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Observation of a collective two-electron molecular resonance
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Unbound electrons can experience resonant scattering and transient trapping in a molecular potential. In
molecular photoemission, these shape resonances manifest as peaks in the cross section with a width of several
electron volts. They depend on the details of the molecular potential and the wavelength of the photoelectron. We
report experimental results on photo double-ionization which show the phenomenon of a collective two-electron
resonance which occurs when the de Broglie wavelength of the dielectron quasiparticle is similar to that of a
single electron exhibiting a single-electron shape resonance.
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I. INTRODUCTION

A vital difference between atomic and molecular photoe-
mission is the influence of the anisotropic molecular potential
on the emitted electron. As the electron emerges from the
molecule, it is (multiply) scattered by the molecular potential,
which yields in some cases photoelectron waves in the contin-
uum, that possess contributions from higher angular momenta
as compared with corresponding atomic photoelectrons. For
example, if a K-shell electron is emitted from a molecule, it
will not only have p-wave character in the continuum, but in
some cases show additional contributions from d and f waves
[1,2]. This has interesting (and well studied) consequences.
The additional angular momentum adds a centrifugal term to
the molecular potential which finally manifests as an addi-
tional potential barrier the photoelectron has to overcome on
its way out of the molecule. Depending on its wavelength, the
photoelectron is even transiently trapped within this barrier,
penetrating through it after some time via tunneling. This
mechanism is at the heart of shape resonances, which occur
typically close to the electron’s ionization threshold in form
of rather broad resonance features in the total photoionization
cross section. The topic of shape resonance has been exten-
sively studied in the past (see, e.g., Ref. [3] for a concise
review). It is known that nitrogen molecules are prime can-
didates to observe shape resonances [4,5]. For example, in
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K-shell ionization, a 0* shape resonance appears as a broad
feature at a photon energy of approximately hv = 419 eV
[6-8]. This corresponds to a photoelectron energy of ap-
proximately 10 eV, i.e., the shape resonance occurs at an
electron momentum of approximately 0.9 a.u. in the case of
K-shell ionization. Similar findings have been reported for
valence ionization [9,10]. For example, Hikosaka and Eland
have shown that clear signatures of a o shape resonance are
visible at photon energies of hv = 40.8 eV and hv = 48.8 eV
when forming the dissociative states (20,)~' >Z} and F 22;,
respectively [11]. Just as in the K-shell case, at these photon
energies, the emitted electron has a momentum close to one
atomic unit. In the following, we briefly revisit the dissocia-
tive single-ionization case and then inspect the single-photon
double ionization of N,.

II. EXPERIMENT

Our experiment was performed using cold target recoil
ion momentum spectroscopy (COLTRIMS) [12-14]. Mea-
surements were carried out at the UE112_PGM-1 beamline
at the BESSY II electron storage ring operated by the
Helmbholtz-Zentrum Berlin fiir Materialien und Energie [15]
running in single-bunch mode. In the experimental setup,
the photon beam was intersected with a supersonic gas
jet of N, molecules. Ions and electrons created in a pho-
toreaction were guided by electric and magnetic fields to
two time- and position-sensitive microchannel-plate detectors
with delay-line position readout. The spectrometer consisted
of a 182-mm-long electron arm incorporating Wiley-McLaren
time-of-flight focusing [16] and an ion arm with a single ac-
celeration region of 70 mm length. Large hexagonal delay-line
detectors [17] with a diameter of 120 mm were employed
for the ion and the electron measurement. A magnetic field
of B=5.5 Gauss was used to confine electrons up to a
kinetic energy of 25 eV within the spectrometer volume.
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FIG. 1. (Top panel) Total ion yield for single ionization accompanied by dissociation into N+ and N°. (Bottom panel) Correlation maps
showing the dependence of the electron momentum on the photon energy. The left column shows the measured data for perpendicular
orientation of the molecule with respect to the polarization axis of the ionizing light, the right column depicts the results for parallel orientation
of the molecule. Note that the electron detection does not cover 4 solid angle for electrons above 1.8 a.u. momentum, the corresponding

range is grayed out accordingly in the bottom panels.

The experimental study covered a photon-energy range of
hv =28 eV to hv = 80 eV scanning the photon energy in
steps of 100 meV. All charged particles created by the photon
interaction were detected in coincidence. By reconstructing
their individual trajectories inside the COLTRIMS analyzer
from their arrival times and the positions of impact on the
detector, their initial vector momenta were deduced in an
offline analysis. We obtained from the measured momenta in
addition all deduced quantities, such as, for example, particle
emission directions and kinetic energies. The measurement
scheme allowed in particular to distinguish single from double
(or even triple) ionization events and to determine whether
the molecular ion dissociated in the final state or remained
intact. The breakup direction of the dissociating molecules
yielded the laboratory-frame orientation at the instant of the
fragmentation and allowed to determine the orientation of
the molecule with respect to the polarization direction of the
ionizing synchrotron light.

III. RESULTS AND DISCUSSION

The detailed features of a shape resonance are determined
by the exact molecular potential. The most sensitive ingre-
dient to the energetic location of the resonance, however, is
the photoelectron wavelength. An example is again photoion-
ization of N, where the resonances for K-shell and valence
electrons occur at very similar electron energies (if the N,
molecule is oriented in parallel to the polarization vector of
the ionizing light). To demonstrate this rather general con-

cept, we examine, just as Hikosaka and Eland, the breakup
of the molecule into Nt and N© after single ionization [11].
The measured electron momenta in dependence of the photon
energy are depicted in Fig. 1 for this dissociation channel.
The experimental results for the case of the molecule being
oriented perpendicularly to the light’s polarization vector are
depicted in the left column, the corresponding data for parallel
orientation in the right column. The latter shows a strong peak
in the photon-energy-dependent ionization yield (top row)
which is missing for perpendicular orientation. Note that the
decrease in the ionization yield for perpendicular orientation
of the molecule is an experimental artifact. The COLTRIMS
analyzer is only covering full solid angle of detection for elec-
trons with momenta up to 1.8 a.u., and as the momenta exceed
this value at highest photon energies, the total detected ion
yield diminishes as only full ion-electron coincidence events
are considered here. The corresponding part of the histogram
is grayed out in Fig. 1, bottom panels. The two-dimensional
histograms depicting the measured electron momenta in de-
pendence of the photon energy disclose the origin of the
strong peak (and the small shoulder at a photon energy of
approximately 40 eV) for parallel orientation of the molecule.
The electron emission is enhanced if the electron momentum
is in the range of 0.9 a.u., a trend which is clearly visible
for the two strongest contributing final ionic states. These
are at higher photon energies the (20,)”' %" state and at

lower photon energies the F 22: shakeup state resulting in
the shoulder in the total ion yield. Inspecting the molecular-
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FIG. 2. Molecular-frame photoelectron angular distribution
€os(®moi) of the (20,)™' *E} state in dependence of the electron
momentum. The molecule is oriented in parallel to the polarization
direction of the light. The inset shows the angular distribution for an
electron momentum ey, = 1 a.u., i.e., on the shape resonance, the
red line is a fit of a sum of Legendre polynomials up to [ = 9 to the
data. The angular distribution has been symmetrized.

frame photoelectron angular distribution for these two states
at photon energies which correspond to their maximum con-
tribution confirms that these broad resonance features can
be attributed to a shape resonance. The angular distribution
of the (20,)~! 22;' state is depicted in Fig. 2 and shows
the aforementioned f-wave (i.e., higher angular momentum)
contributions, which have been observed and analyzed in
previous work [11]. The inset in Fig. 2 depicts the molecular-
frame angular distribution of the electron on top of the
resonance.

In the literature, shape resonances are considered a single-
electron effect. Resonances involving more than one electron
are typically not attributed to this phenomenon, in particu-
lar, doubly excited states can yield resonance features which
have been mistakenly interpreted as shape resonances in
the past [3]. With respect to real photo double-ionization
electron-emission effects, Wehlitz et al. reported in 2012
the observation of a resonance feature in the double ion-
ization of benzene. They concluded that they observed a
Cooper-pair-like emission with the emitted electron pair form-
ing only due the geometrical properties of the benzene ring
[18]. Follow-up studies by Jiankild er al. confirmed the ex-
istence of the resonance feature in benzene (and its absence
in pyrrole molecules, which consist, other than benzene, of a
five-member ring), but contradicted the Cooper-pair interpre-
tation [19]. They suggested that the observed feature is yet
connected to the geometry of the molecule as a two-electron
pendant to previously observed one-electron resonances. In
the spirit of these findings, we inspect now the photo double-
ionization of nitrogen molecules. Figure 3 shows an analogous
representation of our measured data as the one in Fig. 1, with
the difference being that now the results for photo double-
ionization and a breakup of the molecule into N* and N*
are shown. The molecule is oriented perpendicularly to the

polarization axis of the light in the left half of the figure, on
the right half the results for parallel orientation are shown.
As in the case of single ionization and dissociation, a broad
peak structure can be seen in the total ion yield in case of
a parallel orientation of the molecule, which is absent if the
molecule is oriented perpendicularly. The middle row of the
figure shows the dependence of the individual momentum
of the two electrons on the photon energy, the bottom row
depicts the corresponding dependence of the sum momentum
of the two electrons. As the photon energy exceeding the
binding energy can be shared between the two emitted elec-
trons, the single-electron momenta are broadly distributed.
However, from these figures it is obvious that the enhanced
double-ionization yield of the molecule for o orientation has
a corresponding feature visible rather in the sum momentum
of the two emitted electrons than in the single-electron mo-
menta. Strikingly, the maximum of the peak observable in
the sum-momentum panel on the right is located at a mo-
mentum of pgm = 1 a.u., i.e., at a similar value as in the
case of dissociative single ionization (and the aforementioned
K-shell ionization as well). We therefore argue that we have
observed a resonance feature which is similar to the well-
known one-electron shape resonances. However, this “shape
resonance” appears in the double-ionization continuum and
its location is not connected to the momentum (i.e., wave-
length) of the two individual electrons. It appears that the de
Broglie wavelength of the two-electron quasiparticle, i.e., the
dielectron, is similar to that of a single electron experiencing
a single-electron shape resonance. It should be noted that
comparing the sum-momentum distribution in Fig. 3 with the
momentum distributions shown in Fig. 3, the sum momenta
seem surprisingly broad. The width of this distribution can be
attributed to the fact that not a single (repulsive) dissociative
state of the N%* molecular ions is populated as the photon
energy is scanned. There is a manifold of such states with
a steeply repulsive slope in the Franck-Condon region [20]
that can be populated by the double-photoionization process.
Accordingly, as several repulsive states contribute at different
energies, the sum-momentum distribution is expected to be
comparably broad. In addition, the observed resonance feature
is broader (in photon energy) as compared with those shown
in Fig. 1. This can be attributed to the just-mentioned manifold
of doubly ionized states, as well. Furthermore, the exact shape
of a traditional shape resonance depends on delicate details
of the potential of the molecular ion. For example, the width
of the resonance differs already strongly for the vibrational
ground state of the ion as compared with its vibrationally ex-
cited states [21]. In the present case of observing a resonance
feature in the double-ionization continuum, we therefore do
not expect it to directly mimic the shape or width of the
single-valence-ionization resonance.

This perspective of a dielectron quasiparticle whose mo-
mentum vector dictates the characteristics of double ioniza-
tion has been shown to be fruitful already in double-ionization
studies of H,. There it has been shown that it is the sum
momentum of the dielectron which shows two-center inter-
ferences [22,23] while the individual electrons have rather
featureless angular distributions [24,25]. Along the same
lines, selection rules also have been expressed successfully
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FIG. 3. Results for photo double-ionization of N, leading to a breakup into N* and N*. (Left panel) The molecule is oriented perpendic-
ularly to the polarization vector of the ionizing light. (Right panel) Results for parallel orientation of the molecule. The top row shows the
photon-energy-dependent ion yield, the middle row depicts the momentum of one of the two emitted electrons, and the bottom row the sum

momentum of the two electrons.

in terms of the momentum of the dielectron in the past [26].
We have to admit, however, that the molecular-frame angular
distribution of the two-electron quasiparticle is less clearly
pronounced with respect to the expected f-wave features in
the present case. The corresponding angular distribution is
shown in Fig. 4. As outlined before, a manifold of doubly
charged final states exist which are responsible for the broad
sum-momentum distributions in Fig. 3. As each of these final
states has a different binding energy, the resulting electron
sum energy depends on the populated final state. Therefore, if
we integrated over all these states, several different dielectron
wavelengths would contribute. To reach a case where the
sum energy of the two electrons is fixed, we restricted the
dataset shown in Fig. 4 to a small range of photon energies
on top of the resonance, i.e., to 64 eV < hv < 66 eV. In
addition, we chose from the remaining dataset those cases
where the total sum energy of all measured particles is

KER+E, +E,, =40 eV £ 1.5 eV and selected electrons
with a sum momentum to a range of 0.6 a.u. < pgm < 1.4
a.u., i.e., at the maximum of the resonance visible in Fig. 3
for the o orientation. The f-wave contributions might be less
pronounced in Fig. 4 due to integrating over the extent of
the ranges described above, which is equivalent to integrat-
ing over a range of electron wavelengths. Furthermore, the
resonant contribution to the photon-energy-dependent yield
seems smaller for the doubly ionized case as compared with
single ionization, which might yield a less clear f-wave con-
tribution as well. Finally, in previous studies, a blurring of
the angular distribution was found in CO molecules in cases
where the axial-recoil approximation failed [27]. Given the
properties of the direct double-ionization process as such, it
is, however, less probable that the latter effect is the under-
lying cause for the loss of angular features in the present
case.
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FIG. 4. Molecular-frame angular distribution of the two-electron
quasiparticle on top of the o resonance visible in Fig. 3, left. The
molecule is oriented in parallel to the polarization axis of the ionizing
photons. The line is a fit of a sum of Legendre polynomials up to
[ = 9 to the data.

IV. CONCLUSIONS

In conclusion, we examined the photoionization of nitro-
gen molecules using a COLTRIMS reaction microscope in a
range of photon energies where several well-known shape res-
onances occur. We found a corresponding resonance feature in
the photo double-ionization of the molecule, which is present
only if the molecule is oriented parallel to the polarization
direction of the ionizing light. We suggest that this resonance
is a two-electron pendant to the well-known one-electron o
shape resonances. The broad resonance appears in a range of
photon energies, where the sum momentum of the two emitted
electrons is similar to that of single electrons experiencing a
one-electron shape resonance, i.e., it appears in cases where
the de Broglie wavelength of the dielectron is suitable for
creating a shape resonance. While we report in this paper on
our experimental findings, a full theoretical modeling of the
two-electron emission process from the molecule would be
favorable. We hope that our present work stimulates corre-
sponding calculations.
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