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The application of a wide variety of new techniques to studies of collision dynamics has changed our
understanding of how molecular processes depend on such parameters as the initial state of reactants, the
internal state of products, and the distance and angle of approach between two reactants. This article reviews
the new techniques and places emphasis on those that allow the final velocity distribution of products to be
determined of a function on the above-mentioned parameters.

I. Introduction

Although a knowledge of thermodynamics might indicate how
far a chemical system is from equilibrium, it offers no clue as
to how fast equilibrium will be approached. It is thus not
surprising that teachers introduce the field of chemical kinetics
at a very early stage in the education of a young chemist, usually
by discussing the Arrhenius expression for the rate constant:
k(T) ) A exp(-Ea/RT), introduced just seven years before the
birth of The Journal of Physical Chemistry. We go on to
describe at a later time in a chemist’s training how this simple
expression might be understood in terms of either collision
theory or activated complex theory. In a sense, the entire
venerable history of chemical kinetics can be interpreted as an
attempt to understand this equation in finer detail and to
determine which features of the potential energy surface are
most responsible for determining the rate constant.
A starting point for a deeper understanding of the rate constant

is the recognition that both reactants and products have
individual quantum states and that the thermal rate constant is
obtained from the “state-to-state” energy-dependent rate con-
stants by first averaging over both the Boltzmann-weighted
initial states of reactant molecules and the collision energy and
then summing over the final states of the products. The state-
to-state rate constants are important in understanding a variety
of interesting phenomena, including chemical lasing.1 If each
of the state-to-state rate constants is written in terms of collision
theory, then we obtainkif (Er) ) σif (Er)Vr, whereσif is the state-
to-state cross section, “i” is the initial state, “f” is the final state,
Vr is the relative velocity, andEr ) 1/2µVr2 is the collision energy,
proportional to µ, the reduced mass of the two colliding
molecules.
Our next job, then, in “unaveraging” the thermal rate constant

is to understandσif (Er), the energy dependent cross section for
reaction between specified initial and final states. But even for
a specified collision energy,σif (Er) is itself an average; it will
depend both on the impact parameter for the collision,b, which
describes how close the centers of the two reacting molecules
would come if the forces between them did not alter their
direction of approach, and also on the angles, which we will
symbolize byγ, that collectively describe the orientation of each
of the reactants with respect to their relative velocity. Thus,
the state-to-state cross section at a more fundamental level can
be written asσif (Er,b,γ). By specifying and varying the
parametersEr, b, andγ, one can, in principle, achieve a much
more direct connection between the experimentally measured

cross section and the potential energy surface governing the
motions of the atoms.
Actually, even more detail can be obtained at the experimental

level. As shown in Figure 1 for a simple A+ BC f AB + C
reaction, the products will leave the collision in some angular
region dω with respect to the incoming relative velocity. In
fact, the angular distribution of the products, called the
differential cross section, can tell us much about the mechanism
of the reaction.2-4 For example, forward scattering in the center-
of-mass frame might indicate a stripping reaction, while
backward scattering might indicate a rebound reaction. Sym-
metric forward-backward scattering is usually evidence for
formation of a collision complex. Finally, we might also learn
about how the reaction depends on the orientation of the
reactants (the collective anglesγ) or whether the rotation axis
of the product AB is aligned relative to either the initial relative
velocity or the final velocity.
So far, we have considered only bimolecular reactions, but

photoinduced unimolecular reactions can be described at the
same level of detail with only a few minor changes. The state-
to-state cross section in this case depends on the photon energy,
hν, the polarization direction of the dissociating light, the angle
that the parent molecule makes with that polarization direction,
and, of course, the initial and final states of the reactants and
products.
The purpose of this article is to describe recently developed

experimental techniques for determining as much detail as
possible about rate constants for unimolecular and bimolecular
reactions. By necessity, as we have just seen, this detail will
require methods for studying state resolution,5 for preparing
oriented reactants and measuring the orientation of products,
for controlling the relative velocity and energy, for determining
differential cross sections, and even for restricting impact
parameters. Other experimental techniques,6-11 also useful in
molecular dynamics but not touched on here, will be covered
elsewhere in this volume.12-15 Even for the experimental
techniques that are covered here, the present article is not meant
to be an exhaustive review of results; other reviews, referred to
as necessary, will better serve that purpose. I will aim, instead,
to show one or two examples that clearly illustrate the power
of each new technique.
Many of the techniques covered in this article concern ways

to measure the velocity of a state-selected product. The reason
that this particular measurement is so important is that, through
conservation of energy and linear momentum, it provides
information about the undetected product. Consider, for
example, a reaction of the type A+ BCD f AB + CD and
suppose that we measure the velocity distribution of a selectedX Abstract published inAdVance ACS Abstracts,June 15, 1996.
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internal energy state of the AB product. By conservation of
linear momentum, if we measure the AB velocity, we can then
calculate the CD velocity and from it the total translational
energy of the products. By conservation of energy, if the
collision energy is well defined and if we know the change in
energy for the bond rearrangement, then the measured total
translational energy and the known internal energy of the AB
product can be used to calculate the internal energy of the
coincident CD product. It is this coincidence-like determination
that makes the velocity of a state-selected product such an
important quantity to measure.
I will thus begin the review with a discussion of methods for

state-resolved velocity measurement. These fall into three
categories: time-of-flight (TOF) methods, Doppler methods, and
imaging methods. Subsequently, I will briefly touch on new
procedures for better definition of the initial conditions: align-
ment of the reagents and restriction of the impact parameter
distribution. Finally, I will cover direct investigation of the
transition state region by spectroscopic techniques before
concluding with a section that speculates on future directions.

II. Methods for State Detection and Product Velocity
Measurement
A. Time-of-Flight Measurement of Product Velocities.

Measurement of the time-of-flight of a product between two
points in space is perhaps the most direct method for determining
the velocity. Typically, one point in space is the origin of the
reaction, for example, the intersection between two molecular
beams or between a laser beam and a molecular beam. The
second point is typically the spatial region of detection. If a
product is made suddenly, for example by a short laser pulse,
at the origin of the reaction, then the distribution of product
arrival times at the point of detection is related to the distribution
of product velocities. However, even if high time resolution is
available and if these two points are defined with high spatial
resolution, the precision of the velocity measurement will also
depend on the reagent velocities, because the final product
velocity will be a vector sum of its center-of-mass (COM) value
with the laboratory velocity of the moving center-of-mass.

It is therefore very important experimentally to define the
initial velocity distributions as narrowly as possible. Methods
for achieving this goal have been discussed in detail else-
where.2-4,16-18 A typical technique is to use a supersonic
expansion of the reactant of interest seeded in a rare gas. It is
relatively easy by this method to obtain velocity distributions
whose full width at half maximum is 10% of the center velocity.
The average velocity of the distribution can be changed by
adjusting the seeding ratio. These seeded beams have the further
advantage that the expansion cools the reactant internal degrees
of freedom so that the reactant is often left in a distribution
favoring its lowest vibrational and rotational levels. A great
deal of insight into both bimolecular and unimolecular reactions
has been obtained by using such beams in conjunction with mass
spectrometric detection.2,3

An example is the crossed-molecular beam reaction of F
atoms with D2.5,19,20 A contour diagram giving the angular
distribution of the DF product (the differential cross section) is
shown in Figure 2. It was obtained by measuring the time-of-
flight of the DF product at various angles with respect to the
incoming crossed beams of F and D2, which approach one
another from the directions 180° and 0°, respectively. What
can be learned from such a diagram? First, note the dashed
circles superimposed on the diagram. These correspond to the
maximum velocities in the center-of-mass frame consistent with
the conservation laws for production of DF in various vibrational
levels. (The center-of-mass point is at the center of the circles.)
Because the unobserved D product in this reaction has a single
quantum state, measurement of the DF velocity can be used to
determine the DF internal energy. For example, the circle
marked “V ) 1” shows the velocity expected for DF(V)1,J)0).
Higher rotational levels of this vibrational state would have less
energy available for translation and so would lie within this
circle. There are clear peaks in the contours near the energetic
limits for the various vibrational levels, and these must then
correspond to products formed in the indicated levels with
varying amounts of rotational excitation. The contour peak for
theV ) 3 level is the highest, so most of the DF product must
be formed in this state. Note that most of the product is
scattered backward toward the incoming F atom. The reaction
might thus be characterized as taking place via a “rebound”
mechanism, at least at this collision energy.
A major source of uncertainty in any time-of-flight measure-

ment results from the need to convert the laboratory measure-
ment to the center-of-mass frame. Consider, for example, the
separation of products R and X produced in a photodissociation

Figure 1. A + BC f AB + C as seen by an observer moving with
center-of-mass of the ABC system. The product AB is scattered into a
solid angle dω with respect to the initial relative velocity direction.
The impact parameter isb, while γ symbolizes the collective polar
and azimuthal angles of BC with respect to the relative velocity
direction. The product C, not shown, recoils in a direction opposite to
that of AB.

Figure 2. Differential cross section for the F+ D2 reaction at a
collision energy of 1.82 kcal mol-1. The contours show the DF velocity
distribution. F atoms approach from the right (180°), while D2

approaches from the left (0°). Reprinted with permission from ref 20.
Copyright 1985 American Institute of Physics.
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or bimolecular reaction, and suppose that the X fragment is
detected at right angles to the RX center-of-mass velocity. Then

whereVlab(X) is the observed laboratory velocity of X,Vcom(RX)
is the velocity of the RX center of mass, andVcom(X) is the
velocity of X in the center-of-mass frame that we wish to
determine. If X is an atom, then its velocity is related through
the conservation laws of momentum and energy to the internal
energy of R. It is thus of interest to see how accurately one
might be able to determineVcom(X). In a typical TOF experiment,
∆Vlab/Vlab is fixed by the time resolution of the experiment and
the distance through which X travels; it can typically be less
than 1%. On the other hand, it is usual that∆Vcom(RX)/Vcom(RX)
is much larger, about 10%. From (1) we see that ifVlab(X) is
large compared toVcom(RX), then (Vcom(X))2 ≈ (Vlab(X))2, or
∆Vcom(X)/Vcom(X) ≈ ∆Vlab(X)/Vlab(X); there will be no loss of
resolution due to any spread in center-of-mass velocities of the
parent RX. However, whenVlab(X) is small compared toVcom(RX),
the percent uncertainty inVcom(X) is dominated by that inVcom(RX).
For a given energy in translation,Vlab(X) will be high and about
equal toVcom(X) when the mass of X is low, so it is for this
situation that the time-of-flight technique will give the highest
resolution. We therefore consider next the case when X is a
hydrogen atom.
Welge and his collaborators have recently developed for

hydrogen atoms an innovative TOF method that provides
exquisite resolution for determining the energy distribution of
the sibling product.21-27 Although the technique has been
applied to the photodissociation dynamics of many hydride
molecules,28 the case of H2O photodissociation in the vacuum-
ultraviolet illustrates its power.29 Laser photons at 121.6 nm
were used both to dissociate the molecular beam of H2O and to
excite the H atom products fromn ) 1 to n ) 2. The atoms
were further excited to levels withn ≈ 80 by a second pulsed
laser operating near 365 nm. A small electric field was used
to repel any ions that might be formed. Although there is still
some uncertainty as to the cause, apparently the H atoms in
these large Rydberg orbits interact strongly enough with the
residual gas and with the small electric field so that there is
mixing amongl andm values; large values of these quantum

numbers are attained with the result that atoms have long
radiative lifetimes. The time-of-flight of the Rydberg atoms
was then measured from the point of intersection between the
lasers and the molecular beam through a field-free region and
to a particle multiplier located at right angles to the beams at a
distance of 42.65 cm. As the atoms approach the particle
multiplier, they became field-ionized by the high potential, and
the resulting ions are accelerated into the detector. Because
the perpendicular geometry was used and because the H atom
velocity is much larger than the center-of-mass velocity, the
experiment is insensitive to the spread in center-of-mass
velocities, as discussed above. Furthermore, “tagging” the
atoms by exciting them to high Rydberg levels rather than by
ionizing them eliminates any spread in velocities due to ionic
repulsion during the flight time. A review of photodissociation
applications of this technique has recently appeared,28 and
another example is discussed elsewhere in this issue.14

Figure 3 shows the total kinetic energy release spectrum for
the 121.6 nm photodissociation of H2O along with a stick
spectrum of OH(V)0) energy levels. It is apparent that
individual rotational levels up to N)50 can be observed and
that OH is produced both in its X ground state and in its A
excited state. The OH is formed with little or no vibrational
excitation. Previous investigations had been unable to determine
the rotational distribution of the OH by laser-induced fluores-
cence because electronic excitation of these high levels leads
to OH predissociation. The experiment thus provides the OH
rotational distribution in both theX and A states and the
branching ratio between the two electronic states. A close
examination of the low kinetic energy release region led to the
conclusion that there is some three-body dissociation.
A second example, this one for a bimolecular reaction, is

provided by the Rydberg atom TOF study of the H+ D2

reaction.5,19,30-32 The high resolution of the technique (∆E/E
) 0.5%) has been used to measure vibrationally and rotationally
resolved differential cross sections. These have recently32 been
compared to quasiclassical trajectory (QCT) and quantum
mechanical (QM) calculations on anab initio potential energy
surface.33-35 The results, displayed for three laboratory scat-
tering angles, are shown in Figure 4. There is essentially
quantitative agreement between the experiment and the QM
results and nearly as good agreement between the experiment

Figure 3. Total kinetic energy spectrum of the fragments resulting from 121.6 nm photodissociation of H2O. Reprinted with permission from ref
29. Copyright 1991 Royal Society of Chemistry.
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and the QCT calculations. Surprisingly, it was not necessary
to consider explicitly the effects of geometric phase, recently
proposed36-39 to account for the discrepancy between previous
experimental and theoretical results.40-44 Further discussion of
this reaction is provided in sections II.C and VI.
B. Doppler Measurement of Product Velocities. It is clear

from these examples that a great deal can be learned from time-
of-flight measurements, even when the detector does not restrict
the product to a single state. The next goal, however, is to
emphasize the additional detail that laser detection can furnish.
For the velocity distribution to provide information about the
undetected product, we need not only well-defined velocities
and initial states but also state-specific detection. Two laser-
based methods,12-14 laser-induced fluorescence45 and resonant
multiphoton ionization,46,47are well suited to our needs. In each
case, the signal is proportional to the density of molecules in
the spectroscopically selected level, and the dependence of the
proportionality on the identity of the level, typically involving
a Franck-Condon factor and a rotational line strength, is known
or can be approximated for many small product species. In
each case the laser induces signal following excitation of a
desired electronic and rovibrational transition of the product.
In the former case, the signal is the total fluorescence intensity,
integrated over wavelength, while in the latter case it is the total
number of ions. Since the wavelength of the excitation laser is
set to a particular spectroscopic transition, products in only the
selected vibrational and rotational level are detected.
If the laser line width is narrow enough, then it will excite

only those molecules in the selected internal energy level and
also only those molecules which have the appropriate velocity
component,w, along the direction of laser propagation. Ac-
cording to the first-order Doppler effect, the shift in absorption
frequency,∆ν, is given by

wherec is the speed of light andν0 is the absorption frequency
for the molecule at rest. The power of the Doppler method is
that by measuring the Doppler profile,D(w), it is possible to
obtain the velocity distribution of molecules in the selected
internal state. If the velocities are isotropic and if molecules
traveling in each direction are not aligned, then the Doppler
profile is directly related to the speed distribution,f(V);48 it is
essentially a one-dimensional projection of the three-dimensional
velocity distribution onto a line parallel to the propagation
direction of the probing light. Unfortunately, it is difficult to
obtain f(V) from D(w) if the latter contains noise, so that it is
usually a better procedure to guessf(V) and compare iteratively
a calculated Doppler profile toD(w). Alternatively, one can
fit a smoothedD(w) to a truncated set of orthogonal polynomials
and then obtain an approximation tof(V) in terms of the fit
coefficients and related functions.49,50 It often occurs that the
velocities are not isotropic and/or that molecules traveling at
different angles have different alignments. For these cases, the
Doppler profile, or usually several Doppler profiles taken under
different experimental conditions, can be used to characterize
not only the speed distribution but also both the anisotropy and
alignment, as several excellent reviews have shown.14,51-59

These points are illustrated by three examples.
The photodissociation of HI represents a case in which the

velocities are not isotropic. When dissociated at 266 nm, HI
absorbs light on a parallel transition to yield H+ I(2P1/2) and
on a perpendicular transition to yield H+ I(2P3/2); the I(2P3/2)
state is the ground electronic state of iodine, while the I(2P1/2)
state lies about an electronvolt higher in energy. The Doppler
profiles of the hydrogen atom products, monitored by vacuum-
ultraviolet laser-induced fluorescence,60 show clearly that the
H atoms from the former channel have laboratory velocities
directed principally along the polarization direction of the
dissociating light, while those from the latter channel have
velocities directed mostly perpendicular to that direction. The
reason for this observation, as recognized first by Zare and
Herschbach,61,62 is that the dissociation laser preferentially
excites those molecules whose transition dipole moment,µ, is
along the polarization direction of the dissociating light field;
the absorption varies asµ2E2 cos2 θ, whereE is the strength of
the field andθ is the angle between the transition dipole moment
and the polarization direction. The transition dipoles of the
excited molecules are thus initially aligned in the laboratory
frame. The transition dipole moment always has a fixed
direction in the molecular frame of reference. In the case of a
diatomic molecule like HI, it is either parallel or perpendicular
to the bond. If the molecules dissociate more rapidly than they
rotate, then the repulsive force along the breaking bond will
eject the fragments in a specific direction with respect to the
transition dipole moment, and since the transition dipole moment
is preferentially aligned in the laboratory frame by excitation
with polarized light, the fragments can be expected to have an
anisotropic laboratory velocity distribution.
In the HI case, H atoms associated with the I(2P1/2) channel

would be expected to recoil in a direction parallel to the
polarization because these are produced when the transition
dipole is parallel to the bond, while those associated with the
I(2P3/2) channel would be expected to recoil in a direction
perpendicular to the polarization because these are produced
when the transition dipole is perpendicular to the bond. When
probed by light propagating parallel to the polarization direction
of the dissociation laser, the H atoms from the former process
will appear mostly in the wings of the Doppler profile, while
those from the latter process will appear mostly in the center.
The opposite conclusion holds when the probe light propagates
perpendicular to the polarization direction. Since both processes

Figure 4. Laboratory D atom kinetic energy spectra at the indicated
laboratory scattering anglesθlab for the H+ D2(V )0,J)0) reaction at
a collision energy of 1.28 eV. The quantum mechanics and quasiclas-
sical trajectory results are also shown. Reprinted with permission from
ref 32. Copyright 1995 American Association for the Advancement of
Science.

∆ν
ν0

) w
c

(2)

12760 J. Phys. Chem., Vol. 100, No. 31, 1996 Houston



occur in the dissociation of HI, the resulting Doppler profiles
are a composite that varies with the angleθ′ between the
polarization and propagation directions as shown in Figure 5,
where “a” is the contribution from the I(2P1/2) channel and “b”
is that from the I(2P3/2) channel.
Dissociations of polyatomic molecules are somewhat more

complicated because the transition dipole moment is no longer
restricted to be either parallel or perpendicular to the dissociating
bond. Nonetheless, many anisotropic distributions have been
measured from their Doppler profiles and interpreted to yield
information about the direction of the dipole moment or about
the lifetime of the dissociation event. Several reviews give an
overview.51-59 It is also worth mentioning that it is possible
to use a time-of-flight mass spectrometer to record a one-
dimensional projection of the velocity distribution as a distribu-
tion in arrival times.63 Further experimental refinements allow
a more direct determination of the speed distribution than that
given by its one-dimensional projection. These use either a
variant on the Doppler effect in which the products are allowed
to expand before being probed64-66 or a variant on the mass
spectrometer technique in which only the ions along the flight
axis are detected.63 Caution should be exercised especially in
using the mass spectrometer technique, since space-charge
effects can produce speed distributions that are unphysical.
The Doppler profile will be further modulated if products

moving in a particular direction have their rotation vector aligned

with respect to their velocity vector.67-71 The physical reason
for this is can be understood on the basis of either classical or
quantum mechanics. The efficiency of the probe process,
involving as it does the absorption of light, will depend on the
relative directions of the transition dipole moment for the
productmolecule and the polarization direction of theprobing
source. Consider product molecules moving in a particular
direction and absorbing at a particular frequency within the
Doppler profile. If these product molecules have their rotation
vectors aligned with respect to their velocity vector, then their
transition dipole moments will also be aligned. The average
angle between these dipoles and the probe polarization will
determine the absorption. Now consider product molecules
moving in another direction and absorbing at a different
frequency within the Doppler profile. Even if their rotation
vectors are aligned in the same fashion with respect to their
velocity vector as those of the first group, they will make a
different average angle with the probe polarization so that their
interaction with the probe light will be different than that of
the first group. Thus, the efficiency of detection depends on
angle of recoil or, equivalently, on the position of absorption
within the Doppler profile. Put in quantum mechanical terms,
themJ distribution of the probed molecules depends on their
Doppler shift, and since the absorption of polarized probe light
depends on themJ distribution, the Doppler profile will be
affected by the alignment between product rotation and velocity
vectors. One hallmark of a correlation between the velocity
and rotational vectors is that fragment Q-branch transitions, for
which in diatomics the transition moment is parallel to the
rotation vector, will have different Doppler profiles than R- or
P-branch transitions, for which the moment is perpendicular to
the rotation vector.
One of the best-studied systems that demonstrates such

alignment is the photodissociation of H2O2.70,71,72-80 For room-
temperature samples and dissociation at both 266 and 248 nm,
the measured recoil anisotropy indicated that the fragments recoil
in a direction perpendicular to the polarization of the dissociation
laser; thus, the transition dipole moment is likely to be
perpendicular to the O-O bond. Q-branch transitions were
observed to have different Doppler profiles than P- or R-branch
transitions. A careful analysis showed that the vector correlation
between the recoil velocity and the rotational vectors of the OH
fragment increased with rotational level and that the two vectors
tended to be parallel rather than perpendicular. The interpreta-
tion of this result is that the dominant rotational motion of the
OH fragment comes either from a torsion around the O-O bond
or from parent rotation about an axis nearly parallel to this bond.
More detailed summaries of this system have been provided
elsewhere.55,76,80

Doppler techniques can be used to measure the velocity
distribution of products of bimolecular reactions as well,81-90

where the angular part of the distribution is known as the
differential cross section (see Figure 1). These methods have
been used for quite some time in conjunction with molecular
beams, but it is only more recently that it has been realized
that the Doppler profile of a state-resolved product contains
information about the differential cross section, even for bulk,
photoinitiated reactions.91-111 This point is illustrated by recent
work on the H+ O2 reaction, as discussed below.100

One way to generate atomic or radical reactants for the study
of their subsequent reactions with other molecules is to
photolyze a stable molecule; this often generates a reactive
radical or atom with very high kinetic energy. Suppose that
these photoproduced reactants have an isotropic distribution of
velocity vectors and, further, that they subsequently react with

Figure 5. Experimental Doppler profiles (dots) measured with the
polarization vector of the dissociation parallel to (top,θ′ ) 0°) or
perpendicular to (bottom,θ′ ) 90°) the propagation direction of the
probing laser. The solid curves marked (a) and (b) are the theoretical
profiles for a pure parallel or perpendicular transition, respectively, and
are weighted so that the sum yields the best fit to the data. The
theoretical profiles expected under ideal resolution are shown in the
upper left of each panel. Reprinted with permission from ref 60.
Copyright 1982 Springer.
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a basically stationary collision partner to produce a product
whose Doppler profile is then monitored. For any particular
reactant direction, products scattered in the forward direction,
as defined by the direction of the initial velocity of the fast
reactant, will acquire a substantial laboratory velocity. The
reason is that, under the stationary target assumption, the
velocity of the center-of-mass of the reactant system is also
moving in the forward direction; product velocities in the
forward direction are added to this center-of-mass velocity to
give the final laboratory velocity. By contrast, for products
scattered in the backward direction the scattered velocity opposes
the center-of-mass velocity, so that the product laboratory
velocities will be smaller. Since the large product velocities
corresponding to forward scattering produce a wide Doppler
profile while the small ones corresponding to backward scat-
tering produce a narrow profile, the width and shape of the
Doppler profile are related in a simple fashion to the differential
scattering cross section.
The top two panels of Figure 6 show Doppler profiles of the

OH(V)0,J)17) produced by the H+ O2 reaction at a collision
energy of 2.3 eV, while the bottom panel shows the form of
the differential cross section that best fits not only this data,
taken on aP-branch transition, but also data taken on aQ-branch
transition (not shown).100 The analysis also took into account
the anisotropy of the H atoms, which were generated by the
photodissociation of H2S. The slight changes of the Doppler
profile with geometry and excitation branch can be used to
deduce that the reaction produces OH whose rotation vector is
perpendicular to its velocity vector, at least for theΠ(A′) lambda
doublet component.
Doppler techniques or similar one-dimensional velocity

projections using ion techniques continue to play an important
role in understanding unimolecular and bimolecular processes
both in beam and bulk samples. For example, a recent technique
using opposing molecular beams provides a very simple way
of obtaining a one-dimensional projection.112-115 Another
interesting application is to the dissociation of chiral molecules,
where the vector correlations can, in principle, provide informa-
tion about the “handedness” of rotation.116-120 We will see in
section VI how multiple one-dimensional techniques can be used
to extract even more information from bulk sample reactions.

C. Imaging Methods for Measurement of Product Veloci-
ties. As discussed above, one-dimensional imaging of velocity
distributions provides, in principle, information not only about
the speed and direction of products but also about their angular
momentum alignment. However, recovering this information
often requires several different geometrical arrangements of the
apparatus. Two-dimensional imaging techniques, while some-
what harder to set up initially, have the advantage that usually
only one or two different geometrical arrangements suffice to
determine uniquely the population and the alignment moments.
Although methods for construction of the three-dimensional
image from two-dimensional slices have been reported,121-124

we will concentrate here on two-dimensional projection tech-
niques. These techniques can be broadly classified into two
main categories: noncoincidence measurements,125 for which
the data of asingleproduct is recorded while integrating over
all the states and identities of the sibling products, and
coincidence measurements,126,127 for which data on apair of
coincident fragments is recorded one pair at a time. The former
technique has a decided advantage when the signal levels are
high enough so that many product molecules can be detected
on each repetition of the experiment, while the latter technique
is more effective when the signal level is so low that at most
one pair of products is detected on each repetition. In principle,
both techniques can be used for either unimolecular or bimo-
lecular reactions. A few recent review articles provide more
technical details and examples.128-130 We start by considering
noncoincidence imaging of a unimolecular process.
Consider the photodissociation of a molecule liketrans-

dichloroethylene to produce CH2CH2Cl + Cl, where the chlorine
atom can be in its ground spin-orbit state, which we will denote
as Cl, or in its excited spin-orbit state, which we will denote
as Cl*. Following earlier work,131-133 the dissociation has more
recently been investigated at 193 and 235 nm.134 In the
noncoincidence technique the dissociation products are actually
detected as ions, and they are ionized by using a second laser
to induce a process known asn + m resonant multiphoton
ionization.12 In this scheme, products in a spectroscopically
selected initial state are first excited to an intermediate electronic
state byn laser photons and then further excited bym more
photons to the ionization limit. The Cl or Cl* atoms in this
example are detected by 2+ 1 ionization near 235 nm. The
ionization occurs immediately after the photodissociation, so
that the fragments have not yet had a chance to fly out from
their center-of-mass. Because the ejected electron has such
small mass compared to the product, the velocity distribution
of the product ions is nearly identical to the velocity distribution
of the product neutrals. The products, now ions, are then
allowed to expand with the velocities imparted from the initial
photodissociation and are detected by accelerating them into a
position-sensitive detector consisting of one or more micro-
channel plates. The electrons produced by ion impact in the
channels are amplified as they travel through the plates and then
accelerated to a phosphorescent screen. A digitizing camera
then records the image for averaging and analysis. Although
the image is a two-dimensional projection of the three-
dimensional velocity distribution, the full three-dimensional
information can be obtained by a straightforward mathematical
manipulation.128,129

Figure 7 shows the images obtained for the Cl product of
the dissociation at both 193 and 235 nm. Images for the Cl*
product are qualitatively similar. At the former wavelength,
the products are found near the center of the image, indicating
that their speed distribution is peaked at relatively low values,
while at the latter wavelength, the products are found on the

Figure 6. P117 branch Doppler profiles taken in two different
geometries (above) and the differential cross section that best fits both
the Q-branch and P-branch profiles (below). Reprinted with permission
from ref 100. Copyright 1994 American Institute of Physics.
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edge of the image, indicating higher speeds. The angular
distributions are also quite different. While the 193 nm results
are isotropic, products from the 235 nm dissociation are peaked
at the top and bottom of the image in a direction basically
parallel to the polarization direction of the dissociating light.
Detailed analysis involves converting these two-dimensional
projections of the velocities into the actual distribution using
an Abel transform.128,129 It is clear even from the projections,
however, that dissociation at these two wavelengths proceeds
by different mechanisms. A likely possibility is that the 193
nm dissociation is dominated by production of three fragments,
CH2ClCH2Cl + hν f CH2CH2 + 2Cl, whereas the 235 nm
dissociation is dominated by production of two fragments, CH2-
ClCH2Cl + hν f CH2CH2Cl + Cl.135

Imaging of bimolecular reactions by the noncoincidence
technique has also been performed.128,129 As an example,
consider the H+ D2 reaction, already discussed in relation to
Rydberg atom TOF techniques in section II.A. Figure 8 shows
raw data images and their velocity distributions obtained at two
collision energies.138 In the upper panels, a beam of HI and a
beam of D2 are coming out of the plane of the image. The HI
is photodissociated at 266 nm so that some H atoms are directed
from the HI beam downward to the D2 beam. The D atoms
produced in the reaction are ionized and imaged. It is clear
from the raw data in the top panels that the D atom products
are scattered mostly in the forward direction,i.e., along the initial
H atom velocity. The actual distributions obtained by Abel
transformation are shown in the middle row of panels, on which

are superimposed circles, calculated using conservation of
energy and momentum, that depict the radius within which D
atoms formed in coincidence with various HD states should be
located. The bottom panels show the differential cross sections
obtained from analysis of the velocity distributions. As
mentioned in section II.A, the product-state-summed differential
cross section obtained in this work has been found to be in good
agreement with the sum of the product-state-resolved differential
cross sections obtained by Rydberg atom time-of-flight tech-
niques.32

While the above examples use noncoincidence imaging,
coincidence imaging has also been used to study molecular
dynamics.14 The method uses a novel detector that can register
the position and arrival time of two coincident product molecules
that are matched by conservation of momentum. Typically, a
fast beam of neutral particles is photodissociated, the fragments
strike a microchannel plate assembly, and the resulting electrons
are accelerated into a “wedge and strip” detector divided into
two halves.137 If fragments arrive on the opposite halves within
a chosen time window, their relative positions are determined
to within about 100µm by measuring the charge distribution
at multiple anodes, and their relative arrival times are measured
to within about 500 ps. The position and time information can
be used to calculate the relative velocity between the momentum-
matched fragments in the center-of-mass frame, and conserva-
tion of energy then permits an energy release spectrum of the
products to be compiled from the averaged data. The resolution
of the apparatus is greatly improved if the initial state of the
dissociating parent is known. For example, if the fast neutrals
are obtained by dissociative photodetachment of accelerated
negative ions, photoelectron spectroscopy can serve to define
the initial state. In fact, a photoelectron-neutral-neutral
coincidence measurement on O4

- has recently shown the power
of this new refinement.138,139 A drawback of these techniques
is that at most one pair of fragments must be detected per
repetition of the experiment, but the detailed information
available outweighs this disadvantage as long as sufficient signal
can be obtained.
While many dissociations have now been studied by this

technique,140-148 the example of O2 perhaps best illustrates its
power.146O2

- was created in a pulsed ion source and accelerated
to about 5 keV. The electron was then photodetached with a
pulsed laser operating at 480 nm, and the resulting O2, still
moving at 5 keV, was photodissociated by exciting specific
vibrational-rotational levels of the O2 B 3Σu

- state. These
predissociate to give two O(3PJ) atoms, whereJ indicates the
0, 1, or 2 spin-orbit component. Each atom then strikes a
microchannel plate, and the resulting electrons are detected on
opposite halves of a wedge-and-strip detector. From their arrival
times and positions, their recoil energy is determined to within
7-10 meV. This resolution is sufficient to yield the correlated
fine structure distribution for the two atoms,i.e., the probability
P(J1,J2) that one oxygen atom will be in the spin-orbit stateJ1
when the other is in stateJ2.
Imaging techniques are receiving increased attention in many

branches of molecular dynamics. They are particularly impor-
tant in gas-surface applications149-154and ion processes.155New
imaging techniques promise to make this method even more
versatile.121-124,156-162

III. Methods for Alignment and Orientation of Reactants

We saw in the Introduction that the differential cross section
for a reaction could be written as a function of initial and final
states, relative velocity, impact parameter, and angle of ap-
proach. The experiments we have considered so far, while

Figure 7. Images of the Cl observed in the 193 nm (top) and 235 nm
(bottom) photodissociation oftrans-dichloroethylene (from ref 134).
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measuring the angular distribution of products for selected
relative velocity and initial and final states, have averaged over
both impact parameter and angle of approach. In this and the
next section, we consider ways of unraveling this averaging.
Several review articles163-171 and journal issues172-175 have
concentrated on measurements that select the angle of approach.
There are two common methods to achieve such alignment or
orientation: optical excitation and use of electric fields.
The optical excitation method takes advantage of the proper-

ties of polarized light. For example, linearly polarized light
excites transitions with∆mJ ) 0, so that excitation of a

vibrational-rotational transition from, say,J) 0 toJ) 1 with
linearly polarized light would produce a distribution ofmJ levels
in theJ ) 1 state in which only themJ ) 0 level is populated
with no population in themJ ) (1 levels. This distribution
would thus be aligned in such a way as to prepare theJ vector
of the rotating molecule to be preferentially perpendicular to
the polarization direction of the excitation source. An early
experiment using such preparation investigated the reaction of
Sr with aligned HF,176 but was confounded due to nuclear spin
coupling.177,178 More recent investigations of the same reaction
show that slightly more SrF(V)0) products are formed in end-

Figure 8. Images of D atoms formed in the reaction of H+ D2. The left and right columns are for collision energies of 0.54 and 1.29 eV,
respectively, while the top, middle, and bottom rows show the raw data, the Abel transformed velocity distribution, and the differential cross
section (intensity vs scattering angle), respectively. The center-of-mass and H atom velocities are indicated in the top row of panels. Reprinted with
permission from ref 136. Copyright 1993 American Association for the Advancement of Science.
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on rather than side-on collisions.179 Many examples using
polarized light to align atomic orbitals have also been re-
ported.169,170

The electric field methods for orientation and alignment take
advantage of the orientational energy of a dipole in an electric
field. Note that because the dipole has distinct positive and
negative ends, the molecule is not merely aligned so that its
axis is parallel to the field, but also oriented so that one end of
the molecule points preferentially in a specific direction. A
problem must be overcome, however. Because molecules
usually have rotational energy in excess of the dipole energy
caused by the field, the dipole moment will usually precess about
the rotation vector, greatly reducing any alignment or orientation.
There are two ways to surmount the problem. One, sometimes
called the “brute force” approach, is to prepare the reactant in
a supersonic expansion molecular beam source, so that the
rotational distribution of the reactant is cooled to a few degrees
kelvin. Under these conditions, some of the population will be
in states low enough to be “trapped” in so-called “pendular”
states as the dipole enters a strong electric field.180-182 Clas-
sically, the dipole angle with respect to the field oscillates, but
on average the reactant is oriented along the field lines. A
second way to overcome the problem of dipole precession is to
prepare an individual|JKM〉 state of a symmetric top molecule,
whereJ, K, andM are the quantum numbers specifying the
rotation of the top. By symmetry arguments, the dipole moment
in such a reactant must be along the top axis, and selection of
an individual state specifies both the projection of the total
angular momentum onto the field direction and its projection
onto the top axis. The dipole moment still precesses about the
field direction, but it will have a nonzero average orientation
along that direction. A useful method for state selection is to
employ a hexapole field, as reviewed elsewhere.163,165-168

Orientation and alignment can often be verified by photodis-
sociation of the aligned species and examination of the angular
distribution of the products.183-187

Let us examine results from an orientation experiment in
which the stereodynamics of the Rb+ CH3I f CH3 + RbI
reaction were investigated at a rather low collision energy
(around 0.1 eV).165,188 A hexapole focusing field was used to
state-select methyl iodide molecules before they passed into a
region of linear electric field. It was thus possible to orient the
methyl iodide,i.e., to choose the value of〈cosγ〉 ) KM/(J2 +
J), whereγ is the angle of the C-I bond with respect to the
relative velocity between Rb and CH3I. As might be expected,
the reaction Rb+ CH3I f RbI + CH3, was found to be much
more probable if the CH3I were in the orientation with the I
end pointed toward the Rb than if it were in the orientation
with the methyl end toward the Rb. The results are summarized
in Figure 9, which shows a “cone of nonreaction” centered on
the methyl group with a width of about 53°.
In contrast to the cone of nonreaction found for low collision

energies in the Rb+ CH3I reaction, Loesch and Remscheid
found for the K+ CH3I reaction at higher collision energies
(0.79-1.24 eV) that reaction took place for collisions striking
either end of the methyl iodide, but that the differential cross
section was considerably different for the two cases.189,190 Their
study used the brute force method; a supersonic expansion and
a high electric field oriented about 2% the CH3I reagent relative
to the incoming beam of K atoms. If we denoteâL as the angle
between the orienting electric field and the K atom beam
direction, then the “steric effect” can be defined as

whereΘ is the laboratory scattering angle. Figure 10 shows
the steric effect at the two different collision energies. Note
that the angle corresponding to the center-of-mass direction is
about 60°, so that laboratory angles smaller (larger) than this
correspond to scattering in the forward (backward) hemisphere.
Two observations are important: (1) The maximum steric effect
is about 2% and about equal to the fraction of CH3I molecules
that was oriented; thus the steric effect is significant. (2)
Negative steric effects, corresponding to collisions with the CH3

end of the methyl iodide, occur for products scattered to the
forward direction, while positive steric effects, corresponding
to collisions with the I end, occur for products scattered to the
backward direction. The interpretation of this data is that, unlike
the Rb+ CH3I reaction at lower collision energies, that of K
with CH3I at these energies takes place efficiently at both ends
of the methyl iodide, but that collisions with the methyl end
lead to stripping reactions whereas collisions with the I end lead
to rebound reactions.
While it is not practical to review more than these few

applications here, it should be noted that methods for orientation
and alignment are becoming increasingly common in studies
of molecular dynamics. Many more examples are given in
recent reviews.163-175

IV. Methods for Impact Parameter Definition

It is clear from the above sections that new methods have
made great advances in specifying the alignment of reactants,

S(Θ,âL) )
ILAB(Θ,âL) - ILAB(Θ,âL+180°)
ILAB(Θ,âL) + ILAB(Θ,âL+180°)

(3)

Figure 9. Pictorial representation of the steric aspects of the CH3I +
Rb reaction. Reprinted with permission from ref 188. Copyright 1985
American Institute of Physics.

Figure 10. Angular variation of the steric effect for the collision of K
with methyl iodide at two collision energies: 0.79 eV (triangles) and
1.24 eV (circles). The solid lines are a theoretical fit to the data.
Laboratory angles less than about 60° correspond to scattering in the
forward hemisphere, while those more than 60° correspond to scattering
in the backward hemisphere. Reprinted with permission from ref 189.
Copyright 1990 American Institute of Physics.
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in measuring the states and velocities of products, and in
determining the vector correlations between products. State-
resolved differential cross sections are now available for many
processes. However, the previously discussed techniques have
provided no method for controlling the impact parameter of the
collision. One method for partially achieving this goal as well
as for partially specifying the angle of approach is to start with
the reactants in the equilibrium geometry of a van der Waals
cluster. This field is an active one, not only because of what it
tells us about the dynamics of bimolecular reactions but also
because it offers insights into caging and recombination,
processes of importance for studies of condensed phase
reactions. Several reviews of the field have appeared,191-198

so that we will concentrate here on a few representative
examples.
A number of groups have investigated photodissociation of

HX‚CO2 complexes, where X) Br or I, as a way of learning
about the combustion reaction H+ CO2 f OH + CO. The
idea of the experiment is to photodissociate the HX species in
a complex that holds the HX in a restricted geometry relative
to the other partner, CO2 in this case. The H atom will then be
directed toward a limited range of locations on the CO2

molecule. It is known for the HBr‚CO2 complex and assumed
for the HI complex that the H atom is adjacent to the carbon
atom with a O-C-H bond angle of approximately 90°,199,200
although the zero-point amplitude is very large. The experiment,
in principle, restricts both the impact parameter distribution and
the distribution of angles of approach. The results of such
studies, when compared to those in which the complete range
of impact parameters and angles is sampled, show that there is
much less energy deposited in the OH internal degrees of
freedom when the reaction starts from a complex.195,201 Al-
though it was originally thought that the differences observed
might stem from the limited range of impact parameters and
approach angles, it now appears that the resulting HOCO
complex actually decomposes statistically, but that less energy
is imparted to HOCO when the reaction starts from a complex.
The X atom takes away more energy in translation, leaving less
for HOCO, because, to some extent, it pushes off from the entire
HOCO complex rather than just from the lighter H atom.198

Further evidence for the statistical nature of the HOCO breakup
came from time-domain experiments.202-208 The OH appear-
ance rate was found to be in accord with the predictions of
RRKM theory.207,208

Whereas the above experiments probed reactions on the
ground electronic potential energy surface, it is also possible
to probe excited state reactions by starting with the photodis-
sociation of van der Waals clusters. An example is the reaction
Hg(63P1) + H2 f HgH(2Σ+) + H.192,204 By using a supersonic
expansion, it is possible to prepare a complex between ground
state mercury atoms and H2 in which the H2 is freely rotating.
When the complex is excited at wavelengths near the Hg-
(61S0f63P1) transition, reaction is induced, but the time scale
for reaction depends critically on the orientation of the excited
mercury 6p orbital with respect to a line between the Hg and
the center-of-mass of the H2. Frequencies slightly lower than
that of the Hg resonance line excite a3Π state of the complex
for which the excited 6p orbital is perpendicular to the
Hg-(H2) bond. Reaction then proceeds rapidly by insertion
of the Hg into the H-H bond, as evidenced by the lack of
structure in the action spectrum of HgH emission induced by a
probe laser tuned to the HgH(2Σ+f2Π1/2) transition. By
contrast, frequencies slightly higher than that of the Hg
resonance line excite a3Σ state of the complex, for which the
excited 6p orbital is parallel to the Hg-(H2) bond. Reaction

proceeds more slowly than 3 ps, since there is structure in the
action spectrum.

V. Methods for Spectroscopy of the Transition State
Region

We have seen above that more and more sophisticated
methods for defining the reactants and measuring the products
are becoming available. Although these methods have provided,
in conjunction with sophisticated theory, the most detailed
information we have to date about rate constants and the
potential energy surfaces that control them, they probe only
indirectly the transition state region. Negative ion photo-
detachment209-211 has recently emerged as a method for direct,
spectroscopic probing of this region, as can be illustrated by
the example of BrHI.212

Figure 11 shows a one-dimensional cut along the H-Br
distance through the calculated collinear potential energy
surfaces for BrHI- and BrHI. Imagine that a beam of BrHI-

ions, all in their ground vibrational level, is crossed with a pulsed
laser beam at 213 nm. Photodetachment produces the neutral
BrHI species plus an electron whose kinetic energy depends
on the final state of the neutral. Peak positions in the
photoelectron energy distribution then provide information about
the level structure of the BrHI neutral, while peak intensities
are governed by Franck-Condon factors between the initial state
of the ion and the final state of the neutral. As long as the
initial geometry of the ion is similar to that of the transition
state for the Br+ HI h BrH + I reaction, the method will
provide direct information about this important region of the
potential energy surface. For the system under consideration,
the “vibrational levels” of the transition state region are
metastable with respect to reactants or products and involve
theν3 motion of the H atom between the heavier Br and I atoms,
a motion which is much faster than the slower movement along
the reaction coordinate involving lengthening of the distance
between the Br and I atoms.
Figure 12 shows as dashed lines the photoelectron kinetic

energy spectrum of BrHI- and BrDI- following ionization at
213 nm. The solid lines are a fit to a one-dimensional analysis

Figure 11. Anion and neutralν3 potentials of BrHI-. Reprinted with
permission from ref 212. Copyright 1990 American Institute of Physics.
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based on the potential energy curves of Figure 11. Numbered
assignments correspond to theν3 quantum number of the BrHI
complex. The agreement between the positions and intensities
of the assigned peaks and the experimental spectrum, already
good, can be improved somewhat by using a more accurate two-
dimensional wavepacket analysis.212 The agreement lends
confidence to the calculated potential energy surface upon which
the simulated spectrum is based. Note that not all peaks in the
experimental spectrum are assigned and that the pattern of
unassigned peaks at lower electron kinetic energy is quite similar
to that of the assigned peaks. It is thought that these lower
kinetic energy peaks involve photodetachment to an electroni-
cally excited state of BrHI that would correspond to production
of HBr in coincidence with the excited iodine atom I(2P1/2) rather
than the ground state atom I(2P3/2).
The negative ion photodetachment method has been applied

to a large number of systems.209-211 In the case of FHH,213,214

for example, the outstanding agreement between the experi-
mental spectrum and three-dimensional quantum mechanical
calculations on a newab initio potential energy surface served
to establish that the minimum energy path for this reaction is
not through the collinear geometry.

VI. The Future

A major trend for future studies of reaction dynamics will
be the increased use of laser and Doppler based methods of
preparation and analysis, already presaged in 1978.215 Doppler
techniques are now being used routinely56-58 to study the
velocity dependence of collisional processes.25,216-226 For
example, using an elegant Doppler technique first introduced
by Smith et al.,220 absolute cross sections as a function of
velocity have recently been obtained for an inelastic process
involving rotational energy transfer in Xe-Li2 collisions.25,227
By using a two-photon excitation scheme with sub-Doppler
resolution and lasers that propagate at right angles to one
another, it is possible to select two laboratory velocity compo-
nents of an Li2 molecule in a prepared vibrational-rotational
level of an upper electronic state.227 Since Li2 moves much
more rapidly than Xe, these selected components also specify

the center-of-mass velocity. Emission from levels created by
collisions can then be used to study how the collisional energy
transfer depends on the relative velocity. Alternatively, by using
one photon to prepare the initial state and a two-photon process
to monitor the final state, it is possible to obtaindifferential
cross sections as a function of the initial velocity.25 Similar
two-photon techniques using circular dichroism can provide even
higher-order measurements, such as the four-vector correlation
between the angular momentum and relative velocity alignments
before and after the collision.228

Reactive processes have also been probed using a variety
of multiple one-dimensional preparation and analysis tech-
niques, including Doppler preparation and one-dimensional ion
imaging.96,100,229-243 A particularly nice example is the mea-
surement of the state-specific differential cross section for the
H + D2 f HD(V)4,J)3) reaction at a collision energy of 2.2
eV,238 a reaction whose general features have already been
discussed in some detail in sections II.A and II.C. Photodis-
sociation of HI was used to initiate the process. After about
20 ns, a probe laser excited the HD(V)4,J)3) products to a
high Rydberg level. By choosing the center of the Doppler
profile for this excitation, the Rydbergs were created with a
nearly zero velocity component along thex direction, defined
as the propagation direction of the probe laser. After 600 ns,
the Rydbergs were field ionized, and the resulting ions were
injected into a time-of-flight mass spectrometer, operated in such
a way as to be sensitive to the positions and velocities of the
original ions.63 By using a slit-shaped mask, it was possible to
select the products with nearly zero velocity component in the
y direction. Thus, the products had nearly zero velocity in both
the x andy directions, and the velocity in thez direction was
measured using the time-of-flight apparatus. Analysis shows
that the differential cross section for this particular reaction
channel has two broad peaks centered around 75° and 140°.
One can easily speculate on where such experiments might

lead in the future. First, it would be easily possible to choose
one velocity component with the probe laser and to measure
two components of the velocity distribution simultaneously using
an imaging technique.125 In addition, the probe laser undoubt-
edly can be used to measure a component of the rotational
alignment at the same time, as already discussed in section II.B.
Now suppose that the attacking radical is a diatomic AB rather
than a hydrogen atom. One might, by photodissociation of ABX
f AB + X, with X and atom, produce the diatom with a very
narrow speed distribution. Using one laser to excite AB, it
would then be possible to choose the initial vibrational and
rotational state while simultaneously selecting a particular
direction for the velocity, via the Doppler effect, and an
anisotropic alignment, via the laser polarization. The result
would be an experiment where one could obtain information
on the differential cross section with partial alignment of the
reactants, complete state selection, and partial analysis of the
product alignment, all using existing laser techniques and
without the need for a molecular beam.
A century has now passed since Arrhenius proposed the

temperature-dependent form for molecular rate constants.
Although we can claim to understand how to unravel this rate
constant into its component parts for some simple bimolecular
reactions and for a variety of unimolecular ones, we can claim
neither to understand any reaction completely nor to understand
many reactions at the level of, for example, H+ H2 or F+ H2.
In its second century,The Journal of Physical Chemistrycan
confidently be predicted to be a forum for a deeper understand-
ing of a wider variety of reactions as newly developed
experimental techniques come to full fruition.

Figure 12. Experimental data (dashed lines) and calculated stick spectra
for (top) BrHI- and (bottom) BrDI-. Reprinted with permission from
ref 212. Copyright 1990 American Institute of Physics.
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