the high-energy part of the ratio data.

Figure 9 also shows that in contrast to atomic photo-double-
ionization, the ratio keeps rising up to the carbon K shell,
above which sequential photo-double-ionization dominates.
Figure 9(b) demonstrates that the five-membered rings pyrrole,
furan, and selenophene follow the same general behavior as
the acenes. However, in their case the helium ratio curve has
to be energy scaled to achieve a good fit to the molecular ratio,
as can be seen in Fig. 10.

Above 30 eV the acenes show a distinct, broad hump in
the ratio [16] before the ratio steadily increases. In contrast,
pyrrole and furan do not show this hump but exhibit a perfect
linear rise up to about 150 eV when the ratio starts to rise more
steeply. This is partly true for selenophene as well, but the ratio
rises linearly only up to about 70 eV before the ratio increases
faster. The energy behavior of selenophene will be discussed
in more detail in the next subsection.

Figure 10 visualizes the nearly perfect linear increase of
the ratio above about 40 eV. The gray solid lines are linear
fit curves to the ratio data above about 40 eV that match
the ratio data very well. The linear increase of the ratio
points to another double-ionization mechanism for aromatic
molecules. The only case in which a linear increase of the
ratio with photon energy has been predicted is for helium
at high photon energies. In that case, the so-called “quasi-
equal-energy sharing” mechanism results in a linear increase
of the ratio [34]. At high enough photon energies, the two
electrons can be regarded as almost free electrons that can
be emitted with approximately the same energy in opposite
directions [35]. While the helium case is not directly applicable
to our case of aromatic molecules, it is conceivable that there
is—similar to the helium case—a back-to-back emission of
electrons with the same kinetic energy.

After subtracting the corresponding helium ratio curves
K, which represent the knock-out mechanism, from the
molecules’ ratios, we can clearly see an increased ratio starting
at about 40 eV for partially deuterated benzene, naphthalene,
and anthracene before it slightly decreases at about 70 eV
followed by a linear increase of the ratio (Fig. 11) [16]. This
linear increase, as discussed above, is also clearly visible for
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FIG. 11. (Color online) Ratio of doubly charged to all parent ions
Ra after subtracting the contribution K of the knock-out mechanism
using a scaled helium ratio curve. Partially deuterated benzene (red),
naphthalene (green), and anthracene (blue) show a clear hump,
whereas pyrrole (brown) and furan (dark green) only show a linear
increase of the ratio above 40–50 eV. The pyrrole and furan ratios
have been divided by 4 and 1.5, respectively, for easier comparison.
These data have been presented over a shorter energy range in [16].

the ratios of pyrrole and furan that have been scaled to match
the other ratios around 100 eV. With this scaling we also
see that the slopes are very similar, and one can easily imagine
that the linear increase of the ratio is also present in the acenes
even though the hump is somewhat obscuring this feature.
Above about 120 eV the ratio curves slowly diverge. Figure 11
also shows that the displayed ratios below 30 eV are close to
zero, verifying that the helium ratio curves were a good fit. It
is worthwhile to note that the linear increase of the ratio begins
approximately where the hump in the ratio for the acenes is
located (∼40 eV).

As discussed in Ref. [16], this hump is attributed to the
formation of a two-electron pseudoparticle that one can regard
as a Cooper pair. This formation is only possible if the de
Broglie wavelength—corresponding to the kinetic energy of
this Cooper pair—matches the C-C distance in the molecule,
in which case the periodic structure of carbon atoms in the
molecule facilitates the formation of the Cooper pair. Since
the two-electron pseudoparticle is not directly in the plane
of the carbon atoms but in an orbital located above and
below that plane, one cannot expect a perfect match.
Nevertheless, the ratio starts rising when the de Broglie wave-
length matches the C-C distance. This photo-double-ionization
mechanism is an additional way of creating a doubly charged
ion and hence increases the ratio. With slightly increasing
photon energy, the ratio continues to be elevated because any
additional energy not necessary to form the pair will be used
to eject that pair from the molecule [16]. At much higher
photon energies, the discrepancy between the corresponding
de Broglie wavelength and the C-C distance becomes too large
to form the pair at all, and the hump in the ratio trails off. The
size of a Cooper pair in a conventional superconductor is in
the order of the coherence length, which can range from about
40 nm to several 100 nm. In unconventional superconductors,
such as cuprates, the coherence length can be as small as
1–2 nm. The Cooper pair in benzene is limited to a space

within about twice the C-C distance (i.e., the diameter of the
molecule of 0.28 nm) and is, thus, much smaller than a Cooper
pair in a conventional superconductor but not too much smaller
than in unconventional superconductors.

We hypothesize that certain vibrational modes, not present
in rings with an odd number of atoms, enables the formation
of Cooper pairs similar to the electron-phonon coupling in
conventional superconductors. This would explain why we do
not observe any hump in the ratio for aromatic molecules with
a pentagonal structure. However, this is still a subject of current
investigations.

C. Special cases

In this section we will discuss selenophene and coronene,
which behave slightly differently from the other molecules
discussed here. First, we turn to selenophene, whose molecular
structure is similar to that of furan (only oxygen is replaced
by selenium), but it exhibits a more complicated energy
dependence of the ratio of doubly to singly charged parent
ions. In Fig. 12, we can see some “structure” in the overall
rising ratio that reaches an impressive 80%%near the carbonK

edge. We have analyzed the photon-energy dependence of the
ratio based on our knowledge gained from the other molecules.
After fitting a helium ratio curve below 60 eV photon energy
(red curve in Fig. 12) and subtracting it from all selenophene
ratio data, we see a linear increase of the remaining ratio
up to about 95 eV when the ratio starts to rise even more
steeply. After subtracting this linear increase (green dotted
line in Fig. 12), it becomes evident that the following rise of
the ratio can be described with another scaled helium ratio
curve up to about 150 eV, above which a third helium ratio
curve is needed to describe the data. After summing all four
model curves, we obtain the dashed curve that fits the measured
ratio very well. From the fits we have determined the onset of
the linear ratio increase as 58.3(4) eV and the thresholds for the
additional helium curves as 95.2(10) and 152.6(2) eV. The need
for two more helium curves to describe the ratio data indicates
the existence of two additional double-ionization thresholds.
The first ionization threshold is the 1a2 orbital at 9.00 eV [36].
The first double-ionization threshold is typically at slightly

FIG. 12. (Color online) Ratio of doubly to singly charged parent
ions Rs of selenophene (open circles). The solid and dotted lines are
model fit curves described in the text. The gray dashed line along the
data is the resulting model curve.
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FIG. 13. (Color online) Ratio of doubly charged to all parent ions
Rt of partially deuterated benzene (open circles), pyrrole (asterisks),
and coronene (triangles) after subtracting the contribution K from
the knock-out mechanism. The dotted line represents the coronene
data sitting on top of the pyrrole curve (see text for details). The
upper abscissa shows the de Broglie wavelength of a two-electron
pseudoparticle.

less than a factor of 3 of the first ionization threshold. In
our case, the double-ionization threshold is at 24.17 eV (see
Table I) and the corresponding factor is 2.68. The next major
orbital is near 57.7 eV [37], and applying the same factor
yields a roughly estimated double-ionization threshold of
154.6 eV, which is close to the 152.6 eV that we obtained from
the fit. The threshold at 95.2 eV is probably a combination
of these outer and inner orbitals. We want to emphasize that
this analysis was only possible due to the knowledge about
the general energy dependence of the ratio of other simple
molecules discussed above.

Another special case is coronene. As mentioned above
and in Ref. [16], there is clearly a hump at about 10 eV
corresponding to a de Broglie wavelength of 2.8 Å for a
two-electron pseudoparticle (Fig. 13) that corresponds to twice
the C-C distance. This mode is possible for coronene because
of its larger size compared to benzene, where this hump does
not occur. Although this mode is geometrically possible in
benzene, the closed loop of the de Broglie wave would have
a triangular shape due to its small size. Coronene, however,
can easily support this mode on its outer rim as the molecule’s
diameter is three times larger than in benzene. We anticipate
that pyrene, a molecule consisting of four benzene rings
arranged in a rhombic shape, will also show a hump at twice
the C-C distance.

We notice that the hump at 1.4 Å in coronene is slightly
smaller than that in benzene. This is probably due to the fact
that the hump in coronene is not sitting on a linearly increasing
slope like the benzene hump is. As a simple test, we have added
the pyrrole slope to the coronene hump, which is shown as a
dotted line in Fig. 13 (likewise, one could subtract the pyrrole
slope from the benzene hump). This procedure makes both
humps more similar in size. We also note that there is no linear
increase of the ratio below 80 eV excess energy in contrast to
the other molecules discussed here.

V. CONCLUSION

We have measured the ratio of doubly to singly charged
parent ions of various aromatic hydrocarbons from threshold
to the carbon K edge using monochromatized synchrotron
radiation. We have determined the first double-ionization
thresholds for the molecules studied here, and also the two
higher lying double-ionization thresholds for selenophene.

The photon energy dependence of the ratios has been
analyzed, and we find three distinct mechanisms that contribute
to the creation of doubly charged parent ions, which are sum-
marized in Fig. 14. The ratios of partially deuterated benzene as
well as pyrrole are used in this figure as representatives of six-
and five-membered aromatic rings. The ratios can be partially
described by a scaled helium ratio curve (area I) indicating the
presence of the knock-out mechanism [15]. Benzene shows an
additional hump in the ratio around 50 eV (area II) that is not
present in pyrrole [16], and may thus serve as a model system
for Cooper pair formation.

Above about 40 eV there seems to be a photo-double-
ionization mechanism that causes part of the ratio to rise
linearly, which is clearly visible for pyrrole but may be present
also for benzene (area III in Fig. 14). In the case of benzene, one
can also model the increase of the ratio above 50 eV by a fourth-
order polynomial that describes the high-energy ratio. In both
cases, the ratio starts to rise more steeply above about 130 eV
(area IV). As far as we know, this energy does not correlate with
any structures in the molecules. While the linear increase of the
ratio indicates another photo-double-ionization mechanism,
in which both electrons may be emitted back-to-back with

FIG. 14. (Color online) Ratio of doubly to singly charged parent
ions Rs of partially deuterated benzene (top panel) and pyrrole
(bottom panel). The differently colored (shaded) areas correspond
to different double ionization mechanisms.
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the same energy, there is still the unexplained “accelerated”
increase (area IV) of the ratios at energies above 130 eV.

In future experiments, one could study the formation of
Cooper pairs in other large molecules that may be even larger
than coronene. In addition, one could study the effect of
replacing some of the carbon atoms in the acenes by other
elements. A particularly interesting molecule is a benzene
ring with the isotope 14C. This would explore the possible
importance of vibrations in the formation of Cooper pairs in
benzene and can be regarded as a related experiment to the
classical studies on the isotope dependence in superconductiv-
ity of mercury [38,39].
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[13] P. N. Juranić, D. Lukić, K. Barger, and R. Wehlitz, Phys. Rev.
Lett. 96, 023001 (2006).
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