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Vibrationally SelectedO1-O1 Fragmentation of O2 below the Adiabatic Double-Ionization
Potential Studied via Electron-Electron Coincidence Spectroscopy
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Mechanisms for O2 photofragmentation leading to the formation of the O1-O1 ion pairs, at
photon energies below the adiabatic double-ionization threshold, have been investigated using a
threshold-photoelectron-photoelectron coincidence technique. The selectivity and high efficiency of
the experimental technique have allowed the process to be followed step by step. The measurements
show that fast dissociation of a singly charged ion, followed by atomic autoionization, is the dominant
decay route in this energy region. [S0031-9007(99)08566-X]

PACS numbers: 33.60.Cv, 33.80.Eh
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For a diatomic molecule, the potential energy curve
the doubly charged positive ion (di-cation) is repulsive
large internuclear distances, although electron exchan
interactions may result in a local minimum capab
of supporting vibrational motion. Vibrational levels re
sulting from such a local minimum have been observ
for di-cation ground states of several diatomic molecul
[1–3]. In all of these cases, the adiabatic threshold f
double photoionization is observed to lie above the low
est limit for dissociation into a pair of singly charged
positive ion (cation) fragments. (Here, adiabatic doubl
ionization threshold refers to the minimum photon energ
required for population of then ­ 0 level of a molecule’s
di-cation ground state [4].) For some molecules, it is po
sible to produce a pair of cation fragments at photon en
gies below the adiabatic double-ionization (DI) threshol
Thesebelow-threshold cation pairswere first observed in
ion-ion coincidence experiments on H2O [5] and CO [6].

The production of below-threshold cation pairs from
a diatomic molecule involves the creation of a sing
charged molecular ion whose potential curve crosses
di-cation curve in its repulsive part. Once created, th
molecular ion may follow either of two alternative path
ways. The first path involves a fast electronic deca
that occurs as the molecular ion dissociates. Electro
released in this manner exhibit a broad, slowly varyin
energy distribution, depending on the internuclear d
tance at which the decay occurs [7]. The second pa
involves complete dissociation of the molecule to form a
ion and an excited atomic fragment, which subsequen
autoionizes. For this situation, the released electrons w
have narrow energy distributions that are characteristic
atomic autoionization.

Creation of cation pairs via the two-step reaction pat
described above may also occur at photon energies ab
the DI threshold of a molecule, but with additional compe
tition from other dissociative double-ionization reaction
including direct double ionization. If below-threshold
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cation pairs can be produced from a given molecu
species [5,6,8], it offers a unique opportunity to isolate t
indirect reaction paths and study their competition. Su
a study also investigates the competition between t
time scales: the time scale of intramolecular electronic
laxation versus that of molecular dissociation. Conve
tional wisdom dictates that electronic relaxation is fas
than dissociation. However, several experimental stud
[9–12] have found instances in which molecular dissoc
tion precedes electronic decay.

We have applied the threshold-photoelectron-pho
electron coincidence (TPEPECO) technique to study
dynamics of O1-O1 and O2

21 creation near its DI thresh-
old. The study includes the measurement of TPEPE
spectra of O2 collected at photon energies, where c
incidence signals must originate from below-thresho
O1-O1 formation. Production of below-threshold catio
pairs from O2 has not been observed previously. Mor
over, we have been able to identify, for the first time,
vibrationally selective path for this reaction. The O2

21 X
1
Sg

1 ground state is known to contain a local minimu
capable of supporting 19 vibrational levels [3,13]. Ha
et al. [3], using a related electron-electron coinciden
technique, first identified the O221 X 1

Sg
1 vibrational

progression and located the DI threshold (correspond
to excitation to then ­ 0 level) at 36.13 eV.

The main elements of the apparatus include a tuna
photon beam, an effusive gas beam, and an electron
incidence spectrometer consisting of two electron ene
analyzers. The photon beam was provided by the Dar
bury Laboratory Synchrotron Radiation Source via t
toroidal grating monochromator of beam line 3.3. Th
coincidence spectrometer has been described in detai
Hall et al. [14]. In the TPEPECO measurements, one an
lyzer is operated in the “threshold mode,” i.e., tuned
collect electrons with nearly zero kinetic energy, usin
the penetrating field technique [15]. The other analyz
is operated in the conventional way to detect electro
© 1999 The American Physical Society 2075
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of finite kinetic energy. True coincidences between nea
zero-energy and finite-energy electrons are measured
standard coincidence counting electronics.

The present study includes two types of TPEPEC
measurements. In the first, the photon energy is he
fixed and the collection energy of the conventional an
lyzer is scanned over a range of kinetic energy, givin
“constant-photon-energy spectra.” In the second type, g
ing “constant-kinetic-energy spectra,” the collection e
ergy of the conventional analyzer is held fixed, while th
photon energy is scanned over the region of interest. T
presence of the same electron pairs in both types of m
sured spectra and a measurement of the incident pho
flux via an Al2O3 diode establish a common relative sca
of coincidence yield among all of the measurements.

The study also includes measurement of the noncoin
dence yield of near-zero-energy electrons, collected sim
taneously with each constant-kinetic-energy TPEPEC
spectrum. This forms a threshold photoelectron (TP
spectrum which maps out all single ion states creat
with the ejection of a near-zero-energy electron. The
a constant-kinetic-energy TPEPECO spectrum coveri
photon energies below the DI threshold will select o
single ion states that are precursors to electronic dec
Vice versa, in a constant-photon-energy TPEPECO sp
trum, the coincidence yield maps out all of the possib
decay products of the ion state marked by the detection
the near-zero-energy electron.

A set of constant-photon-energy TPEPECO spec
is shown in Fig. 1. Photon energies were chosen
sample from the region from the lowest dissociatio
limit fO1 s4Sd 1 O1 s4Sdg at 32.35 eV through the
fO1 s2Dd 1 O1 s2Ddg dissociation limit at 39.002 eV.
In all of these spectra, a dominant signal is observ
for coincidences between near-zero-energy electrons
electrons with kinetic energies of about 0.45 eV. A
the highest photon energy, a nonvanishing coinciden
yield is also observed between near-zero-energy electr
and electrons with kinetic energies of about 0.8 eV
Coincidences due to the direct formation of the O2

21 X
state are expected to appear in the spectrum collected
hn ­ 37.91 eV, according to the measured DI thresho
[3] and the Franck-Condon distribution of about 2 eV
However, no trace of the vibrational progression ass
ciated with the O221 X state can be discerned in the
spectrum.

In the spectra of Fig. 1, the production of electrons wi
the same well-defined kinetic energy at all of the photo
energies investigated indicates that the dominant mec
nism for double ionization is a two-step reaction. More
over, we interpret the observed coincidence yield in the
spectra as a clear indication of atomic autoionization. T
two-step reaction occurs after the photon creates an O2

1p

excited ion and a near-zero-energy electron. The p
cursor ion then dissociates into a singly charged oxyg
ion and an excited Op s2p3 2P, 2D nld neutral fragment.
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FIG. 1. O2 TPEPECO spectra collected at five constant ph
ton energies, below and above the adiabatic double ionizat
thresholdsDIP ­ 36.13 eVd. The solid bars in the spectrum
at Ehn ­ 39.71 eV mark the energy positions and the Franck
Condon factors of the vibrational levels of the O2

21 ground
state [3]. Resolution in these spectra is limited by the reso
tion of the conventional analyzer, which was 80 meV.

The fragment is embedded in the O1 s4Sd continuum and
autoionizes via emission of an electron with kinetic en
ergy between 0.4 and 2 eV [10]. The autoionizing deca
Op s2p3 2D 3pd 1P, 3D ! O1 s4Sd and Op s2p3 2P 3sd
3P ! O1 s4Sd give rise to electrons with energy distri-
butions peaking at 0.42 and 0.49 eV, respectively, wh
the autoionizing decays Op s2p3 2P 3sd 1P ! O1 s4Sd
and Op s2p3 2D 3pd 1D ! O1 s4Sd give rise to electrons
with a distribution that peaks at 0.8 eV [10]. This inter
pretation is consistent with one by Price and Eland [16]
their electron-electron coincidence spectra obtained us
radiation from a He II lamp. With the identification of
the two-step reaction, the question to be addressed is w
precursor ion states are involved.

To examine the precursor ion states, we fixed t
kinetic energy of the photoelectron atEk ­ 0.45, 0.6, and
0.8 eV, respectively, and scanned the coincidence yi
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over the photon energy range between 32.5 and 41
Of the three resultant constant-kinetic-energy TPEPEC
spectra, the coincidence yield below the DI threshold
appreciable only for the spectrum collected withEk ­
0.45 eV, especially in the region around 33 eV (Fig. 2
Practically no signal is detected in the spectrum collect
with Ek ­ 0.6 eV, and, forEk ­ 0.8 eV, a nonvanishing
signal occurs only at photon energies above the O2

21

X state. Hence, we collected a second constant kine
energy TPEPECO spectrum withEk ­ 0.45, covering the
region around 33 eV but at a higher photon resoluti
(Fig. 3). The TPE spectrum shows a broad feature like
due to vibrational components of several O2

1 states.
TPE spectra reported previously by Elliset al. [17] and
Tanakaet al. [18], as well as photoelectron spectra [19
and se, 2ed measurements [20], locate in this regio
a 2Pu valence ion state and lower members of th
snssd and sndsd 2

Sg Rydberg ion states, wheren ­ 4
and 3, respectively. To simplify the understanding
Fig. 3, only markers indicating energy positions of th
2Pu vibrational levels are shown. However, all of th
peak structures in the TPE spectrum can be uniqu
assigned to vibrational levels of these three states. I
evident from Fig. 3 that the two peaks appearing in t
coincidence yield align with the2Pu n ­ 5 and 6 levels.
To identify these O21 2Pu levels as precursor states, th
complete reaction path that produces the dissociation i
the O1 1 Op fragments has to be unraveled.

The model we propose involves predissociation
the 2Pu state via a Rydberg state that fragments in
O1 s4Sd 1 Op s2P, 2D 3p or 3sd. The Rydberg state has
to belong to one of the series converging to the O2

21

B or higher lying states. Because both the O2
21 X

and A states have a dissociation limit corresponding
O1 s4Sd 1 O1 s4Sd, Rydberg series converging to thes
states will never produce an excited fragment that au

FIG. 2. A 0.45 eV constant kinetic energy TPEPECOs j d
spectrum together with the corresponding TPE (—) spectru
The photon energy range extends from the lowest O1-O1

dissociation limit through the O221 ground state. The solid bars
mark the energy positions and Franck-Condon factors of
vibrational levels of the O221 ground state [3]. Resolution in
both the TPEPECO and TPE spectra are limited by the pho
bandpass, which was set at 120 meV.
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ionizes to O1 s4Sd. A selection rule for the crossing o
the potential curves limits the search for the predisso
ating state to those with ungerade symmetry [21]. Th
rule holds in all of the possible coupling schemes for t
O2

1p states. We have produced potential curves for Ry
berg O2

1 states, using O221 potential curves obtained
from complete-active-space self-consistent-field calcu
tions [13], and using the Rydberg formula with reporte
ns andnp quantum defects [22]. Assuming that the Ry
berg ion states must have ungerade symmetry, and tha
shapes of their potential curves parallel those of the c
responding di-cation states (at least over the spatial ra
spanned by the2Pu state’s potential minimum), we have
produced potential curves for the O2

1p sB 3Pg 1 npsd,
sB 3Pg 1 nppd, sB 3

Su
2 1 nssd, and sW3Du 1 nssd

Rydberg series.
The energy region where the different curves occ

limits the possible Rydberg ion states tosB 3Pg 1 3psd,
sB 3Pg 1 3ppd, sB 3

Su
2 1 3ssd, and sW3Du 1 3ssd.

Considering that the last state has O1 s4Sd 1 Op s2D 3sd
as a dissociation limit and thus the autoionizing electr
would not be detectable in the present experiment, we
left with only three states. The calculated potential curv
for these states are shown in Fig. 4 together with t
2Pu potential curve, calculated using a Morse potent
with the ve and vexe given by Tanakaet al. [18]. The
only adjustable parameter used here is the equilibri
internuclear distance for the2Pu state. The value chosen
is 1.3 Å which compares with the value of 1.2 Å for th
ground state of neutral oxygen [21]. The configuratio
describing the2Pu state is formed from that of the neutra
ground state by removal of a2ppu bonding electron
[23], and the equilibrium distance chosen for the2Pu

state is consistent with a transition from a bonding
an antibonding orbital. The chosen value is also qu
similar to those given for lower O21 states [21] formed
by removal of an electron from a2ppu orbital.

FIG. 3. A 0.45 eV constant kinetic energy TPEPECOs j d
spectrum together with the corresponding TPE (—) spectr
over the photon energy range just above the lowest O1-O1

dissociation limit. The positions of vibrational levels of th
O1 2Pu state are indicated. The photon bandpass was se
80 meV.
2077
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FIG. 4. Potential energy curves of O2
1 states with ungerade

symmetry in the region of the double-ionization threshold
The O2

1 2Pu state curve is calculated from experimenta
parameters given by Ref. [18], as described in the text. T
O2

1 Rydberg states were calculated using theoretical O2
21

potential curves [13] and experimental quantum defects [22].

Despite the simplicity of the model used, Fig. 4 show
that the O2

1 sB 3
Su

2 1 3ssd Rydberg state crosses the
2Pu state exactly in the region where the coincidenc
yield has been observed. Thus, the crossing allows t
n ­ 5, 6 levels of the2Pu state to be predissociated by
the sB 3

Su
2 1 3ssd Rydberg state, which then disso

ciates into O1 s4Sd 1 Op s2P 3sd. Further support for
the proposed model comes from the observation that t
2Pu and thesB 3

Su
2 1 3ssd state have configurations

that differ only by the location of the outermost elec
tron. In Fig. 4, thesB 3

Su
2 1 3ssd and 2Pu potential

curves cross again in the innerwell region above 35 e
Thus, the model predicts that a coincidence yield ma
also appear above this value. Indeed, inspection of t
TPEPECO spectrum in Fig. 2 shows that, below the D
threshold, the only other significant structure in the co
incidence yield does appear in the region above 35 e
Remarkably then, the model shows that all production
below-threshold cation pairs from O2 can be associated
with creation of a single precursor ion state.

The high selectivity and efficiency of the TPEPECO
technique demonstrate that fast dissociation of a molec
lar ion followed by atomic autoionization is the dominan
2078
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process leading to the production of O1-O1 ion pairs in
the vicinity of the adiabatic double-ionization threshold
Analysis of the TPEPECO spectra (i) finds that, belo
this threshold, only this one reaction path leads to the f
mation of cation pairs and (ii) shows the reaction is v
brationally selective. Applying a simple model, we hav
identified a single precursor ion state that is the like
candidate responsible for the production of all below
threshold cation pairs.
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