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Measurements of photoelectron-photofragment angular correlation and energy partitioning in
dissociative photodetachment of O4

2 sO4
2 1 hn ! O2 1 O2 1 e2d at 532 nm are reported. Using

photofragment translational energy and photoelectron spectroscopy in coincidence, vibration
resolved product translational energy distributions and a pronounced angular correlation between
photoelectron and photofragment recoil directions are observed. These results provide insights int
molecule-fixed photoelectron angular distribution of a negative ion and structural information on O4

2

in the gas phase. [S0031-9007(96)01411-1]

PACS numbers: 33.80.Eh
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The dynamics of photodetachment and photoioniza
processes are sensitive probes of electron-molecule i
actions. Photoelectron angular distributions provide
tailed information on photodetachment dynamics due
the fact that they are a function of both the magnitude
relative phases of the degenerate electron continuum c
nels accessible in photodetachment processes [1,2]. S
ing the photoelectron angular distribution in themolecular
frame provides greater insights into the photodetachm
dynamics. This results from the removal of the aver
ing over molecular orientations inherent in a laborat
angular distribution. Theoretical studies of such molecu
fixed photoelectron angular distributions (MF-PAD) ha
been pursued for an improved understanding of the
namics of photoionization [1,3–6] and electron intera
tions with molecules oriented on surfaces [7]. Eviden
of anisotropic MF-PAD’s have been observed in expe
ments on the dissociative photoionization of H2 [8], O2 [9],
and several halomethanes [10,11]. Direct detailed m
surements of the MF-PAD in the photoionization of N
have recently been reported [5]. Measurements of the
PAD for the photodetachment of negative ions are of in
est as they will provide insights into the nature of both
bound electron in the anion and the anisotropy of electr
molecule interaction potentials.

The structure and energetics of atomic and molec
cluster anions have received considerable attention in
cent years. Translational energy spectroscopy can be
to determine bond energies and photofragment inte
energy distributions [12]. Photoelectron kinetic ener
spectroscopy has been used to characterize vibrationa
electronic states of both anionic and neutral clusters [
In many systems, however, photodetachment produce
neutral far from the equilibrium geometry. The repulsi
energy in the cluster can then lead to rapid dissociat
To study the dissociation dynamics of such short-liv
neutral clusters, it is essential to measure the photoe
tron kinetic energyand the translational energy releas
between the atomic or molecular fragments. Such m
0031-9007y96y77(16)y3335(4)$10.00
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surements can reveal both the internal energy distribu
of the photofragments and provide a direct measure of
repulsive energy in the complex. In this Letter, we rep
measurements in which a complete kinematic descrip
of dissociative photodetachment (DPD) is obtained by
simultaneous measurement of the kinetic energy and re
angle of the photoelectron and photofragments in the re
tion O4

2 1 hn ! O2 1 O2 1 e2 at 532 nm (2.33 eV).
The data reveal both vibrationally resolved translatio
energy distributions and evidence of an anisotropic M
PAD in negative ion photodetachment for the first time

O4
2 has been studied previously using photoelect

spectroscopy [14] and translational energy spectrosc
[15,16]. The photoelectron kinetic energy spectrum
532 nm shows a broad, structureless peak centere
0.7 eV with a full width at half maximum (FWHM) of
0.3 eV. The structureless spectrum is in marked c
trast to the vibrationally resolved photoelectron spectr
of O2

2 at this wavelength. This shows that the structu
of O4

2 is not well characterized as a weakly interacti
O2 · · · O2

2 complex. The photoelectron angular distrib
tion is peaked perpendicular to the electric vectorE of the
laser beam [14]. The photofragment translational ene
release spectrum is dominated by a large peak center
0.4 eV. This feature has been shown to result from
DPD of O4

2. The photofragment angular distribution fo
this dissociative photodetachment process is also pea
perpendicular to theE vector [15].

In the present experiments, photoelectron spectrosc
is used in coincidence with photofragment translatio
energy spectroscopy in a fast negative-ion beam to mea
the partitioning of translational energy between the th
particles produced in DPD of O42. A schematic of the
detection geometry is shown in Fig. 1. The simultaneo
determination of recoil angles and kinetic energies
all three particles is achieved with this apparatus. T
photoelectron [17] and photofragment translational [1
spectrometers have been described in detail previously
will only be briefly described here. Anions are produc
© 1996 The American Physical Society 3335
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FIG. 1. Schematic of the experimental geometry for detec
of O2 1 O2 1 e2. Photofragment center-of-mass scatter
anglesu andf are indicated in the figure.

and cooled in a pulsed free jet expansion of O2 intersected
by a 1 keV electron beam. The anions are accelerate
an energy of 3 keV and mass selected by time of flig
Anions at the mass of interest are intersected by a pu
200 mJypulse, 100 ps FWHM, linearly polarized 532 n
laser beam [18].

Photoelectrons traverse a field-free flight path of 75 m
and impinge on an 80 mm diameter detector cente
perpendicular to theE vector. The laboratory kinetic
energy is measured by time of flight and the electron re
angle by position. The photoelectron spectrometer
an effective angular acceptance ofø4% of 4p sr. The
center-of-mass electron kinetic energy (eKE) resolut
is ø4% DEyE and the electron angular resolution
ø35 mrad.

Photofragments recoil out of the beam over
96 cm flight path between the laser interaction and
photofragment detector. The photofragments that cle
7-mm-wide beam block impinge on the 40 mm diame
detector. The time and position of arrival of the tw
photofragments determine the fragment mass ra
center-of-mass translational energysET d, and recoil angle
of each fragment. The translational energy resolution
#10% DEyE at ET  0.55 eV. Photofragment recoi
angular resolution is estimated to beø10 mrad. The
angular acceptance of this detector is two opposing se
circles, each coveringø40% of 4p sr given the kinemat
ics of O4

2 dissociation into O2 1 O2 1 e2.
Each event is required to consist of two neutral fra

mentsor two neutral fragments and an electron. Resid
ions and ionic photofragments were electrostatically
flected out of the beam. Checking for conservation of
ear momentum between the two photofragments ens
that they originate in a single dissociative event. Corre
tion of the photoelectron and the neutral photofragme
is determined by the spectrometer efficiency and
count rate. With the spectrometer operating at 600
and the observed triple coincidence rate of 0.25 Hz, fa
photoelectron-neutral-neutral coincidences contrib
ø 4% of the triple coincidence data presented here.

The seKE, ET d correlation spectrum is shown in Fig.
This contour map reveals a series of at least four dia
nal ridges, centered atET  0.4 eV, and a vertical row
of spots atET  0.8 eV. The eKE values of the spo
in the vertical row atET  0.8 eV are consistent with
3336
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the known eKE peaks in the O2
2 photoelectron spec-

trum [19]. These features arise from a second photon d
taching the electron from an O2

2sX2Pgd photofragment
produced in the photodissociation of O4

2 fO4
2 1 hn !

O2s1Dgd 1 O2
2sX2Pgdg.

The more interesting features in this correlation spe
trum are the diagonal ridges. Energy conservation dictat
that all events that lie within a single diagonal ridge hav
a well-defined total kinetic energysEtot  ET 1 eKEd.
Within a given ridge, however, there is a range of kineti
energy partitioning between the three products. Using th
dissociation energy of O42 into O2 1 O2

2 (0.46 eV [20])
and the electron affinity O2 (0.45 eV [19]), one can calcu-
late the maximum translational energy for the DPD to b
1.42 eV. This is marked as limit (A) in Fig. 2.

The product O2 vibrational distribution can be exam-
ined by measuringEtot. As the Etot spectrum in Fig. 3
shows, the diagonal ridges in the correlation spectrum
Fig. 2 appear as well-resolved peaks. The limit (A) is
shown as a vertical line in Fig. 3 and corresponds to th
origin of the internal energy axis shown at the top of th
figure. The spacing of the first five vibrational levels of O
2 are shown as combs on the spectrum for reference. T
offset of the vibrational peaks from the internal energ
origin gives an average rotational energy of the photofra
ments of80 6 30 meV. The width of these peaks indi-
cates a narrow range of rotational excitation for the tw
O2 products, implying that O42 dissociates from a well-
defined structure.

Spectroscopic studies of matrix-isolated O4
2 have indi-

cated that the structure is a centrosymmetrictrans-planar
species ofC2h symmetry with a delocalized negative

FIG. 2(color). seKE, ET d correlation spectrum for O42 at
532 nm (2.33 eV). Contours are linearly scaled, with count
representing the number of coincident events in each10 3
10 meV bin. Energetic limits are shown for (A) O2sX3S2

g d 1

O2sX3S2
g d 1 e2 and (B) O2sX3S2

g d 1 O2sa1Dgd 1 e2.
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FIG. 3. Total kinetic energy spectrum for dissociative ph
todetachment events. Energetic limits are the same as th
shown in Fig. 1. The top axis indicates the internal energ
The data is represented by points, the solid-line fit to the d
assumes two equal bond length O2 moieties of 1.272 Å. The
dashed-line fit assumes unequal O2 moiety bond lengths of 1.23
and 1.33 Å, while the dotted-line fit assumes equal bond leng
of 1.26 Å. The fits are normalized to they  1 peak.

charge [21]. The observation of vibrational structure
the Etot spectrum allows structural inferences on ga
phase O42 to be made. A simple simulation was per
formed by calculating the Franck-Condon overlap
the vibrational wave functions of two perturbed O2

molecules with two free O2sX3S2
g d (equilibrium bond

length 1.207 Å [22]). The agreement between the sim
lation, assuming equal bond lengths of 1.272 Å, and t
data is excellent as shown in Fig. 3. The sensitivity of t
simulation to changes in the bond lengths of the perturb
O2 is shown by the textured curves in Fig. 3. These r
sults are qualitatively consistent with the matrix studi
and preliminary density functional calculations of the O4

2

structure [23].
The angular distributions of the O2 1 O2 1 e2 photo-

products are observed to be highly anisotropic. Photo
tachment or photodissociation of an isotropic ensemble
molecules is known to yield photoelectron or photofra
ment angular distributions given by the equation [2,24]

Isud 
ds

dV


s

4p
f1 1 bP2scosudg . (1)

In this equation,s is the total cross section andP2scosud
is a Legendre polynomial, whereu is the polar angle be-
tween the photofragment recoil and the electric vector
the laser. The anisotropy parameterb is restricted to
have values between21 fIsud ~ sin2 ug and12 fIsud ~

cos2 ug. Both photoelectrons and O2 photofragments pro-
duced in the DPD of O42 are preferentially scattered
in the plane perpendicular to theE vector (b ø 20.8
and20.9 for photofragments and photoelectrons, respe
tively) [14,15].

In these experiments, the recoil angles for the pho
electron and photofragments are measuredin coincidence,
yielding the angular correlation between these three p
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ticles and theE vector. A pronounced angular correla-
tion is observed which may be understood by considerin
Fig. 1. As this schematic diagram shows, theE vector
lies along the ion beam. Detection of an electron in coin
cidence requires that the electron recoil into a cone abo
the plane of the laser and ion beam, breaking the cyli
drical symmetry about theE vector and the ion beam.
The ET -integrated DPD photofragment angular distribu
tion, Nnsu, fd, is extracted by integrating the data ove
0 , ET , 0.6 eV to give the number of events as a func
tion of u andf. In this notation,n denotes the number
of particles detected in coincidence;n  2 for O2 1 O2
and n  3 for O2 1 O2 1 e2 and f is the azimuthal
angle around theE vector. Frame A of Fig. 4 shows a
surface-density plot ofN2su, fd in the coordinate frame
shown in frame D. Given that the O2 photofragment an-
gular distribution is nearly sin2 u, with b  20.8, this re-
sembles a torus with a strip cut out of the middle due
the acceptance of the photofragment detector. Electro
are only detected when they recoil in a small cone pe
pendicular to the plane defined by the laser and ion bea
in the laboratory. If there is an angular correlation betwee
the photofragments and the photoelectrons,N3su, fd for
the O2 photofragment pairs in the O2 1 O2 1 e2 coinci-
dence data will differ fromN2su, fd. N3su, fd is shown
in frame B of Fig. 4. A pronounced reduction of O2 1 O2
photofragment recoils detected parallel to the directio
of electron recoil is observed. This angular correlatio
shows that photodetachment and dissociation of the n
clear framework of O4 both occur on time scales fast
relative to molecular rotationsø1 10 psd. Thus, by mea-
suring the asymptotic recoil direction of the O2 photofrag-
ments, the spatial direction of the dissociating bond at th
time of photon absorption is determined. These resu
show that the photoelectron preferentially recoilsperpen-
dicular to the breaking bond in O4.

This angular correlation is an obvious manifestation o
an anisotropic MF-PAD. As first discussed by Dill [3] in
reference to the photoionization of diatomic molecule
the MF-PAD contains considerably more information
than the laboratory angular distributions. In contrast t
Eq. (1), the MF-PAD in general depends on both pola
and azimuthal angles. The strong angular correlation o
served between photoelectron and photofragments in
cates that the photoelectron continuum is dominated
a restricted set of partial waves. Direct extraction of th
MF-PAD from this data requires modeling the photoelec
tron detector angular acceptance, and will be described
a forthcoming paper.

The nature of the photoelectron-photofragment angul
correlation can be further visualized by considering th
photofragment angular distribution in the electron-reco
frame, as opposed to theE vector frame. This distri-
bution can be easily generated by dividingN3su, fd by
N2su, fd. This has the effect of removing fromN3su, fd
weighting due to both the photofragment angular distribu
tion in N2su, fd and the finite angular acceptance of th
3337
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FIG. 4. Surface-density plots of the energy-integrated ang
lar distributions of O2 photofragments. The number of event
is shown as the distance of the surface from the orig
Frame A shows the experimentally observed photofragme
distribution N2su, fd for detection of coincident O2 photofrag-
ments. Frame B shows the experimentally observed photofr
ment distributionN3su, fd for the coincident detection of two
photofragments and an electron. Frame C shows the photofr
ment distribution relative to the electron ejection directio
N3su, fdyN2su, fd. Frame D shows the nominal direction
of the E vector, the photoelectron and photofragment reco
directions.

photofragment detector. This treatment presumes that
photoelectron recoils at a single nominal angle in the lab
ratory frame. As the distribution in frame C of Fig. 4
shows, the electron-recoil-frame photofragment angu
distribution also resembles sin2 u0, where u0 is defined
as the polar angle of photofragment recoil relative
the nominal electron-recoil direction. The presence
the photofragment detector beam block prevents det
tion of the most intense part of this angular distributio
at u0  90±. A fit by Eq. (1) shows that this distribution
is characterized byb ø 20.5. Because of the assump
tion of a nominal electron-recoil laboratory angle, this
an upper bound on this anisotropy parameter.

This Letter reports the first high-resolution energy an
angle-resolved experiments on the dissociative photo
tachment of a cluster anion. Because of the rapid disso
ation of O4

2 after photon absorption, measurement of th
photoelectron and photofragment translational energies
coincidence is required to reveal the energy partitionin
to vibrational degrees of freedom of the O2 products. A
simple Franck-Condon model shows that the product
brational distribution is sensitive to the structure of O4

2.
Detailed information on the electronic structure of th
3338
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open-shell negative ion is required to apply the exist
formalisms for the MF-PAD. The observation that th
MF-PAD peaks perpendicular to the dissociating bo
will provide an important test of such calculations.
the case of photodetachment, the dynamics of electron
parture will also be influenced by effects such as el
tron correlation. Further work on the measurement a
interpretations of the MF-PAD in this and other negati
ions can thus be expected to provide new perspective
electron-molecule interactions.
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