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■ Abstract The application of coincidence techniques to the study of the reaction
dynamics of isolated molecules is reviewed. Coincidence spectroscopy is a powerful
approach for carrying out a number of measurements. At its most basic level, coin-
cidence techniques can identify the source of a specific signal, as in the well-known
photoelectron-photoion coincidence approach used for several years. By carrying out
coincidence experiments in an increasingly differential manner, correlated energy and
angular distributions of reaction products may be recorded. Completely energy- and
angle-resolved measurements of photoelectrons and ionic or neutral products can re-
veal molecular-frame photoelectron and photofragment angular distributions and aid
in the characterization of dissociative states of molecules and ions. Recent work in this
area is reviewed, including examples from studies of dissociative photodetachment,
dissociative photoionization, time-resolved studies of dissociative photoionization, and
three-body dissociation processes.

INTRODUCTION

The reaction dynamics of transient molecules and clusters is an area of gas-phase
physical chemistry with significant fundamental questions that remain to be an-
swered. The dissociative and metastable electronic states involved in photoexcita-
tion processes, as well as the transition state region of the potential energy surface
that governs the outcome of bimolecular reactions, have not been characterized
as well as the bound states of molecular systems because of a lack of appro-
priate experimental tools. Studies of the dynamics of unimolecular dissociations
and bimolecular reactions are one approach to probing these states. Over the last
30 years, photodissociation and bimolecular reactions have been examined in in-
creasing detail using laser and molecular beam techniques (1, 2). However, the
need for further experimental information has continued to drive the development
of new experimental techniques for the study of transient species.

Even though the theoretical machinery of quantum chemistry is well devel-
oped, there are still important limitations in our ability to calculate the properties
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of electronically excited and dissociative states of stable molecules and the ground-
state properties of transient species such as free radicals, anions, and weakly bound
clusters (3, 4). Quantum mechanical methods in reaction dynamics are even more
limited; accurate quantum mechanical calculations without dynamical approxi-
mations remain limited to systems of four or fewer atoms (5). To continue to
drive these fields forward, new and refined experimental observables on disso-
ciative electronic states, ionization processes, and the reaction dynamics of small
molecules and clusters are required. The development of coincidence spectro-
scopies has arisen in part because of this need.

Coincidence spectroscopies can provide important information, unavailable
from conventional spectroscopic techniques, regarding the identity and energetics
of reactive species, the correlation of product states, the nature of repulsive elec-
tronic states, and insights into product angular distributions in the molecular frame.
Coincidence techniques are also providing important insights into three-body dis-
sociation processes, an area in which little information beyond rate coefficients has
been available in the past. This review focuses on some of the recent applications
of coincidence spectroscopies to the energetics and reaction dynamics of isolated
molecules and clusters.

Coincidence techniques were originally developed to aid in the identification of
the source of specific signals, as in the well-known photoelectron-photoion coin-
cidence (PEPICO) approach used for several years (6). PEPICO experiments have
been continually improved in many ways, ranging from the measurement of thresh-
old photoelectrons (7) to recent fully energy- and angle-resolved experiments. This
review focuses on the latter experiments in which individual correlated events are
accumulated one at a time with subsequent analysis of the correlations contained
therein. Thus, this review does not touch on the important contributions made by
imaging techniques, wherein correlated properties of reaction products can be
measured by spectroscopic state selection (e.g. multiphoton ionization) followed
by measurement of product translational energy and angular distributions using
charge-coupled-device (CCD)-based detection schemes. These applications were
recently reviewed (8–11).

Energetic Correlations

Two types of observables from coincidence experiments are highlighted here:
(a) the use of energetic correlations to characterize dissociative molecular elec-
tronic states and the transition state region of bimolecular reactions and (b) the
use of angular correlations between photoelectrons and photofragments—and also
among multiple photofragments—to characterize the ionization and dissociation
dynamics. The energetic correlations involve examination of the photoelectron
kinetic energy distribution and how it correlates with different product channels in
a molecular dissociation. For either photoionization of neutral molecules or pho-
todetachment of negative ions, the interpretation of these energetic correlations is
very similar: The photoelectron kinetic energy distribution contains information
about the Franck-Condon overlap between the initial bound state and the metastable
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or repulsive state that is reached by photoexcitation. The photofragment transla-
tional energy distribution, on the other hand, contains information about how the
system prepared in the Franck-Condon region couples to the dissociation contin-
uum. In the simplest case of no energy transfer among the products during the
dissociation, then, the product translational energy distribution reveals the ener-
getic repulsion between the products relative to the dissociation asymptote (12).
Examples of the application of these energetic correlations to understanding disso-
ciative photodetachment (DPD) and dissociative photoionization (DPI) processes
and the potential energy surface near the transition state for bimolecular reactions
are discussed below.

Molecular-Frame Photoelectron Angular Distributions

An important quantity that can be measured in a coincidence experiment is the
molecular-frame photoelectron angular distribution (MF-PAD). It is well known
that the laboratory photoelectron angular distribution (PAD) recorded in photoion-
ization or photodetachment of a randomly oriented sample with linearly polarized
light is as follows (13):

∂σ

∂ÄLAB
= σtotal

4π

[
1+ β(E)P2(cosθ)

]
, 1.

whereσ total is the total photodetachment cross section,θ is the polar angle between
the recoil direction and the electric vector of the laser, andP2(cosθ ) is the second-
order Legendre polynomial in cosθ . The energy-dependent asymmetry parameter
β(E) is a sensitive function of both the symmetry of the orbital from which the
electron is removed and the photodetachment dynamics. However, owing to the
averaging over molecular orientations in the measurement of a laboratory angular
distribution, detailed information on the partial-wave composition of the ionization
continuum is lost. Measurement of MF-PADs, however, provides considerably
more information. As Dill (14) showed, the MF-PAD is given by

∂σ(E)

∂ÄMF
=

2l ∗∑
l=0

∑
m

Alm(E )Ylm(ϑ, ϕ), 2.

wherel∗ is the maximum value for the orbital angular momentum of the photode-
tached electron andmcorresponds to the azimuthal quantum number for the pho-
todetached electron. The magnitudes of the energy-dependent coefficientsAlm(E)
are determined by electric-dipole selection rules and interference between the
degenerate photoelectron continuum channels. These coefficients thus contain de-
tailed information on both the photodetachment dynamics and the orbital from
which the electron is ejected, determining the relative contributions of the spheri-
cal harmonicsYlm, which are referenced to the molecular frame by the polar and
azimuthal anglesϑ andϕ.

A number of studies of MF-PADs have focused on the use of aligned molecular
ensembles produced by photoexcitation (15). However, DPI or DPD processes
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provide an alternative approach to studying fixed-in-space molecules. When dis-
sociation is rapid relative to molecular rotation (axial recoil) (16), measurement of
the recoil angle of the photoelectron relative to the axis of the broken bond in the
molecule provides a direct measure of the MF-PAD in a coincidence experiment.
Experiments on both DPD and DPI that are sensitive to the MF-PAD are reviewed
below.

Photoelectron spectroscopy has also been applied to time-resolved studies of
reaction dynamics (17, 18). Because photoelectron spectra are sensitive to changes
in the electronic structure as a chemical reaction, isomerization, or nonradiative
transition proceeds, femtosecond time-resolved photoelectron kinetic energy spec-
tra have revealed important insights into nonadiabatic processes (19–21) and sol-
vation phenomena (22). As mentioned in the last paragraph, although, PADs and in
particular MF-PADs are the most sensitive probes of the electronic structure and
ionization dynamics, so there has been an increasing interest in time-resolved stud-
ies of these observables. Theoretical efforts include the development of methods
for the prediction and analysis of time-resolved PADs and MF-PADs in molecu-
lar photoionization (23–28). Experimentally, time-resolved laboratory PADs have
been measured (20, 29), and recently studies of MF-PADs have been extended into
the femtosecond time domain in the fully energy- and angle-resolved PEPICO
experiments on the DPI of NO2 by Davies et al (30, 31), as reviewed below.

Three-Body Dissociation Dynamics

Coincidence experiments are also well suited to the study of three-body dissocia-
tion dynamics. Important insights into both concerted and sequential dissociation
reactions have been gained from noncoincident studies of three-body photodissoci-
ation processes (32, 33). However, general techniques to perform the coincidence
measurements required to directly measure product angular correlations in neutral
molecules were not available until the recent DPD experiments in our group (34)
and charge-exchange/laser-excitation experiments by Helm and coworkers (35).
These experiments join earlier studies of the three-body dissociation dynamics of
multiply charged ions (36–38) in revealing three-dimensional product momenta.
Such measurements allow the investigation of not only the partitioning of energy
in three-body dissociation processes, but also a second important molecular-frame
quantity: the angular correlation of the momenta of the three atomic or molecu-
lar fragments. We refer to this quantity as the molecular-frame differential cross
section (MF-DCS), which gives immediate insights into the dynamics, including
the dissociation lifetime and molecular geometry at the instant of dissociation.
In particular, if the three-body dissociation is rapid (the axial recoil approxima-
tion mentioned above, although the choice of axis in the three-body dissociation
is system-dependent), this is a direct molecular-frame measurement, sensitive to
both the molecular structure and dissociation dynamics of the system in question.

Recent examples of coincidence studies of DPD, DPI, and three-body dissocia-
tion dynamics are discussed below. First, a brief review of experimental techniques
is presented.
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EXPERIMENTAL TECHNIQUES

Recent progress in the area of coincidence spectroscopy has been enabled by de-
velopments in both detection technology and the increased availability of new
light sources, including synchrotrons and laboratory laser systems with kilohertz
repetition rates. The experiments discussed in this review are all coincidence mea-
surements of the three-dimensional velocity distributions of the atomic, molecular,
or photoelectron products of a dissociation event. To carry out a coincidence mea-
surement successfully, several factors must be considered. The product collection
efficiency must be sufficiently high and the sources of background sufficiently
small that a valid correlation between observed events can be made. In addition,
these experiments must be carried out under conditions of relatively low signal rates
and high duty cycles to overcome the problems associated with finite detection
efficiencies (12, 39). In this review, two applications of coincidence spectroscopy
are discussed: photoionization of neutral molecules in a molecular beam and
fast ion-beam experiments involving photodetachment of negative ions or charge-
exchange neutralization of cations.

The first priority in setting up a coincidence experiment is to ensure that the
products can be detected with a high efficiency. If the products are charged, as in a
photoionization process that will produce a free electron and a photoion, extraction
with an appropriate field allows collection of all the products. In a DPI process, for
example, producing a free electron, a photoion, and a photoneutral, measurement
of the time- and position-of-arrival of the charged products (electron and ion) at
a detector provides the information required for a complete kinematic description
of the dynamics. This is the approach taken in the energy- and angle-resolved
PEPICO experiments reviewed here. Takahashi and coworkers (40), for example,
recently described an imaging PEPICO spectrometer that uses opposed time- and
position-sensitive detectors to record the two-dimensional projection of the three-
dimensional velocity distribution. With short-pulse laser or synchrotron radiation
and time- and position-sensitive detectors with 0.1-ns timing resolution, a similar
opposed detector geometry has been used to directly record the three-dimensional
velocity distributions of both photoelectrons and photoions in coincidence. This
technique has been used in DPI studies (41–43), including the recent time-resolved
experiments of Hayden and coworkers (30).

If the products are neutral, the detection problem is more challenging. The sim-
plest approach to carrying out coincidence studies involving neutral products is the
use of fast (keV) ion beams followed by photodetachment (in the case of anions),
charge exchange neutralization (in the case of cations), or collision-induced disso-
ciation. Fast ion beams have the important property of allowing efficient (∼50%)
detection of neutral products with laboratory energies in excess of 1 keV upon
impact with a microchannel-plate-based detector (44). In addition, in a fast beam,
the products are constrained by momentum conservation to a limited angular range
in the laboratory frame because of the high beam velocity. This situation allows
the full solid angle in the center-of-mass (CM) frame to be covered with a single
detector, similar to the techniques for charged particles discussed above.
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The fast-beam method coupled with time- and position-sensitive particle detec-
tion was pioneered by DeBruijn & Los (45) in studies of the dissociative charge
exchange of diatomic molecules. Measurement of the time and position of par-
ticle arrival, coupled with the knowledge of the parent mass and velocity, allows
determination of the product mass ratio, scattering angles, and CM translational
energy release (ET) in the dissociation. In contrast to studies of ions, where
the product mass can be determined with high accuracy by time-of-flight mass
spectrometry, in a fast-beam experiment, the product mass ratio is determined by
momentum conservation in the CM frame. The finite size of the parent beam
typically limits the mass resolution tom/1m≈ 15 (12). The low mass resolution
is a challenge when the branching ratio between several open channels must be de-
termined in the dissociation of a polyatomic molecule. In three-body dissociation
experiments where all the products are detected, the time and positions of impact
give the product velocities and recoil angles in the CM frame. Identification of
the products requires some chemical intuition concerning the possible dissocia-
tion channels. Then, given the conservation of mass and momentum in the CM
frame, the mass of each of the products can be determined (34). The error in de-
termining product masses in three-body dissociation is more significant, with
m/1m≈ 2.5.

Fast-beam coincidence spectroscopies have several applications, including the
dissociative charge exchange of diatomic (46) and polyatomic molecules (47, 48),
photodissociation processes of cations (49), and neutral species generated by pho-
todetachment (50, 51). It is beyond the scope of this review to cover these two-body
dissociation processes in detail. The restriction here will be to processes that pro-
duce three or more products, including DPD: ABC− + hν→A + BC+ e− and
higher-order processes.

Coincidence studies of DPD require detection of the energy and angle of recoil
of each photoelectron produced. In a fast ion beam, detection has occurred in
two ways. The first approach involves large, solid-angle, short-flight-path time-
of-flight photoelectron detectors with detection efficiencies from 2 to 10% of all
photoelectrons (34, 52). These spectrometers require subnanosecond lasers since
the photoelectron flight time for electron-volt-range photoelectrons may be only
50–100 ns. The time and position of electron impact is used to determine the
actual flight distance for the photoelectron, angle of recoil, and laboratory energy.
By knowing the velocity of the negative ion beam, the laboratory energy of the
photoelectron can be corrected to give the CM photoelectron kinetic energy,eKE.
With this approach, an energy resolution of1EFWHM/E∼ 5% (where FWHM is
full width at half maximum) can be achieved routinely.

A second approach is to extract the photoelectrons with a small electric field in a
space-focusing time-of-flight configuration, as was previously applied to photoion-
ization processes (30). In this configuration, timing resolution becomes critical,
as the range of photoelectron flight times for forward and backward scattered elec-
trons (relative to the detector) may be<10 ns. In fast-beam experiments in our
laboratory, we have achieved an energy resolution of1EFWHM/E∼ 12% with this
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approach. We recently reported on photodetachment imaging in a fast-negative-ion
beam study of the electron affinity of CF3 (53).

Studies of three-body dissociation processes producing neutral products in fast
beams face the special challenge that all three products strike the particle detec-
tor typically within a few hundred nanoseconds. Thus, the detection technique
must be carefully chosen. In fast-beam processes producing two fragments, for
example, two individual detectors can be used, such as the coincidence wedge-and-
strip anode configuration used by Continetti et al (50), which uses charge division
on a patterned anode (54), an approach that is limited for multiparticle applica-
tions by the several microseconds of dead time per particle. In 1992, Brenot &
Durup-Ferguson (55) discussed the various experimental techniques available for
multiparticle time- and position-sensitive detection, and several technological ap-
proaches to this problem have resulted from studies of molecular structure by
Coulomb explosion techniques (56, 57).

There is an increasing use of hybrid techniques involving CCD-based detec-
tors for imaging, which are coupled with less dense discrete-anode photomultiplier
tubes for acquiring timing information. This type of detector has been used by
Amitay et al (58) in dissociative recombination studies and will likely see fur-
ther application in coincidence experiments, in particular as the readout rate for
CCD cameras continues to increase. In addition, several groups have begun to
use crossed-delay line anodes for recording time- and position-of-impact data
(34, 59, 60). Delay line methods have an inherent advantage over charge division
techniques because they use fast timing signals to determine the position of im-
pact. With fast timing signals, fast logic and switching techniques can be used to
set up multihit encoding electronics. This approach has been taken in developing
the quadrant crossed-delay-line anode in our laboratory for the study of three-
body dynamics (34). This device can record the time and position of arrival of
up to eight particles arriving within 10 ns if they are spread out over the detector
correctly. This redundancy in detection provides a nearly ideal three-body detec-
tor, although some kinematic configurations remain difficult to study in a single
experiment.

COINCIDENCE STUDIES OF DISSOCIATIVE
PHOTODETACHMENT

Energy and Angular Correlations: O4
−

Coincidence studies of DPD processes provide a novel way to probe both photode-
tachment dynamics and the properties of the dissociative states of transient neutral
molecules. As discussed above, these experiments are based on the production
of mass-selected negative-ion beams, photodetachment, and recording the kinetic
energies and recoil angles of the photoelectron and any photofragments produced
after dissociation of the nascent neutral species.
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Coincidence studies of DPD dynamics build on the important studies of pho-
todetachment of stable negative ions that correspond to unstable neutral species
(61–65). The photoelectron spectra in these cases can be analyzed to gain insights
into a neutral potential energy surface that is unstable with respect to isomerization
or dissociation. Analysis of these spectra constitutes a spectroscopy of the transi-
tion state. The photoelectron spectra provide information on the Franck-Condon
overlap between the bound anion and the dissociative or unstable region of the
neutral potential energy surface. When the nascent neutral species undergoes dis-
sociation, insights into the potential energy surface for bimolecular reactions can
be gained, as shown for example by the studies of Neumark and coworkers (62) on
the hydrogen exchange reactions X+ HY, where X and Y are F, Cl, Br, or I (62),
and by studies of the fundamental F+ H2 reaction (63). This approach has also
been used by Lineberger and coworkers (61) to study isomerization processes such
as conformational changes in cyclooctatetraene. These photodetachment studies
have stimulated theoretical studies interpreting the observed photoelectron spectra
in terms of the potential energy surfaces and the scattering dynamics for these
fundamental reactions (66, 67).

For DPD, however, a more complete coincidence measurement is required
to fully characterize both the Franck-Condon region (from the photoelectron
spectrum) and the ensuing dissociation dynamics (from the product translational
energy distribution). In the photoelectron-photofragment coincidence (PPC) ex-
periments developed in our laboratory, complete kinematic characterization of
two- and three-body DPD processes is achieved by detection of the photoelectron
in coincidence with the atomic or molecular products (34, 68, 69). Determination
of the energies and recoil angles of all products allows determination of the corre-
lated photoelectron-photofragment kinetic energy release and MF-PADs for pho-
todetachment, as shown in studies of O4

− (70). These experiments have recently
been extended to three-body dissociation dynamics, as discussed below. Here, the
DPD dynamics of O4

− and our recent study of the transition-state dynamics of the
OH+ H2O→H2O+ OH reaction (71) are reviewed.

As an example of the application of PPC spectroscopy to the study of DPD,
consider the case of O4

−:

O −
4 + hν → O2

(
36 −

g

)+O2
(

36 −
g

)+ e−. 3.

O4
− is essentially an oxygen dimer bound together by a delocalized electron, with

a dissociation energy of 0.46 eV (72). Photodetachment of the anion produces two
O2 molecules in close proximity, with approximately 0.4 eV of repulsive energy.
Dissociation occurs on the time scale of molecular vibration. This is an example of
a direct DPD process. The experimental signature of these dynamics can be seen
most clearly in the work we carried out on this system at 532 nm (2.33 eV) (69, 70).
The energetic correlations in a system like this can be displayed in the form of a two-
dimensional photoelectron-photofragment correlation spectrum,N(ET, eKE). This
spectrum shows the number of events with specificET and eKE as a contour map,
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Figure 1 N(ET, eKE) correlation spectrum for O4
− recorded at 532 nm shown as a contour

plot of the energy partitioning in dissociative photodetachment. The one-dimensionalN(ET)
andN(eKE) spectra are shown along thex andy axes, respectively. The maximum kinetic
energy for photodetachment to O2(X, v = 0)+O2(X, v = 0)+ e− is shown as limitA. The
diagonal features correspond to DPD to different correlated O2product vibrational states, for
example, (v = 0, v = 0), (v = 0, v = 1), etc (adapted from Reference 70 with permission
from Elsevier Science).

as shown in Figure 1. The photoelectron and photofragment translational energy
spectra obtainable in noncoincidence experiments are shown alongside the appro-
priate axes in this figure and represent integration of the coincidence spectrum over
the complementary variable. The photoelectron spectrum, dominated by a broad
peak at 0.7 eV, reproduces that originally obtained by Johnson and coworkers (73).
Fine structure observed at higher kinetic energies is a result of the photodissoci-
ation of O4

−: O4
− + hν→O2(

11g) + O2
−(25g), followed by photodetachment

of the O2
− product by a second photon. The translational energy spectrum is

dominated by a broad peak at 0.4 eV, with a smaller narrow peak at 0.8 eV.
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The correlation observed between these one-dimensional distributions is strik-
ing: A series of diagonal lines is observed despite the lack of structure in either
the photoelectron or translational-energy spectra. This is an example of a system
exhibiting vibrationally adiabatic dissociation dynamics on a repulsive surface un-
der conditions in which little rotational excitation is possible in the dissociation.
Because of the steepness of the repulsive neutral surface, photodetachment to the
various vibrationally adiabatic final states overlaps considerably in the photoelec-
tron spectrum. Nonetheless, due to constrained exit channel dynamics, with no
exchange of vibrational energy and limited rotational excitation, clearly resolved
diagonal lines are observed in the correlation spectrum. Another way to view this
is in terms of a spectrum of the total translational energy release,N(ETOT), where
ETOT = eKE+ ET summed for each event. This spectrum is shown in Figure 2,
which reveals a well-resolved spectrum with peaks spaced by O2 product vibra-
tions (70). The spacings of the first five vibrational levels of O2 are shown as
combs on the spectrum for reference. Structural information on gas-phase O4

− can
be obtained from this spectrum.

Figure 2 N(ETOT) spectrum for the dissociative photodetachment of O4
− at 532 nm. The

energetic limit is the same as that shown in Figure 1. The top axis indicates the internal
energy, and the bottom axis shows the total translational energy (eKE+ ET). The data are
represented by points, and the solid-line fit to the data was generated by a Franck-Condon
simulation assuming two O2 subunits with equal O–O bond lengths of 1.272Å (adapted
from Reference 69 with permission from the American Physical Society).



P1: FXZ/GBP P2: FRK

April 10, 2001 16:39 Annual Reviews AR127-08

COINCIDENCE SPECTROSCOPY 175

A simple simulation was performed by calculating the Franck-Condon overlap
of the vibrational wave functions of two perturbed O2 molecules with two free
ground-state O2 molecules. The results of this calculation are plotted as a solid
line in Figure 2, and it was found that assuming equal bond lengths of 1.272Å gave
excellent agreement with the data. This result indicates that the excess electron
is delocalized over the two O2 moieties in a symmetric structure, consistent with
recent ab initio calculations by Aquino et al (74).

The dynamics observed in the DPD of O4
− at 532 nm provide an example

of what will occur in a direct DPD with a constrained product state distribution.
Photodetachment occurs to a repulsive state of the neutral surface, and the time
scale of the dissociation of the neutral fragments is a function of the steepness of
the repulsive surface accessed by photodetachment. In Reference 70, application
of a bound-free Franck–Condon formalism to analysis of the repulsive states of
O4 was made.

Other limiting cases of DPD dynamics as observed by PPC spectroscopy can be
established by considering the time scale for photodetachment and the subsequent
dissociation of the neutral complex. A second limiting case is sequential DPD,
where the electron departs and then later the neutral system dissociates, either
by predissociation or unimolecular decomposition on the electronic ground state.
In this case, resolved vibrational structure may be observed in the photoelectron
spectrum, and the dissociation dynamics of specific vibronic states of the neu-
tral complex may be determined in the coincidence experiment. The best exam-
ple of this type of process, with sharp structure in the photoelectron spectrum
and no diagonal structure observed in the correlation spectrum, is the DPD of
O3
− (75). In this case, predissociation of the initial relatively long-lived vibronic

states produced by photodetachment gives rise to horizontal structure along theET
axis in the correlation spectrum. As these techniques are extended to polyatomic
systems, there is no guarantee that these limiting dynamics can be identified, owing
to the larger number of internal degrees of freedom. An example of this situation is
the DPD process N3O2

− + hν→NO+ N2O+ e− (76). The correlation spectrum
for this system shows no structure other than that dictated by energy conservation.
This system may not behave vibrationally adiabatically in DPD, or rotational exci-
tation in the exit channel, and the limited energy resolution of the experiment may
prevent observation of structure in the correlation spectrum.

Finally, in PPC experiments, the angular correlations between the photoelec-
trons and photofragments can also be recorded. For a direct DPD, such as O4

−,
the direction of recoil of the O2 products provides a record of the distribution of
O4
− anions in the laboratory that absorbed photons. Because the O2 photoproducts

were found to have a highly anisotropic angular distribution, and the photoelec-
trons from photodetachment of O4

− are also anisotropically distributed in space
(77), the angular correlations between the photoelectrons and photofragments were
examined for evidence of an anisotropic MF-PAD. In these experiments, the pho-
toelectron detector subtended only 4% of the total solid angle, so the presence of
an anisotropic MF-PAD can be identified by examining events in which an electron
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and two O2 products are detected and comparing the observed O2 photofragment
angular distribution with that found from events with only two O2 products de-
tected. Detection of the photoelectron in coincidence, in a direction nearly orthog-
onal to the electric vector of the laser, breaks the cylindrical symmetry around the
electric vector of the laser in the laboratory frame. This observation was reported
in References 69 and 70. In these experiments, the O2 photofragment angular
distribution is nearly sin2 θ at 532 nm. Examining only those events coincident
with detection of a photoelectron showed a pronounced reduction of O2 + O2
photofragment recoils detected parallel to the direction of photoelectron detec-
tion. The existence of this angular correlation shows that photodetachment and
dissociation of the nuclear framework of O4 both occur on a time scale that is fast
relative to molecular rotation (∼1–10 ps) and that the photoelectron preferentially
recoils perpendicularly to the dissociation coordinate in O4.

The evidence for a strong anisotropy of the MF-PAD implies that a limited
number of electron partial waves contribute in the detachment process. Electro-
nic structure calculations on O4

− by Aquino et al (74) have shown that
O4
− hasD2h symmetry with a2Au electronic ground state. Application of sym-

metry considerations, as discussed by Brauman and coworkers (78), indicates that
d-wave photodetachment is expected near the threshold for this system (70). This
conclusion also can be reached by qualitative consideration of the au highest
occupied molecular orbital (HOMO) for O4

−. This HOMO has three angular nodes
and is thus analogous to an atomicf orbital, resulting in bothd-wave (l = 2) and
g-wave (l = 4) photodetachment following the atomic selection rules of1l = ±1
(79). Above threshold, however, the higher-angular-momentum states of the pho-
toelectron continuum are accessible and will lead to an energy-dependent PAD,
which has been observed in experiments at 355 and 266 nm (70). Now that de-
tailed electronic structure calculations on O4

− have become available (74), a more
detailed interpretation of the photodetachment dynamics in this interesting anion,
using electron-molecule scattering calculations, should be possible.

Transition-State Dynamics: OH+H2O→H2O+OH

The thermoneutral identity reaction OH+ H2O→H2O+ OH is one of the sim-
plest hydrogen abstraction reactions involving the hydroxyl radical and provides
an excellent case for studying transition-state dynamics by DPD. The groundwork
for this study was laid by the photoelectron studies of Arnold et al (65) of the H3O2

−

anion. They observed a broad photoelectron spectrum with at least four identifi-
able peaks at 266 nm (4.66 eV). The spectrum was observed to undergo significant
changes, in both intensities and positions, upon deuteration, implying that the spec-
tral features were primarily related to motion of the hydrogen atoms in the complex.
They also carried out ab initio calculations and one-dimensional Franck-Condon
simulations of the spectrum, confirming the role played by motion of the trans-
ferred H atom in the neutral OH(H2O) complex produced by photodetachment.

The transition-state dynamics of this reaction have been studied using DPD of
OH−(H2O) and OD−(D2O) at 258 nm (4.80 eV) using PPC spectroscopy (71).
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DPD is the only process that occurs at this photon energy:

OH−(H2O)+ hν → OH+ H2O+ e−. 4.

The quantum yield for dissociation of the neutral complex into two fragments is
unity. No stable OH(H2O) clusters are produced because the geometry of the anion
leads to no Franck-Condon overlap with the OH(H2O) van der Waals geometry.
The photoelectron spectra are consistent with the previous results of Neumark and
coworkers (65). The PPC spectrum for the OH−(H2O) anion, however, reveals
considerably more information.

The correlation of the broad peaks in the electron kinetic energy spectrum
(eKE) and photofragment translational energy release (ET) for OH−(H2O) reveals
a series of four diagonal ridges (shown in Figure 3). As shown in Reference 71,
the OD−(D2O) anion gives analogous results, with five features observed owing
to the lower stretching frequencies in the deuterated neutral complex. The pre-
vious observations on O4

− suggest that DPD onto vibrationally adiabatic curves
in the repulsive region near the transition state for the neutral bimolecular re-
action, correlating with the different asymmetric-stretch vibrational states of the
H2O products, is responsible for these features. This assignment cannot be made
on energetic grounds alone, however, because the asymmetric stretch of H2O and
the stretching frequency of OH are nearly degenerate. Quantum chemical calcu-
lations on the anion and the neutral complex indicate that in the H–O–H–O–H
structure the exterior O–H bonds are nearly at the equilibrium value, so it is
expected that the product OH will be vibrationally cold, with excitation of the
asymmetric stretch of the water that received the shared H atom (71).

As discussed above for O4
−, examination of the total translational energy spectra

N(ETOT) is another informative way to view theN(ET, eKE) correlation spectra.
In the N(ETOT) spectra for the H3O2

− and D3O2
− systems shown in Figure 4,

the diagonal features in the correlation spectra appear as a resolved spectrum of
the correlated product vibrational distribution. Examination of the offset of the
vibrational peaks from the internal energy origin (dissociation asymptote) shows
that rotational and bending excitation in the products is small. Compared with
the photoelectron spectra, theN(ETOT) spectra show more structure and a nicely
resolved progression in both the nondeuterated and deuterated case. The observed
peak spacing of∼0.42 eV (3390 cm−1) in H3O2

− and∼0.33 eV (2660 cm−1)
in D3O2

− is consistent with the interpretation of excitation of the antisymmetric
stretch vibration in the water product.

Some further comments on the nature of theN(ETOT) spectra and how they
differ from the photoelectron spectra should be made. The spacing and width of
the peaks in a photoelectron spectrum are determined by the Franck-Condon over-
lap between the stable anion and the dissociative neutral surface. The lifetime
broadening effects of a steeply sloped repulsive surface yield broad features in the
photoelectron spectrum. The translational energy release,ET, between the atomic
or molecular products in DPD is governed by both the region of Franck-Condon
overlap with the neutral surface and any subsequent transfer of energy from internal
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Figure 3 Photoelectron-photofragment energy correlation spectrum [N(ET, eKE)] represented as
a two-dimensional gray-scale histogram for H3O2

−+hν→H2O+OH+e−at 258 nm. The comb
shows the asymmetric-stretch spacing of the H2O product, and the maximum energy available is
shown by the diagonal line (reproduced by permission of the Royal Society of Chemistry from
Reference 71).

to external degrees of freedom in the dissociation, as discussed in the intro-
duction. The total translational energy release,ETOT = eKE + ET, however, is
determined solely by energy conservation. Thus, in the case of H3O2

−, ETOT = Ehν
− D0(OH− − H2O)− EA(OH)− Eint[OH(i) + H2O( j )]. Here, D0(OH− − H2O)
is the bond dissociation energy of H3O2

−→OH− + H2O, EA(OH) is the adia-
batic electron affinity of OH, andEint is the sum of the internal energy of states
i and j in the products. Irrespective of the exit channel dynamics, the partition-
ing of ETOT into eKE and the sumET + Eint is determined by the bound-free
Franck-Condon overlap between the anion and neutral surface. TheN(ETOT)
spectrum is a direct, resolved measure of the product internal state distribution
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Figure 4 Vibrationally resolved product translational energy [N(ETOT)] spectra for the dissocia-
tive photodetachment (DPD) of H3O2

− and D3O2
− at 258 nm. The dashed lines represent the

maximum energy available for DPD of these isotopic systems (reproduced by permission of the
Royal Society of Chemistry from Reference 71).

for this system because it exhibits constrained, vibrationally adiabatic dissociation
dynamics.

These results should provide an important test of both ab initio potential energy
surfaces and reaction dynamics calculations for this system. Recent theoretical
efforts on simulating the photoelectron spectra and extracting information on the
reactive potential energy surfaces in related systems (67, 80–82) will need to be
extended to take into account the measurement undertaken here—the coincident
measurement of the photoelectron kinetic energy and the photofragment transla-
tional energy distributions.
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COINCIDENCE STUDIES OF DISSOCIATIVE
PHOTOIONIZATION

Highly differential coincidence measurements of DPI processes are also becom-
ing more routine in recent years. In this review, the primary focus is on DPI of
neutral molecules via direct excitation to a repulsive ionic state. These processes
lead to one neutral species, one ion, and a free electron. There have also been ex-
tensive studies of the dissociation of multiply ionized molecules. In fact, many of
the important coincidence techniques used today, such as PEPICO and threshold
PEPICO (TPEPICO), were developed and applied to the study of the dissociation
dynamics of multiply ionized molecules (36). The current generation of highly
differential, energy- and angle-resolved PEPICO experiments use full-solid-angle
imaging detectors for high sensitivity and good counting statistics. Similar to the
DPD experiments discussed above, important insights can be gained from examin-
ing both photoelectron-photoion energy and angular correlations. DPI processes
have received considerably more attention as a source of MF-PADs than studies
of DPD in anions, as discussed below.

An example of the newest experiments on DPI processes is provided by the
study of Lafosse et al (43) on vector correlations in the DPI of NO in the vacuum
UV. This experiment, carried out with 22- to 25-eV photons, made use of time-
and position-sensitive detection of the full solid angle for both photoelectrons and
photoions. In this arrangement, the kinetic energy and recoil angle correlations
for the photoproducts (electron and cation) can be recorded, providing character-
ization of the dissociative electronic states and a direct measure of the MF-PAD.
In this study, NO(X 25) was ionized to the dissociative NO+(c 35) or NO+(B15)
states, with rapid dissociation to N+(3P)+ O(3P)+ e−. Measuring the N+ and e−

in coincidence thus gives a kinematically complete characterization of this DPI
process.

An example of the energetic correlations seen in such an experiment is shown
in Figure 5, where three processes are identified in the two-dimensional histogram
of the correlation of the photoelectron and photoion kinetic energy. ProcessesI
andII both correspond to ground state products N+(3P)+ O(3P)+ e−, as shown
by their position along the energetic limit for this process markedL1. The different
photoelectron kinetic energies, however, allow assignment of processI to DPI
via the NO+(c35) state, whereas processII is DPI via the higher lying NO+

(B15) state. The photoelectron kinetic energy near 0.3 eV identifies processIII
as also occurring via the NO+(B15) state. The limitsL2 and L3 in this case,
however, correspond to excited-state dissociation channels, producing N+(1D) or
O(1D) excited products, respectively. This coincidence experiment allows direct
determination of the branching ratios between these different channels for the
first time. In addition to the energetic correlations, the photoelectron–photoion
angular correlations yielded the MF-PAD for featureI in the correlation spectrum,
providing further insights into the DPI dynamics.
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Figure 5 Photoelectron-photoion ki-
netic energy correlation diagram for NO
+ hν→N+ +O+ e−, where hν is 23.6
eV. The limits markedL1, L2, andL3 cor-
respond to the dissociation limits N+(3P)
+ O(3P)+ e−, N+(1D) + O(3P)+ e−,
and N+(3P)+ O(1D) + e−, respectively
(reproduced from Reference 43 with per-
mission from the American Physical
Society).

When dissociation is rapid relative to molecular rotation, the axial recoil ap-
proximation holds, and fully angle-resolved PEPICO experiments directly yield the
MF-PAD. Several experiments have probed the MF-PAD in recent years, but now,
with high-sensitivity energy- and angle-resolved PEPICO experiments becoming
possible, the quality of the measured MF-PADs has improved considerably. In
addition to the studies of NO by Lafosse et al (43), recent reports have appeared
on the H2 (83), O2 (40, 84), CO (85), N2 (86, 87), and CO2 (86, 87) molecules.

For larger polyatomic molecules, Downie & Powis (42, 88, 89) have reported
fully angle-resolved PEPICO studies of CF3I. They examined the photoelectron–
photoion recoil vector correlations in the DPI of CF3I by photoionization of the
5a1 valence orbital with 21.2-eV radiation from a He discharge lamp. At this
photoionization wavelength, DPI pathways leading to both CF3

+ + I(2P1/2,
2P3/2)

and I++CF3 are open. An example of the electron–CF3
+ recoil vector correlations

is shown in Figure 6. For valence photoionization, it is expected that examination of
the electron-ion vector correlations will give the same results for these two channels
if the axial recoil approximation holds, in agreement with the results of Downie
& Powis over a wide range of energies. At lower available energies, however, the
more endothermic I+ channel shows differences consistent with dynamical effects
in this dissociation channel and the breakdown of the axial recoil approxima-
tion. Downie & Powis (42) also carried out calculations on the electron-molecule
half collision that occurs on photoionization, recovering the major features of the
observed MF-PAD for the stable polyatomic molecule, CF3I.

A number of collisional and photoinduced processes involving atoms and,
more recently, molecules have been carried out using the cold target recoil ion
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Figure 6 Polar plot of photoelectron-cation recoil vector correlations over a range of
photoelectron kinetic energies. The probabilityP(χ ) as a function of the included angleχ
between the photoelectron and ion recoil direction in the He(I) DPI of CF3I is plotted here.
The data for I+ (solid circles) is plotted against the conjugate angleχ ′ = 180◦ − χ , so
that the directionχ = 180◦ always corresponds to ejection of the electron from the I atom
end of the molecule (reproduced from Reference 42 with permission from the American
Institute of Physics).

momentum spectroscopy (COLTRIMS) technique (41, 90). These experiments are
entirely analogous to those already discussed in that the recoil momenta of the
products are measured directly to provide a kinematically complete measure of
the process under study. An example of the recent extension of these techniques
to molecular problems is given by the study of the double ionization of D2 (91). In
this experiment, the momenta of both deuterons and one of the two photoelectrons
were measured, yielding kinematically complete data on the dynamics of this DPI
process. This process provides an important test of electron correlation phenomena
because both electrons are removed by a single photon. COLTRIMS experiments
have been recently reviewed in detail (90).

TIME-RESOLVED
DYNAMICS—PHOTOELECTRON-PHOTOION ENERGY
AND ANGULAR DISTRIBUTIONS: NO2

Advances in ultrafast laser technology coupled with the increasing use of sophis-
ticated time- and position-sensitive detectors have paved the way for carrying out
time-resolved coincidence studies on dissociating systems. Hayden and cowork-
ers (30) recently constructed a time-resolved PEPICO spectrometer that allows
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complete three-dimensional energy and angular distributions to be collected in
coincidence for photoelectrons and photoions. More conventional time-resolved
PEPICO experiments by Radloff (18) looked at the time evolution of the pho-
toionization of ammonia clusters, benzene dimers, and other systems in which
photoelectron spectra for many different species can be acquired as a function of
time using the coincident photoion to sort the results. Gas-phase ultrafast studies
can often be challenging because of the propensity for the occurrence of multi-
photon processes. Kinematically complete coincidence experiments, like those
carried out by Hayden and coworkers (30), can play an important role in ultrafast
studies by helping to verify what photoexcitation pathways are operative. As seen
in the studies of DPD and DPI reviewed above, a coincidence measurement of the
kinetic energies of the photoelectron and the photofragments helps deduce the final
states of the products and, when multiphoton processes are possible, determine
how many photons are involved.

The first time-resolved coincidence study of photoelectron-photoion kinetic en-
ergy partitioning is that of the dissociative multiphoton ionization (DMI) of NO2
at 375 nm reported by Davies et al (30). Previous studies of the DMI of NO2 at
this wavelength were interpreted in terms of a one-photon excitation to the lowest
dissociative state of NO2, followed by three-photon ionization of the NO products
(92). By carrying out a fully energy- and angle-resolved PEPICO experiment,
Davies et al (30) were able to show that DMI with 150-fs laser pulses at this
wavelength occurs via three-photon excitation to a state of NO2 correlating to the
NO(C25)+ O dissociation limit, with ionization of the nascent NO by a fourth
photon. Figure 7 shows the time evolution of the photoelectron-photoion kinetic
energy correlations observed in this experiment. The photoion kinetic energy axis
shows the CMET in the dissociation of NO+ O that occurs on the excited state
of NO2. At short times, a diagonal structure is observed, similar to the DPD of
O4
− and the DPI of NO discussed above. This diagonal structure is a measure of

the distribution of the original molecular wave packet over the repulsive state of
NO2 that is accessed by three-photon excitation. As the bond breaks, the corre-
lation spectra evolve at longer times to show along they-axis the photoelectron
spectrum of NO(C25) and along thex-axis the translational energy distribution of
the NO(C25) products. The photoelectron–photoion kinetic energy correlations
can thus be used to examine the breaking of the O–NO bond over a time scale of
a few hundred femtoseconds.

Since the dissociation is so rapid and the experiment records the recoil angles
of the coincident photoelectrons and photoions, the DMI of NO2 provides another
example of how coincidence experiments can be used to determine the MF-PAD.
The results of Davies et al (31) shown in Figure 8 illustrate the time evolution of
the MF-PAD during the dissociation. The data shown here represent the angular
distribution of the photoelectrons for only the ions that recoil along the electric
vector of the laser, and one can see how this evolves from a noncentrosymmetric
angular distribution at short times to a centrosymmetric one at long times, as the
now free NO rotates away from the recoiling O atom. At short times, as shown
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Figure 8 Time-resolved molecular-frame photoelectron angular distributions for the dis-
sociative multiphoton ionization of NO2

− at 375.3 nm. The angular distribution (in number
of events per unit solid angle) is shown by the distance from the origin as a function of
the angle θ shown in the lower right-hand corner of the figure. The data were recorded
with both pump and probe laser polarization parallel and show the angular correlations
for ions recoiling along that axis. The solid-line fits represent the best-fit sum of Legendre
polynomials (reproduced from Reference 31, with permission from the American Physi-
cal Society).
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in Figure 8, there is a marked propensity for both the photoelectron and NO+ to
recoil in the same direction in the molecular frame, defined by the dissociating
bond in NO2.

Qualitatively, the evolution of the angular distributions can be understood in
terms of the effect that the close proximity of the recoiling O atom has on the
photoelectron. The presence of the neutral O atom causes the interaction poten-
tial seen by the departing photoelectron to be highly nonspherical, with a strong
inversion asymmetry. The ejected electron scatters from this nonspherical poten-
tial, leading to a larger contribution of odd and higher-order partial waves than
observed in free NO(C25). Quantum interference between these odd and even
partial waves can lead to the lobed structure and forward-backward asymmetry
seen in these MF-PADs at short time delays. This is similar to previously ob-
served forward-backward asymmetric angular distributions seen in MF-PADs for
inner-shell ionization of CO (85) and dissociative autoionization of excited O2
molecules (84).

Quantitative interpretation of these time-dependent results poses a significant
challenge for both quantum chemistry and reaction dynamics theory. The dissoci-
ation occurs on a highly excited dissociative electronic state of NO2, and detailed
prediction of the PADs requires solving the electron-molecule scattering problem
for the dissociating NO2. The appearance of experimental observables like this,
however, should motivate further studies on the time-resolved properties of PADs.

THREE-BODY DISSOCIATION DYNAMICS

An increasing number of studies are applying coincidence techniques to the char-
acterization of three-body dissociation dynamics. Important insights into three-
body photodissociation processes of stable molecules have been made previously
by noncoincidence methods, using measurements of the uncorrelated asymptotic
properties of the photofragments, such as momentum and quantum state, to infer
the three-body dissociation dynamics (32, 33). Coincidence measurements have
the benefit of not requiring significant assumptions about the nature of the dis-
sociation process (concerted/sequential) or geometry at the transition state. The
coincidence studies of three-body dissociation reactions allow a direct determina-
tion of the product angular correlations and partitioning of momenta, yielding a
detailed picture of the dissociation dynamics and even structural insights. Recent
experiments on DPD, as well as charge-exchange and collision-induced dissocia-
tion studies of three-body dynamics, are reviewed here.

Three-body dissociation processes in molecular physics were first studied us-
ing coincidence techniques in Coulomb explosion processes involving multiply
ionized molecules. These experiments focused on either multiple photoionization
(38, 93) or collisional ionization of a target molecule (37). Such processes have
an important advantage for coincidence experiments in that they always produce
at least two positively charged fragments that can be detected relatively easily.
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Hsieh & Eland (38) and Lavoll´ee (60), for example, have studied the three-body
dissociation dynamics of species such as OCS2+ and SO2

3+, respectively. Because
two out of the three momenta of the products are all that are required to fully
characterize a three-body process, this measurement is sufficient. These measure-
ments, however, are not truly kinematically complete because they do not record
the energy of the photoelectrons in the case of photoionization.

PPC experiments provide a new approach to studying three-body dissociation in
the ground and low-lying excited states of neutral species. After the development
of a new multiparticle detector (34), we applied this technique to the study of the
three-body dynamics of O6 (94, 95) and O3(D2O) (96) complexes produced upon
photodetachment of the corresponding anions. In these studies, multihit time- and
position-sensitive particle detectors were used to record the three-dimensional
momentum distributions of the photoelectron and three photofragments produced
in the DPD of these anions.

PPC studies of three-body dissociation dynamics can be used to study energy
partitioning, photoelectron-photofragment angular correlations, and laboratory an-
gular distributions similar to the two-body processes discussed above. For the
purpose of this review, the focus is on the vector correlations of the three heavy
particles produced in three-body DPD. To directly view the product angular cor-
relations, we follow an approach similar to that used by Hsieh & Eland (38) and
Lavollée (60) for the three-body dissociation dynamics of doubly charged cations.
Since the three particle recoil velocities are directly measured, once the product
masses are determined by evaluating the conservation of momentum, the parti-
tioning of product momenta can be examined.

One of the first systems examined for three-body DPD was the O6
− cluster

formed on the addition of an O2 molecule to the O4
− system discussed above.

Energy partitioning in the three-body DPD of O6
−:

O −
6 + hν → O2+O2+O2+ e− 5.

is very similar to that observed for O4
−. In particular, vibrationally resolved

N(ET, eKE) correlation spectra are observed (94). A more detailed view into the
three-body half-collision dynamics can be seen in the MF-DCS spectra shown
in Figure 9a for the breakup of O6

− at 388 nm (3.20 eV). In this spectrum, the
CM momentum of the fastest particle is constrained to lie along thex-axis. On
an event-by-event basis, the direction and magnitude of the momentum vectors
of the other products are plotted in the plane of the figure. The partitioning of
momentum in the DPD of O6

− reveals an anisotropic distribution in which two of
the O2 products carry away the majority of the momentum, and the third O2 plays
the role of a spectator. These dynamics are consistent with an O4

− core weakly
interacting with the third O2. Because of the weakly bound open-shell character
of O6

−, it is difficult to carry out reliable ab initio calculations to confirm the
structure of this system. However, given that O6

− is bound by only∼0.11 eV
relative to O4

−, a weak electrostatic interaction with the third O2 is very plausible
(94).
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Figure 9 Momentum-space molecular-frame differential cross section spectra recorded
in the three-body dissociative photodetachment of O6

− (panel A) and O3
−(D2O) (panel

B). In panel A, the fastest O2 product is chosen as the reference particle along thex-axis,
whereas inpanel B, the fastest of the two lighter particles is assigned to be the O atom and
chosen as the reference particle as discussed in the text. The vectors show the peaks of the
correlated distributions in both frames (adapted from References 95 and 96, by permission.
Copyright (2001) American Chemical Society).

The three-body recombination reaction O+O2+M→O3+M is responsible
for the formation of stable ground-state O3 in the atmosphere. Therefore, this
system is an important prototypical three-body system to study. Photodetachment
of O3

−(D2O) clusters at 258 nm (4.80 eV) was used to prepare the dissociative
low-lying triplet and singlet excited states of O3(D2O), following an earlier study
of the dissociation dynamics of these states in free O3 (75). Photodetachment to
the triplet states of O3 in the complex leads to three-body dissociation as follows:

O −
3 (D2O)+ hν → O+O2+ D2O+ e−, 6.

with no evidence observed for intracluster reaction or quenching of the excited
states in the complex at the level of excitation used in this experiment (96). Once
again, the detailed dynamics of the three-body dissociation of the excited O3(D2O)
complex can be studied by examining the angular correlations of the product recoil
vectors. In this case, the MF-DCS is generated by transforming the data from the
laboratory frame to a molecular breakup frame such that for each event, the velocity
vector of the O atom is chosen as the principal axis, and the recoil velocities of
the other two particles are then plotted in this CM reference frame as shown in
Figure 9b.

The mass resolution in these experiments is currently limited: O2 can be fully
resolved from O and D2O, but the lighter fragments cannot be fully resolved from
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one another. Because of this limitation, the assumption is made in generation of
the MF-DCS that the O atom is the fastest particle. The MF-DCS shows that the
centroid of the O2 distribution recoils backward relative to the O atom, whereas
the centroid of the D2O feature is actually observed to be slightly forward scattered
relative to the recoiling O atom. The striking result from the MF-DCS is that the
product momenta are partitioned such that the heaviest fragment, O2, carries away
most of the momentum, with the lighter O and D2O fragments recoiling in the
other direction in the CM. This observation is not affected by the assumption that
the O atom is the fastest product.

To gain further insights into the three-body dissociation dynamics indicated by
the MF-DCS, density functional theory calculations of the structure of the parent
O3
−(D2O) complex were performed. Two nearly isoenergetic local minima were

found: an asymmetricCs complex with D2O hydrogen bonded to one end of O3
−

and a double-hydrogen-bondedC2v complex. The calculatedCs geometry showed
that the O–D bond in the water moiety and the O–O2 bond interacting with the
D2O are both longer than their respective equilibrium bond lengths. This breaking
of theC2v symmetry of O3 in the cluster is expected to promote the antisymmetric
stretch dissociation of the lengthened O–O2 bond, which has been shown to be
the reaction coordinate for dissociation of the low-lying excited states of O3 in
previous studies (75).

The asymmetric structure of the cluster is consistent with the observations if the
lengthened O–O2 bond breaks, causing the recoiling O atom to interact with D2O,
transferring some momentum to the nearly equal mass D2O. The heavier O2product
then carries away the largest fraction of the momentum as it recoils in the other
direction. Dissociation of theC2vsymmetry complex would not be expected to lead
to such a striking partitioning of momentum between the light and heavy fragments.
The three-body DPD of O6

− and O3
−(D2O) provides examples of the insights

into three-body dissociation dynamics and even the structures of transient neutral
species that can be obtained in photoelectron–multiple-photofragment coincidence
experiments.

A second type of kinematically complete three-body dissociation experiment
on neutral species has been carried out by M¨uller and coworkers (35), who used the
charge-exchange technique to study the three-body breakup of neutral triatomic
hydrogen. In this study, specific excited ro-vibronic states of H3 were prepared
by laser excitation, taking advantage of the single long-lived rotational state of
neutral H3 formed by charge exchange of a 3-keV H3

+ beam with cesium. Using
a time- and position-sensitive multiparticle detector to detect the three H atoms in
coincidence, they found that the three-body dissociation dynamics exhibit a strong
dependence on the initially excited Rydberg states of H3. They also adapted the
three-body analysis procedures developed by Dalitz (97) for nuclear scattering
studies and applied increasingly to problems in atomic and molecular physics
(98). The Dalitz plots show the partitioning of the square of product momenta
and provide fundamental insights into the three-body dynamics, similar to the
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MF-DCS discussed above. These representations of the three-body dynamics are
being used increasingly, as discussed recently by Maul & Gericke (33), and can
also be applied to the DPD experiments discussed above.

A final current topic to be reviewed here is the three-body collision-induced
dissociation of Nan

+ clusters in collisions with He at energies from 160 to 260 eV.
These experiments, carried out by Barat et al (99), use multicoincidence detec-
tion of neutral and ionic products to study the three-body dissociation reactions
Nan
+→Nan−2

+ +Na+Na, wheren is 3, 4, and 5. In these collision-induced dis-
sociation processes, in addition to the individual velocity vectors of the products,
it is useful to examine the deflection of the centroid of the three products from the
collision with He. This deflection provides a measure of the momentum transfer
in the collisions. The dynamics observed for the Na3

+ system are consistent with
electronic excitation to a repulsive ionic state with prompt dissociation. In the
larger clusters, however, the dominant mechanism involves momentum transfer
to the Na atoms in the collision with He with ejection of a fast neutral Na atom,
followed by dissociation of the excited ionic fragment. These types of collisions
are characterized by one fast neutral product, one slow neutral product, and an
ionic product with a momentum matching that of the slow neutral product of the
subsequent dissociation of the excited ionic fragment. Kinematically complete
coincidence measurements like those reported by Barat et al (99) provide the nec-
essary information to unravel the complicated three-body dissociation dynamics
observed in full collisions at high energies.

CONCLUDING REMARKS

Coincidence spectroscopies will likely play an increasing role in the elucidation
of the energetics and reaction dynamics of transient species. Further advances in
detection technology and laser and synchrotron excitation sources will provide
the required tools. One promising development is the potential for new pixellated
detectors that should become available as a spin-off of technology originally de-
veloped for particle physics experiments. Research in this area is currently being
driven by the need for real-time high-throughput X-ray crystallography applica-
tions in biophysics (100). These devices will share many of the characteristics of
the current CCDs used in imaging studies in chemical dynamics, but they will
have the added benefit of full three-dimensional information:x,y position and par-
ticle time-of-flight. Of course, the application of detection schemes like this will
need to be coupled with improved, higher-speed data acquisition interfaces, which
will likely occur.

In conclusion, we have discussed some of the diverse recent applications of
coincidence spectroscopic techniques to the study of the energetics, dissociation,
and ionization dynamics of isolated molecules and clusters. We have focused on
the unique types of information that can be derived from coincidence studies of
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these fundamental processes in chemical dynamics, including characterization of
dissociative states, regions of potential energy surfaces near the transition state for
bimolecular reactions, MF-PADs, and three-body dissociation dynamics.
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Figure 7 Time-resolved photoelectron-photoion kinetic energy correlation spectra for the
DMI of NO2

− at 375.3 nm. The number of events are plotted on a linear false-color scale
with red representing the peak of the distribution. Reproduced from [Davies, 1999 (30)]
with permission from the American Institute of Physics.


