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We investigate the dissociation dynamics of core-excited O2 molecules using a high-resolution energy-resolved
electron-ion coincidence experimental setup. The excited cationic states with two valence holes and one Rydberg electron
are created after spectator Auger decay induced by O 1s→ (4Σ−u )3sσ core excitation in O2. From the energy correlation
between the kinetic energy of the Auger electron and the ion kinetic energy release, we distinguish several dissociation
channels. Rather complex dissociation channels of the spectator Auger final states are disclosed, which can be explained
by the increased number of the crossing point due to the existence of Rydberg electron. The quantum system will evolve
into different dissociation limits at each crossing point between the potential energy curves.
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1. Introduction
With the x-ray photon energy below the O 1s ionization

threshold, the O2 molecule can be promoted to an excited
state, either bound or dissociative, triggering relaxation pro-
cesses such as soft x-ray photon emission, resonant Auger
electron emission, and deformation of molecular structure.
If the excited state is bound, the molecule will mainly de-
cay by emitting an electron, while the excited electron may
participate in Auger decay or standby like a spectator.[1,2] If
the excited state is highly dissociative, competition between
molecular motion and electron emission will occur. In the
extreme case, Auger decay can even happen after molecular
dissociation.[3–7] As discussed here in the context of the O2

molecules, Feifel et al.[8] investigated the participator Auger
decay after O 1s→ Rydberg excited O2 with the photon ener-
gies across the K-shell resonance region. Tanaka et al.[9] com-
prehensively measured a series of resonant spectator Auger-
electron spectra of O2.

When an electron is excited to a Rydberg orbital, spec-
tator Auger decay dominates the electronic decay processes
and leaves the molecule to a two-hole-one-electron cationic
state with two valence holes and one electron in a Rydberg
orbital.[9,10] Because the Rydberg electron provides only par-
tial screening of the repulsive force from the dicationic core,
the two-hole-one-electron states are often dissociative.[11]

Hikosaka et al.[12] found that most of the inner-valance-hole
states of O+

2 are strongly dissociative, and end up with a neu-
tral atom and a singly charged ion. A rather comprehensive
calculation of the potential energy curves was reported long
time ago.[13] Using Doppler-free kinetic release spectroscopy

and multireference configuration interaction calculations, the
potential energy curves of O2+

2 were reported by Lundqvist et
al.[14]

Compared with the singly and doubly ionized states, the
dissociation of two-hole-one-electron states was much less in-
vestigated. Because either from an experimental point of view
or from a theoretical point of view, the study of the two-
hole-one-electron state is very difficult.[11] In our recent work,
we measured the correlation between the Auger electrons and
ions using a high-resolution energy-resolved coincidence ex-
perimental setup, after O 1sσ → (4Σ−u )4pσ excitation in O2

molecules at the photon energy of 541.8 eV. We described that
the O+

2 two-hole-one-electron states dissociate into O+ and O
with a Rydberg electron, the results highlight how the spec-
tator Rydberg electron participates in the dissociation of the
Auger final states.[15] We also found that some weak chan-
nels correspond to dissociated O+ and O without a Rydberg
electron after time-consuming fine-tuning of parameters in
data analysis, which points toward selectivity on the orbital
size in the dissociation processes of the spectator Auger final
states.[11] In this paper, we switch the measurement and anal-
ysis at the photon energy of 538.95 eV, which corresponds to
O 1sσ → (4Σ−u )3sσ core excitation in O2.

2. Experimental method
Since the experimental method has already been de-

scribed in detail in Refs. [11,15], only a brief description
is given here. The experiments were carried out using the
EPICEA setup at the PLEIADES beamline[16] at synchrotron

†Corresponding author. E-mail: liuxj@shanghaitech.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

083301-1

http://dx.doi.org/10.1088/1674-1056/ac560b
liuxj@shanghaitech.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 31, 083301 (2022)

SOLEIL in Saint-Aubin, France. This setup is specially de-
signed for high kinetic-energy electron-ion coincidence mea-
surement, which is composed of a double-toroidal electron an-
alyzer (DTA)[17,18] and an ion TOF spectrometer.

The DTA selected the electron with an emission direc-
tion in the polar angle of 54±3◦ with respect to its symme-
try axis and the azimuthal angles from 0◦ to 360◦. The pho-
ton energy was set as 538.95 eV, which corresponds to O
1sσ → (4Σ−u )3sσ core excitation in O2,[9] and the light po-
larization was parallel to the symmetry axis of the setup. The
DTA was operated with the pass energy of 80 eV, the central
kinetic energy was set at 509 eV, and the electron energy res-
olution was about 0.7 eV. Opposite to the DTA, there is an ion
TOF spectrometer incorporating 3D focusing mode. A pulsed
±100 V ion extraction field (15 mm spacing) was triggered
upon the detection of an Auger electron and pushed the ions
toward the ion detector. The mass resolution of the nearly zero
kinetic energy ions is about 1000, the ion momentum resolu-
tion is about 1.2–1.6 a.u., and the ion energy resolution was
∼ 0.3 eV. A random signal generator was used to simulate the
false coincident event, and their contribution was subtracted
according to the method described by Prümper et al.[19]

3. Result and discussion
The resonant Auger electron energy spectrum following

O 1sσ → (4Σ−u )3sσ excitation in O2 at the photon energy
of 538.95 eV is shown in Fig. 1, which covers the kinetic-
energy range from 504 eV to 514 eV (corresponding to a bind-
ing energy range from 24.95 eV to 34.95 eV). Peaks above
507 eV are much broader than the peaks below. Because the
former peaks come from O2 (1s−1

σ∗) state, whose potential
energy curve is highly dissociative and covers a broad en-
ergy range within the Franck–Condon region.[4] In contrast,
the later peaks come from O2(1s−14

Σ−u )3sσ bound state, so
widths of these peaks are much narrower. To our knowledge,
the assignments of the former peaks have not been reported in
literature, while the assignments of the latter are adopted from
Tanaka et al.[9]

The ion time-of-flight spectrum is shown in Fig. 2. The
peak of O+

2 is very narrow because its kinetic energy can only
be contributed by the thermal motion and the recoil during
electron emission. The profile of O+ is very broad and splits
into two wings, because O 1sσ → (4Σ−u )3sσ Rydberg excita-
tion is sitting on the top of O 1s → σ∗ resonance,[6] which
occurs preferentially when the molecular axis is parallel to the
polarization vector of the incoming photons and the axis of
TOF spectrometer, and the molecular orientation is preserved
during molecular fragmentation, which is generally faster than
molecular rotation in this case. We cannot present here the
electron spectrum related to O+

2 due to very low statistics.
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Fig. 1. The resonant Auger electron spectrum after O 1sσ → (4Σ−u )3sσ

excitation in O2 at the photon energy of 538.95 eV. Assignments of two
spectator Auger final states are adopted from Tanaka et al.[9]
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Fig. 2. Ion time-of-flight spectrum recorded after O 1sσ → (4Σ−u )3sσ

excitation in O2 at the photon energy of 538.95 eV. The inset shows a
magnified O2

+ peak.

Under the assumption that the kinetic energy of the neu-
tral atom equals that of the ion, we plot the ion kinetic energy
release (KER: the sum of the kinetic energies of all fragments)
against the Auger electron kinetic energy in Fig. 3. These fea-
tures are located above the blue dashed tilted line, which rep-
resent the appearance threshold of O+ + O+, so the reaction
processes can be described as O2(1s−14

Σ−u )3sσ → O+ + O +
e−Auger. These features can be grouped by tilted lines with the
slope of −1 due to the energy conservation law in the decay
processes:

E(hν) = Ek(e−Auger)+EKER +Ei(O)

+Ei(O+)+EIP(O)+ED(O2). (1)

Here E(hν) is the photon energy, Ek(e−Auger) is the Auger elec-
tron kinetic energy, EKER is the kinetic energy release of frag-
ments in the dissociation processes, Ei(O) and Ei(O+) are the
excitation energies of the atom and ion, respectively, EIP(O) is
the ionization potential of the oxygen atom, and ED(O2) is the
dissociation energy of O2 molecule at the ground state. The
dissociation limit energy Ediss is defined as

Ediss = E(hν)−Ek(e−Auger)−EKER

= Ei(O)+Ei(O+)+EIP(O)+ED(O2). (2)

083301-2
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The dissociation limits energies Ediss are calculated using
Eq. (1) and assigned using Eq. (2) with the energy values from
the NIST atomic database,[20] as listed in Table 1. The various
Ediss’s are represented by the red dashed tilted lines in Fig. 3.
Here, we label them as I, II, III, and IV. In Table 1, we also list
the other dissociation limits which do not show observable in-
tensities, as indicated by circles in Table 1 and by four green
dashed tilted lines in Fig. 3.
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Fig. 3. The correlation between the kinetic energy release of the frag-
ments and the kinetic energy of the Auger electron at the photon energy
of 538.95 eV. The red dashed tilted lines I, II, III, and IV represent groups
of dissociation limits after spectator Auger decay. The green dashed
tilted lines indicate the missing dissociate limits. The blue dashed tilted
line indicates the appearance threshold of O+ + O+. The assignments
of spectator Auger lines are adopted from Tanaka et al.[9]

Table 1. Assignment of the dissociation limit energy Ediss for the fea-
tures observed in Fig. 3. Symbols© are used to mark missing features
in Fig. 3. The unit of energy is eV.

O
(O+)

4S (O+)
2D (O+)

2P
Ediss Label Ediss Label Ediss Label

3P 18.72 © 22.04 II 23.74 III
1D 20.69 I 24.01 III 25.71 IV
1S 22.91 © 26.23 © 27.93 ©

As indicated by green dashed tilted lines in Fig. 3, it can
be seen that the first, fourth, seventh, and eighth limits do not
show observable intensities. This puzzle can be explained by
examining a comprehensive summary of potential curves of
O+

2 calculated by Beede et al.[13] Among them, we choose
repulsive potential curves with proper symmetry, correct bind-
ing energy in the Franck–Condon region, and dissociate into
the limits given in Table 1. We find that the 2,4∆u, the 2,4Σ−u ,

and the 2,4Πg from Beede et al.[13] are the candidates. As a re-
sult, only the second, third, fifth, and sixth limits should exist,
which agrees reasonably well with the observed I, II, III, and
IV limits in Table 1.

The dissociation of the highly excited diatomic molecules
can be very complicated. For example, the dissociation of
super-excited F2 molecule into F+/F− pair was calculated by
Zhang et al.[21] In our recent paper, rather complex dissocia-
tion channels of the two-hole-one-electron Auger final states
are observed,[15] which also appear in this work. As reported
by Lundqvist et al.,[14] there are three dissociation channels
for O2+

2 :

O2+
2 (W3

∆u) → O+(4S)+O+(2D),

O2+
2 (B′3Σ

−
u ) → O+(4S)+O+(2D),

O2+
2 (B3

Πg) → O+(4S)+O+(4S).

Here, O+(2P) cannot be created if we assume that the Ryd-
berg electron acts purely as a spectator of the dissociation of
the dicationic core O2+

2 . However, the appearance of the dis-
sociation limit III and IV proves that Rydberg electrons are not
acting purely as a spectator. It is can be expected that, com-
pared with dicationic ion, the spectator Auger final state with
an excited Rydberg electron would pass more potential curve
cross points before dissociation is accomplished.[15] There-
fore, more dissociation limits are expected.

From Fig. 3, it might be puzzling that the (W3∆u)3sσ

state dissociates into more channels than the (B′3Σ−u +

B3Πg)3sσ state. To facilitate the discussion, the dissociation
channels are numbered from 1 to 5 in Fig. 3, 1 to 3 result
from the (W3∆u)3sσ state, while channels 4 and 5 from the
(B′3Σ−u +B3Πg)3sσ state. We compared our measurements
with the probable candidates reported by Beede et al.[13] in
Table 2. For the (W3∆u)3sσ state, three limits II, III, IV are
reached. However, the (B′3Σ−u + B3Πg)3sσ state was pre-
dicted to lead to dissociation limits I, II, and III, but only II
and III were observed here. Therefore, the (W3∆u)3sσ state
can observe more dissociation channels. From another point
of view, the observed features grouped by the limit II, III, and
IV are well explained by comparison with the calculation of
Beede et al., except for the limit I from 2,4Πg state. Consider-
ing Beede et al. made the calculation several decades ago, we
suggest updating the calculation by theoretical in the future.

Table 2. Assignment of the dissociation channels after O 1sσ → (4Σ−u )3sσ excitation in O2. Number and © symbols are used to mark
observable and missing features in our measurements, respectively. Based on the potential curves reported by Beede et al.,

√
and× symbols

are used to indicate the feature should exist and not, respectively.

Measurements Beede et al.
(W3∆u)3sσ (B′3Σ−u +B3Πg)3sσ 2,4∆u

2,4Σ−u
2,4Πg

I © © × ×
√

II 1 4
√

×
√

III 2 5
√ √ √

IV 3 ©
√

× ×
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4. Conclusions
With the help of the energy-resolved Auger electron-

ion coincidence technique, we have investigated the dissoci-
ation processes of the spectator Auger final states after the O
1sσ → (4Σ−u )3sσ excitation in O2 molecules. The spectator
Auger final states dissociate into O+ and O without a Rydberg
electron, we are able to distinguish different dissociation chan-
nels from the correlation between the electron kinetic energy
and the ion kinetic energy. Compared with the dissociation
processes of dicationic states O2+

2 , rather complex dissocia-
tion channels of the spectator Auger final states are disclosed.
It is expected that a spectator Auger final state with an excited
Rydberg electron would pass more potential curve cross points
than the dicationic state. As a result, more dissociation limits
are reached.
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C, Ågren H, Ueda K and Miron C 2015 Nat. Photon. 9 120

[8] Feifel R, Tanaka T, Kitajima M, Tanaka H, De Fanis A, Sankari R,
Karlsson L, Sorensen S, Piancastelli M N, Prümper G, Hergenhahn U
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