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Mechanisms for @ photofragmentation leading to the formation of the"-O* 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

For a diatomic molecule, the potential energy curve ofcation pairs can be produced from a given molecular
the doubly charged positive ion (di-cation) is repulsive atspecies [5,6,8], it offers a unique opportunity to isolate the
large internuclear distances, although electron exchangadirect reaction paths and study their competition. Such
interactions may result in a local minimum capablea study also investigates the competition between two
of supporting vibrational motion. Vibrational levels re- time scales: the time scale of intramolecular electronic re-
sulting from such a local minimum have been observedaxation versus that of molecular dissociation. Conven-
for di-cation ground states of several diatomic moleculegional wisdom dictates that electronic relaxation is faster
[1-3]. In all of these cases, the adiabatic threshold fothan dissociation. However, several experimental studies
double photoionization is observed to lie above the low{9—12] have found instances in which molecular dissocia-
est limit for dissociation into a pair of singly charged tion precedes electronic decay.
positive ion (cation) fragments. (Here, adiabatic double- We have applied the threshold-photoelectron-photo-
ionization threshold refers to the minimum photon energyelectron coincidence (TPEPECO) technique to study the
required for population of the = 0 level of a molecule’s dynamics of 0-O" and Q2" creation near its DI thresh-
di-cation ground state [4].) For some molecules, it is posold. The study includes the measurement of TPEPECO
sible to produce a pair of cation fragments at photon enerspectra of @ collected at photon energies, where co-
gies below the adiabatic double-ionization (DI) threshold.incidence signals must originate from below-threshold
Thesebelow-threshold cation paira/ere first observed in  O*-O" formation. Production of below-threshold cation
ion-ion coincidence experiments on® [5] and CO [6].  pairs from Q has not been observed previously. More-

The production of below-threshold cation pairs fromover, we have been able to identify, for the first time, a
a diatomic molecule involves the creation of a singlyvibrationally selective path for this reaction. The’0 X
charged molecular ion whose potential curve crosses sz ground state is known to contain a local minimum
di-cation curve in its repulsive part. Once created, thecapable of supporting 19 vibrational levels [3,13]. Hall
molecular ion may follow either of two alternative path- et al.[3], using a related electron-electron coincidence
ways. The first path involves a fast electronic decaytechnique, first identified the O X 12g+ vibrational
that occurs as the molecular ion dissociates. Electrongrogression and located the DI threshold (corresponding
released in this manner exhibit a broad, slowly varyingto excitation to ther = 0 level) at 36.13 eV.
energy distribution, depending on the internuclear dis- The main elements of the apparatus include a tunable
tance at which the decay occurs [7]. The second patphoton beam, an effusive gas beam, and an electron co-
involves complete dissociation of the molecule to form anincidence spectrometer consisting of two electron energy
ion and an excited atomic fragment, which subsequentlanalyzers. The photon beam was provided by the Dares-
autoionizes. For this situation, the released electrons wilbury Laboratory Synchrotron Radiation Source via the
have narrow energy distributions that are characteristic aforoidal grating monochromator of beam line 3.3. The
atomic autoionization. coincidence spectrometer has been described in detail by

Creation of cation pairs via the two-step reaction pathddall et al. [14]. In the TPEPECO measurements, one ana-
described above may also occur at photon energies abolyzer is operated in the “threshold mode,” i.e., tuned to
the DI threshold of a molecule, but with additional compe-collect electrons with nearly zero kinetic energy, using
tition from other dissociative double-ionization reactions,the penetrating field technique [15]. The other analyzer
including direct double ionization. If below-threshold is operated in the conventional way to detect electrons
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of finite kinetic energy. True coincidences between near- 600f ‘” ' '
zero-energy and finite-energy electrons are measured via [Il ”IH“ E,=40.75 eV
standard coincidence counting electronics. 3007 (] m]]' ”[1 .

The present study includes two types of TPEPECO 0 ||i';|1”|] ! III;I!IHmllllllIl]"I[“[”xl|lll,'l,[;x[l",‘lllnul',ilH"lnllllpllx'
measurements. In the first, the photon energy is held i ‘ .
fixed and the collection energy of the conventional ana- 04 0.8 12
lyzer is scanned over a range of kinetic energy, giving 600f II ' i
“constant-photon-energy spectra.” Inthe second type, giv- 300l | | E,= 3791 eV |
ing “constant-kinetic-energy spectra,” the collection en- Lk ] I]“II” | I
ergy of the conventional analyzer is held fixed, while the o L P NP TR
photon energy is scanned over the region of interest. The 0,"X FC fagtors: V|* " 3) 2 !
presence of the same electron pairs in both types of mea- 04 038 12
sured spectra and a measurement of the incident photon 600y E,=36.026V
flux via an ALO; diode establish a common relative scale 300 v

of coincidence yield among all of the measurements.
The study also includes measurement of the noncoinci-
dence yield of near-zero-energy electrons, collected simul-
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coincidence yield (arbitrary units)

taneously with each constant-kinetic-energy TPEPECO 600F 04 038 12
spectrum. This forms a threshold photoelectron (TPE) E =3508 eV
spectrum which maps out all single ion states created 300} "
with the ejection of a near-zero-energy electron. Then, -
a constant-kinetic-energy TPEPECO spectrum covering L
photon energies below the DI threshold will select out ‘ s .
single ion states that are precursors to electronic decay. 600F 04 08 12
Vice versa, in a constant-photon-energy TPEPECO spec- E,=3332eV
trum, the coincidence yield maps out all of the possible 300¢ o
decay products of the ion state marked by the detection of T
the near-zero-energy electron. O A

A set of constant-photon-energy TPEPECO spectra 07 08 12

is shown in Fig. 1. Photon energies were chosen to
sample from the region from the lowest dissociation kinetic energy (eV)

limit [O" (*S) + OF (*S)] at 32.35eV through the .
- . o FIG. 1. O TPEPECO spectra collected at five constant pho-
2 2
[O" (*D) + O" (*D)] dissociation limit at 39.002 eV. 5y energies, below and above the adiabatic double ionization

In all of these spectra, a dominant signal is observeghreshold(DIP = 36.13 eV). The solid bars in the spectrum
for coincidences between near-zero-energy electrons arad E,, = 39.71 eV mark the energy positions and the Franck-
electrons with kinetic energies of about 0.45 eV. AtCondon factors of the vibrational levels of the’0 ground
the highest photon energy, a nonvanishing coincidenc?tate [3]. Resolution in these spectra is limited by the resolu-
. . ion of the conventional analyzer, which was 80 meV.

yield is also observed between near-zero-energy electrons
and electrons with kinetic energies of about 0.8 eV.
Coincidences due to the direct formation of thZOX  The fragment is embedded in the' @*S) continuum and
state are expected to appear in the spectrum collected atitoionizes via emission of an electron with kinetic en-
hv = 3791 eV, according to the measured DI thresholdergy between 0.4 and 2 eV [10]. The autoionizing decays
[3] and the Franck-Condon distribution of about 2 eV.O* (2p3 *D 3p) 'P,>D — O (*S) and O (2p3 2P 3s)
However, no trace of the vibrational progression asso?P — O (*S) give rise to electrons with energy distri-
ciated with the @* X state can be discerned in the butions peaking at 0.42 and 0.49 eV, respectively, while
spectrum. the autoionizing decays ‘02p? 2P 3s) 'P — O (45)

In the spectra of Fig. 1, the production of electrons withand O (2p3 2D 3p) 'D — O* (*S) give rise to electrons
the same well-defined kinetic energy at all of the photorwith a distribution that peaks at 0.8 eV [10]. This inter-
energies investigated indicates that the dominant mecharetation is consistent with one by Price and Eland [16] of
nism for double ionization is a two-step reaction. More-their electron-electron coincidence spectra obtained using
over, we interpret the observed coincidence yield in theseadiation from a He Il lamp. With the identification of
spectra as a clear indication of atomic autoionization. Thehe two-step reaction, the question to be addressed is what
two-step reaction occurs after the photon creates aff O precursor ion states are involved.
excited ion and a near-zero-energy electron. The pre- To examine the precursor ion states, we fixed the
cursor ion then dissociates into a singly charged oxygeRinetic energy of the photoelectron &t = 0.45, 0.6, and
ion and an excited O(2p? 2P,%D nl) neutral fragment. 0.8 eV, respectively, and scanned the coincidence yield
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over the photon energy range between 32.5 and 41 eVonizes to O (*S). A selection rule for the crossing of
Of the three resultant constant-kinetic-energy TPEPECG@nhe potential curves limits the search for the predissoci-
spectra, the coincidence vyield below the DI threshold isating state to those with ungerade symmetry [21]. This
appreciable only for the spectrum collected with = rule holds in all of the possible coupling schemes for the
0.45 eV, especially in the region around 33 eV (Fig. 2). 0,"* states. We have produced potential curves for Ryd-
Practically no signal is detected in the spectrum collectetberg Q" states, using &* potential curves obtained
with E; = 0.6 eV, and, forE, = 0.8 eV, a nonvanishing from complete-active-space self-consistent-field calcula-
signal occurs only at photon energies above th8*O tions [13], and using the Rydberg formula with reported
X state. Hence, we collected a second constant kineties andnp quantum defects [22]. Assuming that the Ryd-
energy TPEPECO spectrum wilfy = 0.45, covering the  berg ion states must have ungerade symmetry, and that the
region around 33 eV but at a higher photon resolutiorshapes of their potential curves parallel those of the cor-
(Fig. 3). The TPE spectrum shows a broad feature likelyesponding di-cation states (at least over the spatial range
due to vibrational components of severab™Ostates. spanned by théIl, state’s potential minimum), we have
TPE spectra reported previously by Elis al.[17] and  produced potential curves for the O (B3Il + npo),
Tanakaet al. [18], as well as photoelectron spectra [19] (B31'[g + npm), (B*,” + nso), and(W3A, + nso)
and (e,2¢) measurements [20], locate in this region Rydberg series.
a *Il, valence ion state and lower members of the The energy region where the different curves occur
(nso) and (ndo) >3, Rydberg ion states, where =4  limits the possible Rydberg ion states(®’I1, + 3po),
and 3, respectively. To simplify the understanding of(B 3Hg + 3pw), (B33,” + 3so), and(W3A, + 3s0).
Fig. 3, only markers indicating energy positions of theConsidering that the last state has @S) + O* (2D 3s)
*II, vibrational levels are shown. However, all of the as a dissociation limit and thus the autoionizing electron
peak structures in the TPE spectrum can be uniquelyyould not be detectable in the present experiment, we are
assigned to vibrational levels of these three states. It ifeft with only three states. The calculated potential curves
evident from Fig. 3 that the two peaks appearing in thefor these states are shown in Fig. 4 together with the
coincidence yield align with théll, » = 5 and 6 levels. 21T, potential curve, calculated using a Morse potential
To identify these @" °I1, levels as precursor states, the with the w, and w,x, given by Tanakeet al.[18]. The
complete reaction path that produces the dissociation intenly adjustable parameter used here is the equilibrium
the O" + O" fragments has to be unraveled. internuclear distance for thdl, state. The value chosen
The model we propose involves predissociation ofis 1.3 A which compares with the value of 1.2 A for the
the II, state via a Rydberg state that fragments intoground state of neutral oxygen [21]. The configuration
O* (*S) + O" (°P,?D 3p or 3s). The Rydberg state has describing théIl, state is formed from that of the neutral
to belong to one of the series converging to the'O  ground state by removal of apw, bonding electron
B or higher lying states. Because both the’O X  [23], and the equilibrium distance chosen for the,
and A states have a dissociation limit corresponding tostate is consistent with a transition from a bonding to
O* (*S) + O (*S), Rydberg series converging to thesean antibonding orbital. The chosen value is also quite
states will never produce an excited fragment that autosimilar to those given for lower J states [21] formed
by removal of an electron from 2p 7, orbital.
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FIG. 2. A 0.45 eV constant kinetic energy TPEPEGD photon energy (eV)

spectrum together with the corresponding TPE (—) spectrum.
FIG. 3. A 0.45 eV constant kinetic energy TPEPEGD

The photon energy range extends from the lowestQ@
dissociation limit through the &' ground state. The solid bars spectrum together with the corresponding TPE (—) spectrum
mark the energy positions and Franck-Condon factors of th@ver the photon energy range just above the lowestQD
vibrational levels of the &* ground state [3]. Resolution in dissociation limit. The positions of vibrational levels of the
both the TPEPECO and TPE spectra are limited by the photo®* 2II, state are indicated. The photon bandpass was set at
bandpass, which was set at 120 meV. 80 meV.
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process leading to the production of @* ion pairs in
the vicinity of the adiabatic double-ionization threshold.
Analysis of the TPEPECO spectra (i) finds that, below
this threshold, only this one reaction path leads to the for-
mation of cation pairs and (ii) shows the reaction is vi-
brationally selective. Applying a simple model, we have
identified a single precursor ion state that is the likely
candidate responsible for the production of all below-
threshold cation pairs.
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