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Abstract

y Ž y y.The dissociative photodetachment dynamics of O O qhn ™ O qO qe have been studied at 532, 355, and 2664 4 2 2

nm by triple-coincidence measurements of the energy and angular distributions of the photoelectron and photofragments.
The data reveal vibrationally resolved product translational energy distributions and a strong angular correlation between the
photoelectron and the photofragments for this direct process. The translational energy distributions show that photodetach-
ment of Oy over this photon energy range occurs to several low-lying repulsive states of O , producing O in the ground4 4 2

Ž Ž 3 y. Ž 1 . Ž 1 q..and low-lying electronically excited states O X S , O a D , and O b S . The partitioning of energy into vibration2 g 2 g 2 g

and rotation of the O products is analyzed in terms of a Franck–Condon model, indicating that the excess electron in Oy is2 4

delocalized over two identical O moieties in a symmetric Oy species. A qualitative analysis of the product angular2 4

distributions in terms of the electronic structure of Oy is consistent with recent ab initio calculations. q 1998 Elsevier4

Science B.V. All rights reserved.

1. Introduction

Dissociation occurs upon photodetachment when
a stable anion has Franck–Condon overlap with re-
pulsive regions of the corresponding neutral potential

w xenergy surface. For molecular dimer anions 1,2 , the
corresponding ground-state neutral species are often
only bound by a weak van der Waals interaction, so
it is expected that this will often occur. In these
cases, the neutral will survive for less than a vibra-
tional period and the photoelectron spectrum will be
expected to have no discernible structure, providing
little insight into the structure of the anion or neutral.

) Corresponding author. Fax: q1-619-534-7042.
1 Present address: Syagen Technology, 1411 Warner Ave.,
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To fully characterize such dissociative photodetach-
Ž .ment DPD processes, a more complete measure-

ment must be made. By combining the techniques of
w xphotofragment translational spectroscopy 3 and

w xphotoelectron spectroscopy 4 , the kinetic energies
and recoil angles of the photoelectron and photofrag-
ments can be measured in coincidence, providing a
complete kinematic characterization of DPD. This
paper provides an account of our studies of the
dynamics of DPD in Oy at 532, 355, and 266 nm,4

extending a previous brief account of the dynamics
w xof DPD at 532 nm 5 . These results provide impor-

tant structural insights into Oy and the dynamics of4

dissociation on the O –O repulsive surface ac-2 2

cessed in photodetachment. The experiments reveal
both vibrationally resolved translational energy dis-
tributions and evidence of an anisotropic molecular-
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frame photoelectron angular distribution in the pho-
todetachment of Oy at these wavelengths.4

There have been several previous experimental
studies of the photochemistry of Oy. A thorough4

review of earlier work on this system is given by
w xSherwood et al. 6 in a paper concerning the ionic

photodissociation of Oy: Oyqhn ™ O qOy. Ionic4 4 2 2

photodissociation is observed to compete with DPD
at all wavelengths studied so far, and thus plays an
important role in the photodestruction dynamics of
Oy. At all wavelengths photodissociation is observed4

to occur via a strong parallel transition, i.e., the
products are strongly peaked along the electric vec-
tor of the laser. Contributions from the work of
Sherwood et al. relevant to the present study include
the confirmation of the O –Oy bond energy D f2 2 0

0.46 eV, in accord with mass-spectrometric measure-
w x yments by Hiraoka 7 , and evidence that O is a4

doublet radical anion from the observation that the
lowest observed photodissociation channel at 532

y Ž 1 . yŽ 2 .nm: O qhn ™ O a D qO X P is spin-4 2 g 2 g

forbidden from a quartet ground state.
Other previous studies of Oy most relevant to the4

current DPD experiments include photoelectron
spectroscopy and photodestruction measurements by

w xJohnson and co-workers 8–10 . In those experi-
ments, photoelectron spectra were recorded at 532
and 355 nm. The spectra revealed no resolved vibra-
tional structure and showed evidence for a photodis-
sociation channel in the observed photodetachment
of nascent Oy by a second photon. In our labora-2

tory, low-resolution photoelectron–photofragment
w xcoincidence experiments at 523 and 349 nm 11,12

showed that DPD of Oy produces O photofrag-4 2

ments with wavelength-dependent angular distribu-
tions. At 349 nm, DPD yielded both ground-state

Ž 3 y. Ž 3 y. yO X S q O X S q e and excited-state2 g 2 g
Ž 1 . Ž 3 y. yO a D q O X S q e products. A third2 g 2 g

Ž 3 y.channel that yielded ground-state O X S q2 g
Ž 3 y. yO X S qe products with a higher electron2 g

kinetic energy and lower translational energy release
was also found at 349 nm. This process, unobserved
at 523 nm, originates from a non-Franck–Condon
photodetachment process that may derive from an
electron–molecule scattering resonance embedded in
the O qO qey continuum. This is an exception,2 2

however, to the direct DPD processes that are the
focus of this paper. None of these previous studies,

with the exception of the work at 532 nm briefly
w xreported in Ref. 5 , had resolution sufficient to

reveal O product vibrational distributions or mea-2

sure photoelectron–photofragment angular correla-
tions.

Previous theoretical studies of Oy were limited to4

semi-empirical or small-basis-set ab initio calcula-
tions due to the complexity of the electronic struc-

w xture of this anion 13–15 . Recently, however, an
extensive set of high-level ab initio calculations have

w xbeen completed by Taylor and co-workers 16 . Us-
ing the complete-active-spaceqsecond-order pertur-

w xbation theory method of Bjorn and Roos 17 , they
obtained predictions for the structure, electron affin-
ity, bond dissociation energy and vibrational fre-
quencies of Oy. These calculations predict that the4

ground state of Oy is a doublet and that the molecule4

is a symmetric species of D symmetry, as sug-2h
w xgested by the dynamics of DPD at 532 nm 5 and

Ž .recent density functional theory DFT calculations
w xby Chertihin and Andrews 18 . The calculations

predict a stability with respect to O qOy of ;0.52 2

eV, in reasonable accord with the experimental quan-
w xtities 6 .

In the following section, the experimental tech-
nique of photoelectron–photofragment coincidence
spectroscopy is briefly reviewed. This is followed by
a presentation of the correlation spectra of the cen-

Ž .ter-of-mass photoelectron kinetic energy eKE and
center-of-mass photofragment translational energy

Ž . Ž . Ž .release E at 532 nm 2.33 eV , 355 nm 3.49 eV ,T
Ž .and 266 nm 4.66 eV . The product internal energy

spectra, derived from a measurement of the total
kinetic energy release, E sE qeKE, are pre-TOT T

sented and analyzed for structural insights into Oy.4

Photoelectron–photofragment angular correlations at
all three wavelengths are also presented. In the dis-
cussion, an interpretation of the observed dynamics
is discussed, providing a schematic picture of ground
state of Oy and the repulsive states of O .4 4

2. Experimental

In these experiments, the DPD of Oy is studied4

in a coincidence measurement of the three photo-
Ž .products electronq two neutral fragments . The ex-

perimental method has been previously described
w x19,20 and will only be briefly reviewed here. A fast
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beam of mass-selected Oy is intersected with a4

pulsed laser and the kinematic properties of the
photoelectron and neutral fragments are measured in
coincidence. A schematic of the apparatus is shown
in Fig. 1. The apparatus consists of a mass-selected
anion source, a photoelectron spectrometer and a
photofragment translational spectrometer capable of
detecting neutrals or anions. High detection efficien-
cies and use of time- and position-sensitive particle
detectors for both the photoelectron and molecular
fragments allows the correlated measurement of ki-
netic energy and angular distributions of all of the
products.

Oy is generated by crossing a pulsed supersonic4

expansion of neat O operating at a repetition rate of2

0.6–1 kHz with a 1 keV electron beam. Anions are
formed in this source through secondary electron

w xattachment and three-body stabilization 21 . The
nascent anions cool in the expansion and pass through
a skimmer into a differentially pumped chamber
where they are accelerated to a beam energy of
2.5–4 keV. After acceleration, the ion beam is re-
referenced to ground potential using a potential
switch. Anions are separated according to mass by
time-of-flight. Fast neutral particles are removed by
guiding the ion beam over a beam block situated on
the beam axis. Electrostatic deflectors are employed
to direct the ion beam through a 1 mm entrance
aperture into the ultra-high-vacuum laser interaction
and particle detection region.

Anions at mres64 are intersected at a right
angle by a laser pulse from the frequency doubled
Ž . Ž . Ž .532 nm , tripled 355 nm , or quadrupled 266 nm

w xoutput of a linearly polarized Nd:YAG laser 22 . At

a repetition rate of 0.6–1 kHz, the laser yields 200
mJ at 532 nm and 40–60 mJ at either of the ultravio-
let wavelengths. The laser pulse is ;100 ps FWHM
and is focused to a spot of ;0.5 mm diameter at the
point of ion–laser interaction. Absorption of a pho-
ton by Oy leads to either photodissociation into a4

neutral and an anionic fragment or DPD into two
neutral photofragments and a photoelectron.

Photoelectrons traverse a nominal field-free
flight-path of 75 mm and impinge on a 60 mm
diameter detector centered perpendicular to the ion
beam and laser propagation directions. The labora-
tory kinetic energy of the electron is measured by
time-of-flight and the recoil angle by detected posi-
tion. Measurement of the electron recoil angle is
essential to allow correction for both the Doppler
broadening due to the fast ion beam and the actual
flight path in the large-solid-angle detector. With
these corrections, the electron kinetic energy in the

Ž .center-of-mass frame eKE is determined. The
photoelectron spectrometer has an effective angular
acceptance of ;4% of 4p sr. The resolution in eKE
is ;4% D ErE.

Neutral and ionic photofragments can be mea-
sured with the photofragment translational spectrom-
eter. Fragments recoil out of the beam over a 96 cm
flight path and impinge on a two-particle time- and
position-sensitive detector. The ion beam and any
charged photofragments are electrostatically de-
flected off the beam axis in the measurements re-
ported here, so only neutral photofragments are de-
tected. Fragments must clear a 7-mm-wide beam-stop
to impinge on the 40-mm-diameter detector mi-
crochannel plates. In the work reported at 532 nm,

Fig. 1. Schematic of the apparatus, showing the pulsed ion source, acceleration and mass-selection and photodetachmentrdetection regions.
See text for detailed description.
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this beam-stop was oriented both horizontally and
vertically in successive experiments, permitting a
nearly complete measurement of the product angular
distributions. At the other wavelengths the beam-
block was horizontal. A double wedge-and-strip an-

w xode 23 encodes the time- and position-of-arrival of
one photofragment striking each half of the detector.
This information yields the photofragment mass ra-

Ž .tio, center-of-mass translational energy E andT
w xrecoil angle for each event 23,24 . Once the mass of

the photofragments is determined, the kinetic energy
and recoil angle of the photofragments are calcu-
lated. The results are then histogrammed in a raw
translational energy and angular distribution,
Ž .N E , u . The translational energy resolution is FT

10% D ErE at E s0.55 eV, with a precision ofT
w x; "0.02 eV 6 . The angular acceptance of this

detector allows for detection of ;80% of the
photofragments in coincidence given the kinematics
of Oy dissociation into O qO qey. The transla-4 2 2

tional energy distributions reported here are in coin-
Ž .cidence with photoelectrons and are raw N E , u .T

Ž .The raw N E , u differ from the true center-of-massT
Ž .P E , u due to the finite angular acceptance of theT

photofragment detector. A numerical direct-inversion
procedure to transform these distributions to
Ž . w xP E , u has been previously described 23 . TheT
Ž . w x yP E , u reported by Sherwood et al. 11,12 for OT 4

at 523, 349, and 262 nm are very similar to those
found in the present experiments. Since the DPD of
Oy yields equal mass photofragments, with a large4

Ž . Ž .E , the differences between N E , u and P E , uT T T

are small.
Each event is required to consist of two neutral

photofragments or two neutral photofragments and a
photoelectron. Using the time- and position-of-arrival
information it can be determined if the two
photofragments originate in a single dissociation
event by checking for conservation of momentum
given the possible dissociation pathways. Correlation
of the photoelectron and the neutral photofragments
is determined by the spectrometer efficiency and the
count rate. To ensure valid photoelectron–
photofragment coincidences, the dissociation rate
must be <1 event per laser pulse. A statistical
calculation indicates that with the pulsed spectrome-
ter operating at 600 Hz, and the observed triple
coincidence rate of 0.25 Hz, false photoelectron–

photofragment coincidences are expected to con-
w xtribute ;5% to the data 19 .

3. Results — Dissociative photodetachment of OI
4

at 532, 355, and 266 nm

The work reported here focuses on the dynamics
of the DPD process Oy qhn ™ O qO qey . In4 2 2

earlier work, we have reported on photodissociation
y w xprocesses producing stable O qO 6 . Photodisso-2 2

ciation followed by autodetachment of internally ex-
cited Oy is an additional pathway that can yield two2

w xO and a free electron 25 . Clear evidence for this2

process is observed in the 355 nm DPD spectrum
described below.

Only equal-mass photofragment pairs were ob-
served. Analysis of data taken under a variety of
beam energies and detector positions showed no
evidence for other products such as O qO or stable3

O after photodetachment using photon energies of4

2.33, 3.49, and 4.66 eV. In the following sections,
Ž .we first present the N E , eKE correlation spectra,T

followed by the total translational energy release
spectra which are contained in the two-dimensional
Ž .N E , eKE spectra. The angular correlations of theT

photoelectron and photofragments at the different
wavelengths are then presented.

3.1. Photoelectron–photofragment kinetic energy
( )correlations: N E , eKE correlation spectraT

3.1.1. 532 nm
Ž .The N E , eKE correlation spectrum at 532 nmT

is shown in Fig. 2 as a two-dimensional histogram of
Ž .the correlation between electron kinetic energy eKE

along the y-axis and the photofragment translational
Ž .energy release E along the x-axis. The one-di-T

mensional spectra shown along each axis are ob-
tained by integrating the correlation spectrum over
the complementary variable, and represent the photo-
electron kinetic energy and photofragment transla-
tional energy release spectra measurable in a conven-
tional non-coincidence experiment. The photo-
electron spectrum along the y-axis shows a broad
peak at eKEs0.7 eV, with some fine structure at
higher eKE. The photofragment translational energy
release exhibits a broad peak at E s0.4 eV, with aT



( )K.A. Hanold, R.E. ContinettirChemical Physics 239 1998 493–509 497

Fig. 2. Photoelectron–photofragment energy correlation spectrum
Ž Ž .. y yN E , eKE for O q hn ™ O qO qe at 532 nm.T 4 2 2
Ž .N E , eKE is represented as a two-dimensional gray-scale his-T

togram. The histogram along the y-axis shows the photoelectron
spectrum, and the x-axis shows the photofragment translational
energy distribution. These are obtained by integrating the correla-
tion spectrum over the complementary variable. The features and
energetic limits shown are discussed in the text.

small sharper peak at E s0.8 eV. The correlationT

spectrum, however, reveals considerably more infor-
mation. At 532 nm, the correlation of the broad
peaks in the eKE and E spectra reveals a series ofT

Ž .five diagonal ridges, marked a in the figure , cen-
tered at E s0.4 eV. There is also a vertical row ofT

spots at E s0.8 eV. The eKE spectrum of the spotsT

in the vertical row at E s0.8 eV are consistentT

with the known peaks in the Oy photoelectron2
w xspectrum 26 , as noted in earlier photoelectron spec-

troscopy measurements by Johnson and co-workers
w x8–10 . These features arise from a second photon

yŽ 2 .detaching the electron from an O X P2 g

photofragment produced in the photodissociation of
y Ž y Ž 1 . yŽ 2 ..O O qhn ™ O a D qO X P .4 4 2 g 2 g

The dominant features in the correlation spectrum
are the diagonal ridges. Energy conservation dictates
that all events that lie within a single diagonal ridge

Žhave a well-defined total kinetic energy, E sETOT T
.qeKE . Within a given ridge, however, there is a

range of kinetic energy partitioning between the
three products. Using the dissociation energy of Oy

4

y Ž w x.into O qO 0.46 eV 7 and the electron affinity2 2
Ž w x.of O 0.45 eV 26 , the maximum translational2

energy KE s1.42 eV for the DPD process Oy
MAX 4
Ž 3 y . Ž 3 y . yqhn ™ O X S , Õs0 qO X S , Õs0 qe2 g 2 g

Ž .at 532 nm is determined. This is marked as limit A
in Fig. 2. For the energetics of this DPD pathway as
well as others energetically accessible in this work,
see Table 1. The ridges are separated by 0.19 eV,
which is identified as the vibrational spacing in the
O products. The simplest explanation of these fea-2

tures is that they correspond to DPD on vibrationally
adiabatic repulsive curves correlating with the differ-
ent vibrational states of the O products, as dis-2

cussed further below. Examination of the E distri-T

bution for each ridge individually shows that the
width and shape of the spectrum is independent of
product vibrational state.

3.1.2. 355 nm
The 355 nm correlation spectrum is shown in Fig.

3. The channel A observed at 532 nm is observed at
this wavelength as well, with an increase in eKE
given by the difference of the photon energies at 532
and 355 nm. This shows that Franck–Condon DPD

Ž 3 y. Ž 3 y. yproduces O X S q O X S q e at this2 g 2 g

wavelength. Evidence for the non-Franck–Condon
feature observed at 349 nm producing ground-state
O products is seen in the low-energy shoulder in2

the E spectra at 0.2 eV. This feature is much lessT

significant at 355 nm, implying that it is related to a
relatively narrow resonance embedded in the DPD
continuum. Increasing the photon energy from 2.33
to 3.49 eV also makes new product channels energet-
ically available: the limits B and C correspond to the

Ž 1 .KE values for production of O a D qMAX 2 g

Table 1
Energetics of the low-lying DPD pathways for Oyq hn ™ O q4 2

O qey
2

Label Products Energy relative
y Ž .to O eV4

3 3y y yŽ . Ž .A O X S qO X S qe 0.912 g 2 g
1 3 y yŽ . Ž .B O a D qO X s qe 1.892 g 2 g
1 3q y yŽ . Ž .C O b S qO X S qe 2.542 g 2 g
1 1 yŽ . Ž .D O a D qO a D qe 2.872 g 2 g
1 1q yŽ . Ž .E O b S qO a D qe 3.522 g 2 g

w xEnergetics of the excited states of O are taken from Ref. 27 .2
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Fig. 3. Photoelectron–photofragment energy correlation spectrum
Ž Ž .. y yN E , eKE for O q hn ™ O qO qe at 355 nm. See theT 4 2 2

text for discussion of the features and energetic limits shown.

Ž 3 . y Ž 1 q. Ž 3 y. yO X S qe and O b S qO X S qe ,2 2 g 2 g

respectively. A prominent set of short diagonal ridges
Ž .is observed beginning below limit B feature b . This

is consistent with DPD on vibrationally adiabatic
Ž 1 .curves corresponding to the production of O a D2 g

Ž 3 y. yqO X S qe , with the repulsive energy be-2 g

tween the fragments appearing as E s0.47 eV.T

There is also a set of fainter diagonal ridges below
Ž .maximum B, peaking at E s0.8 eV feature c .T

This implies that there is a second, more repulsive
Ž 1 . Ž 3 y. ycurve producing O a D qO X S qe . Evi-2 g 2 g

dence for signal below limit C, corresponding to
Ž 1 q . Ž 3 y . yO b S , Õs0 qO X S , Õs0 qe , with E2 g 2 g T

f0.4 eV is also observed. The final observation to
be made on the 355 nm spectrum is the appearance
of some faint lines parallel to the E -axis withT

Ž .E f1 eV feature d . These features arise fromT

photodissociation of Oy producing vibrationally ex-4

cited Oy that undergoes rapid vibrational autode-2
w xtachment 28 yielding electrons of a well-defined

kinetic energy observed in the photoelectron spectra
as small sharp peaks superimposed on the broad
DPD continuum. The three peaks observed here

yŽcorrespond to autodetachment transitions from O Õ2
. Ž .s5, 6, 7 to O Õs0 . Allan and co-workers have2

recently observed similar phenomena in the dissocia-

tive electron attachment to O which yields Oq3
y w xvibrationally excited O 29 .2

3.1.3. 266 nm
The 266 nm correlation spectrum is shown in Fig.

4. At 266 nm, pathway A is observed once again,
with an increase in eKE corresponding to the in-
crease in the photon energy. The diagonal features in
the data for pathway A are not as clearly visible due
to the loss of resolution in the TOF measurement for
the fast photoelectrons produced at this wavelength.
Pathway B is observed to occur only via the more

Žrepulsive state observed weakly at 355 nm feature
.c . The kinetic energy release in this channel peaks

at E s0.8 eV, as observed at 355 nm. Evidence forT
Ž .signal appearing below limits C feature e and D

Ž .feature f are also observed, indicating that these
dissociation pathways are also open. These repulsive
curves also appear to yield O products with repul-2

sion on the order of 0.8 eV appearing in translation
between the photofragments. It is noted that pathway
C has also moved to a higher kinetic energy release
Ž .E s0.8 eV compared to 355 nm, implying twoT

distinct repulsive curves yielding products in path-
way C as well as B. Laser-correlated background at

Fig. 4. Photoelectron–photofragment energy correlation spectrum
Ž Ž .. y yN E , eKE for O q hn ™ O qO qe at 266 nm. See theT 4 2 2

text for discussion of the features and energetic limits shown.
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eKE-0.5 eV prevents the observation of autode-
tachment features at 266 nm. In addition, our previ-
ous work has shown that the photodissociation chan-

w xnel at this wavelength is reduced in intensity 6 ,
consistent with the lack of autodetachment signal.

3.2. Total translational energy release and internal
energy spectra

Ž .Another informative way to view the N E , eKET

correlation spectra is by examination of the total
translational energy spectra generated by summing
the photoelectron kinetic energy and the translational
energy release for each event: E seKEqE . ToTOT T

view the total translational energy release spectra for
all the wavelengths on a single graph, it is more
convenient to plot them in terms of the product
internal energy, E sE yE yD D , whereINT hn TOT 0

D D is the bond dissociation energy. The E0 INT

spectra at the three wavelengths are shown in Fig. 5.
Ž .Now the diagonal features in the N E , eKE spectraT

appear as a resolved spectrum of the correlated
product O vibrational distribution. The energetic2

limits for the different dissociation pathways from

Ž .Fig. 5. Vibrationally resolved product internal energy EINT

spectra for the DPD of Oy at 532, 355, and 266 nm as labeled.4

The product internal energies for the DPD pathways listed in
Table 1 are marked as A–E. The open circles correspond to the
data, the dotted curves correspond to the local-mode Franck–Con-
don simulation discussed in the text, and the long-dashed curves
correspond to an upper-limit estimate on the non-coincident back-
ground in the data. The solid line fit corresponds to the sum of the
simulation components.

Table 1 are shown on this figure for reference. The
532 nm spectrum shows the best resolution, since the
photoelectron resolution degrades significantly with
eKE. Examination of the offset of the vibrational
peaks from the internal energy origin in this spec-
trum gives a peak rotational energy summed over the
two photofragments of 80"30 meV. The error bars
are determined by taking the errors in eKE and ET

in quadrature, along with a 20 meV allowance for
w xthe precision of the E measurement 6 . The re-T

markably narrow rotational distribution of the O2

products implies that Oy dissociates from a well-de-4

fined structure of high symmetry and thus low exit-
channel impact parameter.

The fits shown with the spectra consist of two
components — one from a local-mode Franck–Con-

w xdon simulation 5 discussed in further detail below,
and a second component, a background feature given

Ž . Ž .by the random correlation of the N eKE and N ET

spectra. This background feature is scaled to the low
Ž .negative internal-energy tail of the spectra and
appears to account for this quite well. With this
scaling, the non-coincident background contributes
26%, 28%, and 35% of the total signal at 532, 355,
and 266 nm, respectively. This background contribu-
tion to the E spectra is significantly larger thanTOT

the ;5% predicted by the statistical calculation as
discussed in the experimental section, and is likely to
represent an upper limit. The discrepancy can be
attributed to several sources, including overestima-
tion of detection efficiencies and the fact that these
large contributions are an overestimate since some of
the low-internal-energy tail must originate from in-
ternally excited parent anions. Further consideration
of the structural implications of the fits will be
deferred until a discussion of the Franck–Condon
simulation below.

The E spectra at 355 and 266 nm are similar,INT

with the exception that the 266 nm spectrum shows a
rising signal at large internal energies due to laser-
correlated background in the photoelectron spectrum.
The similarity between the spectra is remarkable
since the correlation spectra show that the pathways
Ž . Ž .B and C predominantly occur via new, more
repulsive O potential energy surfaces at 266 nm. At4

266 nm at least two identifiable peaks are observed
above the E threshold for pathway D, confirmingINT

the presence of this dissociation pathway. While
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signal is also observed above threshold E, signal in
this region dominated by laser-related photoelectron
background, so the evidence for occurrence of this
dissociation pathway is weak. The observed indepen-
dence of the product vibrational-state distribution on
photon energy suggests that a Franck–Condon transi-
tion is depositing neutral O on a repulsive potential4

energy surface.

3.3. Photoelectron–photofragment angular correla-
tion

The previous section has focused on the insights
to gained from examination of the scalar correlation
between photoelectron and photofragment kinetic en-
ergies. There are other important observables
recorded in these experiments, however, including
the laboratory angular distributions and the angular
correlation of the photoelectron and photofragments.
The experiment measures photoelectron and
photofragment recoil angles in coincidence, so any
correlation between them is expected to be observ-
able in the data. In addition, as our first studies of

y w xthe DPD of O at 523 nm showed 11,12 , there is a4

strong alignment of the O products induced by2

photodetachment, implying dissociation of the
molecular framework on a time-scale rapid relative
to rotation. Given a rapid dissociation, measurement
of the asymptotic product recoil angles provides a
measure of the instantaneous alignment of the
molecule at the time of photon absorption. Thus, if
the photoelectrons are distributed anisotropically in
the molecular frame, evidence of this distribution
should be directly observable in the data. In the case
of Oy, such a correlation is observed, as discussed4

here.
Electric dipole photodetachment or photodissocia-

tion of an isotropic ensemble of molecules is known
to yield product angular distributions given by the

w xequation 30

ds s
I u s s 1qbP cos u , 1Ž . Ž . Ž .2dV 4p

Ž .where s is the total cross-section and P cos u is a2

Legendre polynomial. The polar angle between the
photofragment-recoil direction and the electric vector
of the laser is denoted as u . The anisotropy parame-

Ž Ž . 2 .ter b ranges between y1 I u A sin u and q2

Ž Ž . 2 .I u A cos u . At 532 nm, both photoelectrons
and O photofragments produced in the DPD of Oy

2 4

are preferentially scattered in the plane perpendicular
Žto the E vector bfy0.8 and y0.5 for photofrag-

w x w x .ments 11,12 and photoelectrons 31 , respectively .
In addition to the anisotropic laboratory angular

distribution of the photoproducts, a striking angular
correlation is observed between the photoelectron
and the photofragments at all wavelengths. This
angular correlation is most easily visualized by con-
sidering the 532 nm data shown in Fig. 6. Frame D
shows the relative geometry of the photoelectron-
recoil direction and the electric vector of the laser,
E. In these experiments the ion beam direction was
also parallel to the E vector. The sphere shown in
frame D indicates the experimentally measured ac-
tive area of the photofragment detector. Detection of
an electron in coincidence requires that the electron
recoil into a 258 cone above the plane of the laser
and ion beam, breaking the expected cylindrical
symmetry of the photofragment angular distribution
about E and the ion beam. The E -integratedT

Ž .photofragment angular distribution, N u , f , is ex-n

tracted by integrating the data over 0-E -0.6 eVT

to give the number of events as a function of u and
f. Here, n denotes the number of particles detected
in coincidence; ns2 for O qO , ns3 for O q2 2 2

O qey and f is the azimuthal angle around the E2

vector. Frame A of Fig. 6 shows a surface-density
Ž .plot of N u , f . Given that the O photofragment2 2

angular distribution is nearly sin2 u , this distribution
is a torus. The restricted range of electron recoil
angles that can be detected dictates that any angular
correlation between the photoelectron and photofrag-
ments will break the cylindrical symmetry of

Ž . Ž .N u , f about E. This occurs, as shown in N u , f2 3

plotted in frame B of Fig. 6. A pronounced reduction
of O qO photofragment recoils detected parallel2 2

to the direction of photoelectron detection is ob-
served. The existence of this angular correlation
shows that photodetachment and dissociation of the
nuclear framework of O are both happening on4

Žtime-scales fast relative to molecular rotation ;1–
.10 ps , and that the photoelectron preferentially re-

coils perpendicular to the dissociation coordinate in
O .4

The photoelectron–photofragment angular corre-
lation can be further understood by considering the
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Fig. 6. Surface density plots of the coincident O –O photofragment angular distribution illustrating the photoelectron–photofragment2 2

angular correlation observed at 532 nm. Frame A shows the O -product laboratory angular distribution observed without coincident2
Ž . 2detection of the photoelectron, N u , f . This is a sin u distribution relative to the laser E vector. Frame B shows the O product angular2 2

Ž .distribution observed with coincident detection of the photoelectron, N u , f , showing that the cylindrical symmetry about the E vector is3
Ž . Ž .broken. Frame C shows the O product angular distribution in the photoelectron-recoil laboratory frame, obtained from N u , f rN u , f .2 3 2

This is a sin2 u
X distribution, now relative to the nominal recoil vector of the photoelectron. Finally, frame D shows the E-vector and

photoelectron-recoil-vector axes, as well as the effect of the finite detector acceptance on an isotropic product angular distribution.

photofragment angular distribution in the laboratory
frame of the photoelectron-recoil direction, as op-
posed to the direction of the E vector. This distribu-

Ž . Ž .tion is generated by dividing N u , f by N u , f ,3 2
Ž .effectively removing from N u , f weighting due3

to both the photofragment angular distribution in
Ž .N u , f and the finite angular acceptance of the2

photofragment detector. As frame C of Fig. 6 shows,
this photoelectron–electron-recoil-frame product an-
gular distribution is A sin2 u

X, where u
X is now

defined as the polar angle of photofragment recoil
relative to the nominal photoelectron-recoil direction.
The hole in this distribution parallel to E is due to
the limited angular acceptance of the photofragment

Ž .detector, as shown in frame D. A fit to Eq. 1 shows
that this distribution is characterized by b fy0.64e

at 532 nm, as shown in Fig. 7. This value of b ise

expected to be an upper bound on the anisotropy
parameter since this treatment of the data assumes
that the photoelectron recoils at a single nominal
angle in the laboratory frame.

At 355 and 266 nm the photoelectron–
photofragment correlation has also been studied. The
simplest way to visualize these results is in terms of
the photoelectron-recoil-frame product angular distri-
butions discussed in the preceding paragraph. At all
wavelengths it is observed that the photofragment
angular distribution peaks perpendicular to the nomi-
nal recoil direction of the photoelectron. The anisot-
ropy parameters b in the photoelectron-recoil-frame,e

integrated over both eKE and E , are shown in Fig.T

7 along with the fits to the raw data. The anisotropy
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Fig. 7. Photoelectron-recoil-frame O product angular distribu-2

tions at 532, 355, and 266 nm, generated as in Fig. 6 by dividing
Ž . Ž .N u , f by N u , f . The histogram represents the data, the3 2

Ž .solid-line curve the fit using Eq. 1 , and the vertical bars show
the range of angles included in the fit, due to limited detector
acceptance. The anisotropy parameters b indicate that photofrag-e

ments preferentially recoil perpendicular to the photoelectron at
all wavelengths.

parameters are all less than zero, consistent with
photofragment recoil predominantly perpendicular to
the recoil direction of the photoelectron.

4. Discussion

The data presented here provide detailed experi-
mental insights into the dynamics of DPD, the repul-
sive states of O , and the structure of Oy. No stable4 4

states of O were observed from the photodetach-4

ment of Oy, consistent with the observation of no4

vibrational structure in the Oy photoelectron spec-4

trum. The observation of the diagonal structure in the
Ž .photoelectron–photofragment N E , eKE spectra il-T

lustrates the value of coincidence measurements for
the study of DPD and also provide firm evidence
that the DPD of Oy is a direct process at these4

wavelengths, a result that is further confirmed by the
strong photoelectron–photofragment angular correla-
tion showing that the dissociation of the molecular
framework is much faster than molecular rotation.

Direct DPD alone does not guarantee that diago-
nal structures will be observed in the correlation
spectra. If Oy were a diatomic molecule, this would4

by necessity be true, due to the absence of a broad
range of product states in atomic products. Given
that two O molecules, with electronic, vibrational,2

and rotational degrees of freedom are formed, how-
ever, it is surprising that the partitioning of energy
among the products allows observation of the diago-
nal structures. This requires formation of products
with only a narrow range of product rotational states,
indicative of a well-defined structure for Oy, with a4

restricted range of exit-channel impact parameters
and thus an angular-momentum-limited product rota-
tional distribution. In the following discussion fur-
ther insights into the structure of Oy are presented4

first, followed by a discussion of the repulsive neu-
tral O surfaces accessed by photodetachment, and4

the implications of the photoelectron–photofragment
angular correlations on the electronic structure of
Oy.4

4.1. Structural insights — Franck–Condon model
for product Õibrational energy partitioning

The observation of vibrational structure in the
Ž .E spectra Fig. 5 allows structural inferences onINT

gas-phase Oy to be made. These spectra are a4

measure of the correlated product vibrational-state
distribution. In the 532 nm data, for example, the

Žpeak at E s0.08 eV corresponds to two O ÕsINT 2
. Ž .0 , the peak at 0.29 eV corresponds to O Õs0 q2
Ž .O Õs1 and the peak at 0.48 eV corresponds to2

Ž .unresolved contributions from both O Õs1 q2
Ž . Ž . Ž .O Õs1 and O Õs0 qO Õs2 and so forth.2 2 2

Matrix isolation vibrational spectra have been shown
to be consistent with two identical O moieties in the2

y w xO anion 32 . Taking this as a starting point, we4

can make the approximation that Oy has two impor-4

tant coordinates — the distance between the O2

moieties and the O–O bond length in each subunit.
This local-mode model neglects interaction with the
other vibrational degrees of freedom and the detailed
form of the normal coordinates for Oy. Given this4

model, a simple simulation was performed by calcu-
lating the Franck–Condon overlap of the vibrational
wavefunctions of the two ‘independent’ O moieties2

y Ž 3 y. Žin O with two free O X S equilibrium bond4 2 g
˚ w x.length r s1.207 A 27 . The overall Franck–Con-e

don factors for each energetically allowed combina-
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tion of vibrational states are calculated as products of
the individual diatom Franck–Condon factors. The
appropriate weighting for the product state degener-
acy must also be accounted for. In the case of

Ž 3 y . Ž 3 y .O X S , Õs0 qO X S , Õs1 , this degener-2 g 2 g

acy is two since there are two equivalent ways of
forming these products from two indistinguishable
O moieties. The diatom Franck–Condon factors2

w xwere calculated 33 assuming a local-mode O vi-2

brational frequency of 1335 cmy1 with an anhar-
monicity of 8.1 cmy1. The equilibrium bond length,
r , was then varied to obtain the best fit, with thee

results plotted as the solid lines in Fig. 5. The
agreement between the simulation assuming equal

˚bond lengths of 1.272 A and the data is excellent at
Ž .532 nm. The predicted uncorrelated O product2

vibrational-state distribution for DPD of Oy to4
Ž 3 y. Ž 3 y. yO X S qO X S qe is given in Table 2.2 g 2 g

The sensitivity of the simulation to changes in the
bond lengths of the O moieties has been previously2

shown: for example, a reduction of the bond lengths
˚ Ž . w xto 1.26 A doubles the 0, 0 peak 5 . Simulations of

the 355 and 266 nm data are also shown in Fig. 5,
illustrating contributions from the higher-lying disso-

Ž 1 . Ž 3 y. yciation asymptotes, O a D q O X S q e ,2 g 2 g

and so forth. While the agreement of the simulation
with the data at 355 and 266 nm is not as good as at
532 nm, it is not unreasonable given this simple
model. The predicted, uncorrelated O product vibra-2

tional distributions for the higher-energy product
channels are also shown in Table 2. The overall
success of this simple Franck–Condon model in
predicting the correlated O product vibrational dis-2

tributions provides strong evidence that in the gas
phase, the excess electron in Oy is delocalized over4

two identical O subunits, with a short O–O bond of2

Table 2
Relative Franck–Condon factors for photodetachment of Oy to4

˚two free O molecules, assuming an O–O bond length of 1.272 A2

in the identical O moieties constituting Oy
2 4

3 1 1y qŽ . Ž . Ž .Vibrational state O X S O a D O b S2 g 2 g 2 g

0 1.0 1.0 1.0
1 0.74 0.55 0.33
2 0.23 0.10 0.03
3 0.04 0.01
4 0.003

˚1.272 A, nearly half way between the ground-state
˚ yŽ . w xbond lengths of O r s1.207 A 27 and O2 e 2

˚Ž . w xr s1.35 A 27 .e

The narrow product rotational distribution in-
ferred from the sharp vibrational features, as dis-
cussed above, implies that dissociation of O occurs4

from a structure with a small exit-channel impact
Ž . Ž . yparameter. The O Õs0 qO Õs0 qe feature2 2

in the E spectrum is found to peak 80 meV aboveINT

the assigned threshold for this transition. If it is
assumed that this rotational energy is shared equally
between the two diatom products, a peak value of
Jf14, corresponding to 40 meV in rotation of each
O , is predicted. This low rotational excitation is not2

consistent with the trans-planar species of C sym-2h
w xmetry originally proposed by Conway 13 and later

suggested as being consistent with matrix isolation
w xstudies 32 . The low rotational excitation is consis-

tent, however, with the recent reinterpretation of the
w xmatrix spectra in terms of a planar D structure 18 ,2h

w x w xand recent ab initio 16 and density functional 18
calculations.

4.2. The O –O distance and characterization of the2 2

repulsiÕe states of O4

As discussed in the last section, the partitioning of
internal energy in vibrational and rotational degrees
of freedom of the product O molecules provides an2

insight into the short O–O bonds in Oy and the4

relative configuration of the nuclei. No insight into
the O –O distance can be gained from that informa-2 2

tion, however. The eKE and E spectra, on the otherT

hand, can provide insights into both the O –O2 2

coordinate in Oy and the repulsive states of the4

neutral O accessed by photodetachment. The DPD4

of Oy is an example of photoabsorption into two4

continua — the photoelectron and photofragment
dissociation continua. In the absence of energy trans-
fer in the exit channel, the diagonal lines observed in

Ž .the N E , eKE correlation spectrum result fromT

projection of the wavefunction describing bound Oy
4

onto the repulsive nuclear potential describing O q2

O qey in a bound-to-free Franck–Condon absorp-2
w xtion 34 . The measurement of E in this caseT

provides information that is complementary to the
eKE measurement, since E is a direct measure ofT
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the repulsive energy relative to the dissociation
asymptote. Since the features are diagonal, the width
of the projections unto either the eKE- or E -axis areT

identical. The length of the projection onto these
kinetic energy axes is a function of both the equilib-
rium distance along the bound coordinate in Oy and4

the slope of the repulsive nuclear potential along the
reaction coordinate which governs the dissociation of
neutral O . The steeper the slope of the repulsive4

Ž .potential, the longer the ridge in the N E , eKET

correlation spectrum. Similarly, for a given repulsive
state, the larger the range of nuclear geometries in
the ground state of Oy, the longer the ridge in the4
Ž .N E , eKE correlation spectrum.T

Given a simple model for the O –O bond in Oy,2 2 4

quantitative information on the repulsive states of O4

can be extracted. This requires consideration of the
bound-free Franck–Condon factors governing DPD.

w xLeRoy and co-workers 35,36 have developed a
formalism for calculating bound-free Franck–Con-
don factors for diatomic molecules, originally to
model continuum absorption coefficients. They take
the bound-free FCF as the photodissociation cross-
section, defined in terms of the radial matrix ele-
ments between the bound and continuum states of a
diatomic molecule as follows:

2
< <² :s Õ , J , E A Cn G c M R c . 2Ž . Ž . Ž .n el E , J Õ , J

In this equation c is the bound-state wavefunc-Õ, J
Ž . Ž .tion for a given vibrational Õ and rotational J

state and c is an appropriately normalized contin-E, J

uum wavefunction for the dissociation of a diatom
Ž .into two atoms with a kinetic energy E. M R is the

transition dipole function, which in general is radi-
ally dependent. C is a constant, n is the frequency of
the excitation, and G is the ratio of final-state toel

initial-state electronic degeneracies. The assumptions
made in applying this formalism to the interpretation
of DPD are significant. Beyond the approximation of
Oy as a pseudo-diatomic molecule, discussed in the4

next paragraph, the continuum wavefunction in the
case of DPD should be rigorously treated as a prod-
uct of the electron and nuclear continuum wavefunc-
tions. Detailed theoretical treatments of the bound-
continuum Franck–Condon factors in the case of
DPD have recently been reported for the ClHCly

™ ClqHClqey system, as discussed by Takat-

w x w xsuka 37 and Balint-Kurti and Schatz 38 . In the
future, generalization and application of these for-
malisms to the DPD of Oy, in which a free electron4

and two diatomic molecules are produced, will pro-
vide a more accurate description of the dynamics of
this bound-free process. For present purposes, how-
ever, only an approximate measure of the slope of
the repulsive neutral surfaces accessed in this experi-
ment is sought, so the LeRoy formalism should
suffice.

Continuing with the two-coordinate model intro-
duced in Section 4.1, we approximate Oy as a4

pseudo-diatomic molecule along the coordinate con-
necting the O centers of mass in Oy. To apply the2 4

wformalism, an approximate bound potential for O –2
xyO can be obtained from the detailed ab initio2

w xcalculations of Taylor and co-workers 16 , assuming
that the totally symmetric 371 cmy1 vibration most

w xyclosely approximates the O –O coordinate.2 2

Modeling this vibration as a Morse potential,

2yb Ž ryr .0V r s´ e y1 3Ž . Ž . Ž .

with classical well-depth ´s3896 cmy1, r se
˚ ˚ y12.108 A and bs4.08 A , yields a potential with

˚classical turning points for Õs0 at 2.05 and 2.16 A.
The extent of this ground vibrational-state wavefunc-
tion determines the region of the excited-state poten-
tial energy surface sampled in photodetachment. Us-

w xing the BCONT program developed by LeRoy 35,36
to model photodetachment from the ground vibra-
tional state of this one-dimensional Morse potential
to repulsive excited-state curves, we can fit the
kinetic energy distributions given by the projection
of the diagonal features in the correlation spectra
onto either the eKE- or E -axis. The fits were per-T

Ž .formed for the Õs0, Õs0 eKE distributions from
the correlation spectra, in feature a at 532 nm,
feature b at 355 nm and feature c at 266 nm.

The results of these fits are shown as the solid
line fits to the eKE data points plotted vertically on
the potential energy diagram in Fig. 8, with the
best-fit excited-state Morse parameters shown in
Table 3. These curves are all repulsive in the region
of Franck–Condon overlap with a small well at large
distances of 75 cmy1. This is qualitatively consistent
with the van der Waals well-depth for the ground

Ž . w xstate of O reported by Long and Ewing 39 to be2 2
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87 cmy1. No attempt was made to account for the
radial dependence of the transition moment, and due
to the significant approximations inherent in treating
the DPD of Oy with a diatomic molecule code, these4

potentials should not be regarded as unique.
Nonetheless, these potential energy curves represent
one of the first experimental measures of the
low-lying repulsive states of O . In Fig. 8 the verti-4

cal energy spectrum of the repulsive excited states is
shown relative to the Oy ground state at 0 eV. The4

dissociation asymptotes A and B are also shown in
this figure, showing that the repulsion for feature a

Ž 3 y.in the coincidence spectra, correlating to O X S2 g
Ž 3 y. yqO X S qe , peaks at E f0.4 eV. The next2 g T

Ž 1 . Ž 3 y.observed state, correlating to O a D qO X S2 g 2 g

qey, peaks at E f0.47 eV, while the higherT

energy state correlating to this asymptote, most
clearly observed at 266 nm, peaks at E f0.8 eV.T

Ž .As noted in the discussion of the N E , eKE spec-T

tra, evidence is also observed for at least two repul-
Ž 1 q .sive states correlating to O b S , Õ s 0 q2 g

Fig. 8. Schematic of the Morse potentials used to represent the
ground state of Oy and the low-lying states of O as a pseudo-di-4 4

atomic molecule in the bound-free Franck–Condon calculation
Ž .discussed in the text. The photoelectron spectra for the O Õs02

Ž . Ž . Ž .qO Õs0 peak of the features a 532 nm , b 355 nm and c2
Ž .266 nm in the correlation spectra are shown as the diamonds
along the vertical scale, with the fits shown as the thin solid
curves.

Table 3
Best-fit Morse parameters for the bound-free Franck–Condon
simulation of the DPD of Oy, treating Oy and neutral O as4 4 4

Ž .pseudo-diatomic molecules O –O with a reduced mass of 162 2

amu

Dissociation asymptote ´ r be
y1 y1˚ ˚Ž . Ž . Ž .cm A A

2 3y yŽ . Ž .O X P qO X S 3896 2.10 4.082 g 2 g
3 3y y yŽ . Ž .O X S qO X S qe 75 3.15 2.052 g 2 g

1 3 y yŽ . Ž .O a D qO X S qe 75 3.40 1.662 g 2 g
1 3 y yŽ . Ž .O a D qO X S qe 75 3.59 1.612 g 2 g

Potential energy curves and fits to the data are shown in Fig. 8.

Ž 3 y . yO X S , Õs0 qe with similar slopes and mean2 g
Ž 1 . Ž 3 y. yrepulsion as the O a D qO X S qe curves.2 g 2 g

However, the quality of the data for these higher-en-
ergy repulsive states is degraded by laser-related
background in the 266 nm spectrum, so a simulation
of those data has not been attempted.

The fact that DPD provides an experimental char-
acterization of the repulsive curves of O should4

provide an important test of the neutral O –O po-2 2

tential energy surface. Preliminary calculations by
Taylor and co-workers are consistent with these ex-
perimental observations, showing that the repulsion

Ž3 y. Ž3 y.between O S and O S at the geometry of2 g 2 g

the Oy ground state is ;0.4 eV. It will be of4

interest to compare these experimental results to
w xglobal O –O potential energy surfaces 40,41 when2 2

a more complete theoretical treatment of DPD is
available and applied to Oy.4

4.3. The electronic structure of Oy and angular4

distributions in dissociatiÕe photodetachment

w xRecent ab initio calculations by Aquino et al. 16
w xand DFT calculations by Chertihin and Andrews 18

agree that the ground state of Oy has D symmetry4 2h

with a 2A electronic ground state. The ab initiou

calculations yield a stability of Oy with respect to4
Ž3 y. yŽ2 .O S qO P of ;0.50 eV, in reasonable2 g 2 g

agreement with the experimental quantities. The DFT
calculations, on the other hand, indicate a stability of
only 0.2 eV. The dominant configuration of the 2A u

ground state can be understood by considering over-
lap of the p anti-bonding orbitals of O and Oy asg 2 2

shown in Fig. 9. This simple molecular orbital pic-
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Fig. 9. A schematic diagram of the valence orbitals for Oy,4

formed by interaction of the p anti-bonding orbitals of O andg 2

Oy.2

ture is consistent with an analogous discussion of the
q w xO given by Griffith and Gellene 42 . Using this4

MO configuration, which is the same as the domi-
w xnant configuration calculated by Aquino et al. 16 ,

the lowest repulsive curve of O accessed by pho-4

todetachment is expected to be a singlet state pro-
duced by removal of the lone electron in the a u

Ž .highest-occupied molecular orbital HOMO of the
anion. The other curves, correlating to singletq
triplet O are low-lying triplet states of O resulting2 4

from photodetachment of electrons in the b and b3g 2u

orbitals. This single configuration picture, however,
is only approximate due to the highly multiconfigu-
rational nature of the electronic structure of Oy.4

The implications of the electronic structure of Oy
4

for the photoelectron and photofragment angular dis-
tributions can now be examined. This requires a
consideration of the dipole selection rules for pho-
todetachment of molecular anions. The dipole selec-
tion rules for atomic anions are particularly straight-
forward, D ls"1, owing to the fact that the elec-
tronic orbital angular momentum, l, is a good quan-

w xtum number in a central potential 43 . In a poly-
atomic molecular anion, however, l is no longer
well-defined, and a detailed treatment of the pho-
todetachment dynamics entails a high-level
electron–molecule scattering calculation. In lieu of
this detailed treatment, the formalism of Brauman

w xand co-workers 44 for evaluation of photodetach-
ment cross-sections and continuum dipole selection
rules for polyatomic molecules can be applied to Oy.4

Their work showed that if the photodetached elec-
tron and the resulting molecular core can be treated

in a one-electron approximation, the allowed contin-
uum states for photodetachment are those for which
the direct product of the symmetry of the HOMO,
the transition dipole m , m , or m , and the finalx y z

state is the totally symmetric irreducible representa-
tion. The overall symmetry of the final state reached
in photodetachment is determined by the direct prod-
uct of the symmetry of the electron continuum and
the neutral core. For the a HOMO given by theu

dominant configuration of Oy, dipole-allowed final4
Ž . Ž .states in D symmetry are B x , B y and2h 3g 2g

Ž .B z , where the x, y and z denote the symmetry1g

axis of the transition dipole. At 532 nm, the transi-
tion moment for DPD must lie along either the y- or
z-axis, since the photofragments are preferentially
scattered in the plane perpendicular to the electric
vector of the laser. Thus, given that the symmetry of
the molecular core after photodetachment of the au

electron is 1A , the photoelectron continua must beg
Ž . Ž .of either B y or B z symmetry. These irre-2g 1g

ducible representations transform like d and dx z x y

orbitals, respectively. This is consistent with the
observation at 532 nm that the photoelectron angular
distribution peaks perpendicular to the laser electric
vector, indicating that a strong preference for d-wave
photodetachment is observed, even at a photon en-
ergy 1.42 eV above threshold.

The conclusion that d-wave photodetachment will
dominate near threshold for a system with the elec-
tronic structure of Oy can also be directly reached4

by qualitative consideration of the a HOMO for Oy
u 4

shown in Fig. 9. This HOMO has three angular
nodes, and is thus analogous to an atomic f orbital,

Ž . Ž .resulting in both d ls2 and g-wave ls4 pho-
todetachment. This situation was discussed in a study

w xby Gygax et al. 45 of the photodetachment cross-
section for the cyclooctatetraene anion. They showed
that the photodetachment cross-section from the f-like
HOMO of this anion is consistent near threshold
with a d-wave photoelectron continuum. Above
threshold, however, the higher angular momentum
states of the photoelectron continuum are accessible
and will lead to an energy-dependent photoelectron
angular distribution. This, and the contributions of
new product electronic states, is likely to be the
cause of the energy dependence observed in the
photoelectron-recoil-frame angular distributions in
Fig. 7.
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The strong photofragment–photoelectron angular
correlation observed indicates a highly anisotropic
molecular-frame photoelectron angular distribution
Ž .MF-PAD . The mere observation of the photo-
electron–photofragment angular correlation shows
that dissociation occurs promptly on the time-scale
of molecular rotation. Thus, the recoil direction of
the O –O photofragments provides a record of the2 2

alignment of the dissociation coordinate at the time
of photon absorption. It is well-known that studying
the MF-PAD can provide detailed insights into pho-
toionization processes, since photoelectron angular
distributions are governed by both the magnitude and
relative phases of the degenerate electron continuum

w x w xchannels 43 . As first discussed by Dill 46 , and
w xextended in recent years by Chandra 47 , Rudolph

w x w xand McKoy 48 , and Park and Zare 49,50 , the
MF-PAD contains more detailed information than a
laboratory-frame angular distribution due to the re-
moval of the averaging over the orientation of the
transition moment relative to the laser E vector.
This has been exploited experimentally in studies of

w xdissociative photoionization by Dehmer and Dill 51 ,
w x w xGolovin et al. 52 , Powis and co-workers 53,54 ,
w x w xKaesdorf et al. 55 , and Shigemasa et al. 56,57 .

Zare and co-workers have also studied the MF-PAD
by vibrational and rotational state-selective photoion-
ization of dipole-aligned NO, providing a detailed
partial-wave decomposition of the photoelectron con-

w xtinuum 49,50 .
w xDill 46 showed that photoelectron angular distri-

bution for a space-fixed molecule, in contrast to Eq.
Ž .1 is given by:

2 lmaxds EŽ .
s A E Y q , w . 4Ž . Ž . Ž .Ý Ý lm lmdV mls0

In this equation, l is the maximum value for themax

photodetached electron orbital angular momentum
and m corresponds to the azimuthal quantum num-
ber for the photodetached electron. The spherical

Ž .harmonics Y q , w are referenced to the molecularlm

frame by the polar and azimuthal angles q , w. Since
the sum ranges from ls0 to 2 l , odd harmonicsmax

can contribute to the MF-PAD, yielding more com-
plicated photoelectron angular distributions. The

Ž .magnitudes of the coefficients A E are in generallm

energy dependent and are determined by electric-di-

pole selection rules and interference between the
degenerate photoelectron continuum channels. In ad-
dition to determining the relative contributions of the
spherical harmonics Y , these coefficients containlm

detailed information on both the photodetachment
dynamics and the orbital from which the electron is
ejected. The strong angular correlation observed be-
tween photoelectron and photofragments in these
experiments indicates that the photoelectron contin-
uum is dominated by a restricted set of partial waves.
Due to the multiconfigurational character of the
ground electronic state of Oy, a detailed analysis of4

the photoelectron continuum will not be attempted
here. Nonetheless, the DPD of Oy provides the first4

observation of an anisotropic MF-PAD in photode-
tachment of a negative ion. With future improve-
ments in electronic structure and electron–molecule
scattering calculations, it is hoped that a more com-
plete interpretation of the anisotropic MF-PADs ob-
served in the DPD of Oy will be possible in the4

future.

4.4. Implications for bound excited states of O4

A final issue on which the results reported in this
paper have some bearing is the question of possible
bound states of neutral O . Several calculations have4

indicated that a bound excited state of O , with4

potential application as an energetic material, may
w x Ž .exist 58,59 . The van der Waals O cluster in the2 2

ground electronic state was characterized by Long
w xand Ewing 39 , excited electronic states were stud-

w xied by Goodman and Brus 60,61 , and more recent
Ž .studies of O include VUV photoionization stud-2 2

w x w xies by Ukai et al. 62 and Carnovale et al. 63 . The
binding energy of the neutral dimer in the ground
state is estimated to be 90 cmy1, with an O –O2 2

˚ w xdistance of 4.8 A 39 . The large difference in ge-
ometries between this neutral dimer and the ground
state of Oy leads to the formation of no stable dimer4

on the ground electronic state by photodetachment.
Evidence for both repulsive and relatively long-lived

Ž y13 y7 .excited states 10 –10 ws of O has been found4

by Helm and Walter using charge exchange of Oq
4

w xwith various electron-donor targets 64 . Charge-ex-
change neutralization of the cation probes different
neutral geometries and can also access much higher
energy states of the neutral than the photodetachment
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experiments reported here, which are restricted by
the electron affinity and photon energy to probing
configurations -3.7 eV above the energy of two
separated O molecules. There has also been a recent2

w xreport by Suits and co-workers 65 concerning pho-
toionization of O . These experiments, using mass-4

resolved multiphoton ionization techniques and
photoelectron spectroscopy to study a discharge-ex-
cited O molecular beam, have yielded spectra that2

have been tentatively assigned to metastable excited
states of O . Their results have been interpreted in4

terms of the calculations to date that predict poten-
tially bound excited states of O are either of D or4 2d

w xD symmetry 58,59 . The difference in symmetry3h

makes it doubtful that there would be significant
Franck–Condon overlap for photodetachment from
the D Oy anion.2h 4

5. Conclusions

This paper reports high-resolution photo-
electron–photofragment coincidence studies of Oy

4

at 532, 355, and 266 nm. This work, combined with
our earlier study of the ionic photodissociation dy-
namics of Oy in this wavelength region, provides an4

extensive experimental characterization of the photo-
destruction dynamics of Oy and insights into the4

ground state of gas-phase Oy and the repulsive4

states of both Oy and O . The rich photochemistry4 4

observed for Oy is a consequence of the number of4

low-lying ionic and neutral electronic states available
to the oxygen dimer. This results in a system that
provides significant challenges for quantum chem-
istry and reaction dynamics theory, and we hope that
these experimental results will motivate further theo-
retical studies of this system to provide a fundamen-
tal understanding of the photochemistry of Oy.4

On a general level, these experiments provide a
fine example of the utility of photoelectron–
photofragment coincidence measurements in the
study of a direct DPD process. Direct DPD is ex-
pected to be common in systems with a weakly
bound neutral ground state and a strongly bound
anionic ground state. The DPD of Oy provides the4

best example observed to date of such direct DPD
processes, wherein dissociation occurs much faster
than molecular rotation, and more likely on the

time-scale of molecular vibration. Without the coin-
cidence measurement, a determination of the parti-
tioning of kinetic energy between the photoelectron
and photofragments is not possible in such DPD
processes. In the case of Oy the partitioning of4

kinetic energy reveals the correlated O product2

vibrational distribution. Furthermore, the coincidence
measurement of photofragment and photoelectron
angular distributions provides a practical means of
observing anisotropic molecular-frame photoelectron
angular distributions in anions that undergo direct
DPD. These measurements have the potential to
extend to anionic systems some of the insights gained
by studying the dynamics of photoionization in sta-
ble neutral molecules in recent years.
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