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■ Abstract Recent studies of state-resolved angular distributions show the partici-
pation of reactive scattering resonances in the simplest chemical reaction. This review
is intended for those who wish to learn about the state-of-the-art in the study of the
H + H2 reaction family that has made this breakthrough possible. This review is also
intended for those who wish to gain insight into the nature of reactive scattering res-
onances. Following a tour across several fields of physics and chemistry where the
concept of resonance has been crucial for the understanding of new phenomena, we
offer an operational definition and taxonomy of reactive scattering resonances. We
introduce simple intuitive models to illustrate each resonance type. We focus next on
the last decade of H+ H2 reaction dynamics. Emphasis is placed on the various ex-
perimental approaches that have been applied to the search for resonance behavior in
the H+ H2 reaction family. We conclude by sketching the road ahead in the study of
H + H2 reactive scattering resonances.

1. INTRODUCTION: FROM NUCLEAR PHYSICS
TO CHEMICAL REACTIONS

Resonance behavior is ubiquitous in a wide range of physical phenomena. One of
the most familiar examples comes from spectroscopy, where the energy of a photon
h̄ω is tuned to match the energy difference1E12 between two levels of an atom
or molecule. The resulting energy spectrum is characterized by the appearance
of sharp peaks (resonances) that obey the Bohr energy condition1E12 = h̄ω.
Likewise, the energy widths of these resonances may be associated with the lifetime
of the excited state. These two quantities, line position and line shape, represent
the most fundamental observables in atomic (1) and molecular (2) spectroscopy.

The behavior described above is not restricted to the use of photons as projec-
tiles. In the 1930s, Fermi and collaborators noticed that slow neutron scattering
had anomalously high cross sections at certain energies (3–6). These large capture
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cross sections were interpreted by Bethe (7) and Bohr (8) in terms of the existence
of quasistable states of the compound neutron-nucleus system at the resonance en-
ergies with lifetimesτ directly related to the peak energy widths0, i.e.,τ = h̄/0.
The energy dependence of the cross section in the neighborhood of an isolated
narrow resonance followed the Breit-Wigner (9) formula

σ (E) ∝ |Anr + Ar |2 =
∣∣∣∣∣Anr + 0

(E − Eo)+ i 02

∣∣∣∣∣
2

. 1.

HereEo and0 are the energy position and width of the resonance, andAnr and
Ar represent the nonresonant (direct) and resonant (indirect) contributions to the
cross section. If direct scattering is negligible, the cross section has a Lorentzian
energy profile with a width that is directly related to the lifetime of the compound
state. This behavior, however, is not general, and the actual profile may show a
variety of shapes, so-called Fano line shapes (10), depending on the destructive or
constructive interference between the direct and indirect terms in Equation 1.

In the years following these initial findings, elementary particle resonances have
been crucial for the understanding of the fundamental forces of nature. For exam-
ple, pion-nucleon elastic scattering at low energies∼100–300 MeV is dominated
by the so-called P33 resonance, a touchstone for the understanding of the strong
nuclear force. This resonance has been entirely attributed to the formation of an
excited nucleon state (11–13).

Some years had to pass between the firm establishment of resonance behavior
in nuclear reactions and the experimental and theoretical verification of similar
phenomena in atomic and molecular physics. In electron-atom/molecule scatter-
ing, resonances were discovered almost simultaneously by experiment and theory
at the end of the 1950s, even though older measurements had already given some
evidence of unexpected structure in scattering cross sections. In this sense, some
authors (14, 15) consider the discovery of the Auger effect (16) as the first obser-
vation of a resonance in electron/heavy-particle scattering. Haas (17) and Schulz
(18) measured significant structure in e−−N2 collision cross sections associated
with vibrational excitation of the molecular target. These results were in good
agreement with the theoretical expectations of Herzenberg & Mandl (19) using
resonance theories. Similarly, experiments of Schulz & Fox (20) on e−−He col-
lisions were successfully explained using a one-level Breit-Wigner formula by
Baranger & Gerjuoy (21). Following these findings, a multitude of atoms and
small molecules were investigated yielding numerous examples of the interac-
tion of an incident electron with the target, resulting in temporary capture and
subsequent decay (14, 15, 22–27).

It is worth emphasizing that such resonances are not simply of academic interest
alone. The powerful infrared carbon dioxide laser, for example, is powered by
efficient vibrational energy transfer from resonantly excited N2(v = 1) to CO2

(28, 29). Recently, experimental evidence has been presented that double-strand
breaks in DNA, caused by ionizing radiation incident on cells, arises from transient
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molecular resonances induced by the secondary electrons at energies lower than
the ionization potential (30). Thus, resonant scattering processes not only affect
how some stars twinkle, but they also affect life processes.

In the late 1960s, several groups began the study of the role of scattering reso-
nances and quasibound states in elastic and inelastic heavy-particle collisions using
realistic models and specific molecular systems amenable to experimental inves-
tigation (30a–k). Using a statistical model for molecular collisions, Miller (30l)
estimated the direct and resonant contributions to the cross section for the Cs+
RbCl reaction. This chemical reaction was known to proceed via a long-lived in-
termediate from the scattering experiments of Herschbach and coworkers (30m).
A more clear indication that scattering resonances would be important in chemical
reactions came in the early 1970s when Truhlar & Kuppermann (31, 32) performed
the first exact quantum-mechanical H+H2 collinear computations. They observed
that the total reactive and nonreactive cross sections displayed pronounced oscil-
lations as a function of collision energy. The authors ascribed these features to the
effect of interfering amplitudes for different semiclassical paths between reagents
and products (32). Based on the results of close-coupling collinear calculations for
the same reaction system, Levine & Wu (33) explicitly demonstrated the presence
of resonances in reactive collisions. The surprising feature was the absence of a
local minimum in the H+ H2 potential energy surface (PES) that could read-
ily explain trapping during the course of reaction. The early H+ H2 classical
trajectory studies of Hirshfelder, Eyring, & Topley (34) using the crude London-
Eyring-Polanyi (35, 36) H3 potential energy surface (PES) had noted the existence
of long-lived trajectories owing to temporary trapping in a local minimum at the
saddle point region (which has been called “Lake Eyring”). Such a minimum was
later shown to be an artifact in the earlier H+ H2 PES arising from a sign error
(37–39). It was not present in the one used for these calculations. Levine & Wu
(33) explained these resonances in terms of the strong coupling between the rela-
tive motion along the reaction coordinate and the internal degrees of freedom of
the compound triatomic molecule. Owing to such couplings, the structure in the
reaction cross section could be accounted for in terms of quasibound states that
arise from internal excitation with lifetimes on the order of 30 fs. Subsequent work
by Wu et al. (40–42) on collinear H+ H2 and model A+ BC reactions provided
strong evidence for the existence of the dynamical Lake Eyring under a wide
range of circumstances. In addition, resonances were clearly observed whenever
the effect of changing the vibrational frequency along the reaction coordinate gave
rise to adiabatic potential wells. This oversimplified picture of reactive resonances
has been extremely useful in further investigations and has served as a basis for
many approximate treatments that followed. Concurrent with these efforts, Schatz
& Kuppermann (43) analyzed in detail the oscillations in their calculated reactive
cross sections for collinear H+ H2 at total energies of 0.90 eV and 1.276 eV.
A calculation of scattering phase shifts, delay times, and Argand diagrams (a plot
of the imaginary and real parts of the reactive amplitudes as a function of colli-
sion energy) enabled an interpretation of these features in terms of compound-state
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(Feshbach) resonances. This work appears to be the first time that the term
Feshbach resonance, originally coined for nuclear processes (44, 45, 45a), was uti-
lized in the context of chemical reactions to denote quasibound states associated
with a PES that possesses no local minima and thus is not capable of supporting
bound states.

The world of collinear collisions of course does not describe accurately the
real world. Would resonance scattering behavior still be prominent for three-
dimensional scattering? Schatz & Kuppermann (46) answered this question in
the affirmative. They showed that resonance peaks were reduced in magnitude
but persisted in two- and three-dimensional (total angular momentum J= 0, 1)
calculations. The energy shifts observed in going from lower to higher dimension-
ality were consistent with the addition of the zero-point-energies of the bending
degrees of freedom of the H3 complex. Further details of the developments on the
dynamics for the H+ H2 reaction in this early period may be found in the review
by Truhlar & Wyatt (47). These early studies showed that scattering resonances
were not as uncommon in chemical reactions as initially thought, even in the three-
dimensional world. Unfortunately, carrying out fully converged, three-dimensional
calculations in a reliable manner had to wait more than a decade owing to the need
to develop efficient algorithms for their calculation and the need for more powerful
computers. The early work had established, however, that a study of the resonance
spectrum of a chemical reaction could provide a means of investigating the struc-
ture of the transition state region of elementary chemical reactions [see the review
by Kuppermann (48)].

During this initial period, a number of approximate methods for describing
reactive resonance scattering were developed and tested on the two benchmark
reactions, H+H2 and F+H2. The goal of this work was to develop simplified yet
realistic models that allowed for the solution of a lower-dimensionality problem
via quantal and semiclassical adiabatic treatments in natural (49, 50), hyperspher-
ical (51–53), and Jacobi collision coordinates (54–56) [see also the reviews by
Bowman (57, 58)]. By adiabatic we mean that the motions of the slow modes are
frozen, and the resulting equations of motion solved with this constraint. This
work met with some success. It was able to reproduce and provide a physical
explanation for previous (and often obscure) computational results. The classical
approach to reaction dynamics of Child & Pollak (59–63) stimulated the study of
the correspondence between quantum mechanical resonances and classical me-
chanics in terms of resonant periodic orbits (RPOs). An RPO corresponds to an
unstable periodic path along the PES. Trajectories starting close to an RPO have
a tendency to be guided along it, thereby causing temporary trapping of the sys-
tem and enhanced energy transfer between the reactant and product valleys. The
location of these RPOs for collinear H+ H2 collisions matched with quantitative
accuracy the quantal resonance energies (50, 64). Pollak and coworkers (53, 55, 65)
tested the approach further for isotopic variants of the same reaction and showed
the reliability of the method for the prediction of resonance energies. Resonances
appeared near the energetic thresholds of new vibrational channels. The RPO
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approach was successfully extended to three-dimensional calculations (66, 67).
The method, however, has been the subject of some criticism; see, for example,
Hipes & Kuppermann (68) as well as Pollak (67).

A new impetus for theoretical calculations arose at the end of the 1980s with
the experimental report by Valentini and coworkers of Feshbach resonances in the
state-resolved integral cross sections (ICS) for the H+ H2 (69, 70) and D+ H2

(71) reactions. These experiments produced fast H or D atoms by photolysis and
detected the resulting molecular reaction product by coherent anti-Stokes Raman
scattering (CARS). [See also Reference (72) for a review of H+ H2 experiments
carried out prior to the 1990s]. The resonances reported in these experiments ap-
peared to be in agreement with previous quantum mechanical calculations for
low values of the total angular momentum J (46, 56, 68, 73–75). The first fully
converged (J up to 31) three-dimensional calculations on the H+ H2 reaction
by Zhang & Miller (76, 77) showed, however, a dramatic blurring of the reso-
nance peaks once all partial waves were computed. The same effect was observed
for the isotopic variant of this reaction D+ H2 (78). Calculations by a number
of other groups (79, 80) corroborated the theoretical results of Zhang & Miller.
Moreover, photoinitated experiments using resonance enhanced multiphoton ion-
ization (REMPI) for molecular product detection by Zare and coworkers (81),
showed no structure in the state-resolved integral cross sections. Miller (82) has
presented an excellent review of this brief yet intense period in H+ H2 reaction
dynamics. In subsequent work, Miller & Zhang (83) made detailed calculations
of state-resolved integral and differential cross sections (DCS) for the H+ H2

and D+ H2 reactions for total energies up to 1.4 eV. Although resonances were
not discernable in the integral cross sections, they distinctly appeared in the en-
ergy dependence of state-resolved differential cross sections in the form of a ridge
in the energy-angle (E–θ ) plane. Such a ridge was related to the dependence on
J of the resonance energy and was used to provide the rotational constants and
lifetimes of the compound triatomic complex. The resonances seen in these calcu-
lations were broad in energy, thereby providing an explanation for their absence
in state-resolved integral cross sections. It is interesting to note that quasiclassical
trajectory (QCT) calculations for the D+ H2 reaction by Aoiz and coworkers
(84–86) also showed resonance ridges similar to the ones previously ascribed to a
purely quantum mechanical effect. These findings suggest that these features may
have an important semiclassical interpretation, one that needs further explication.

By the early 1990s, two important conclusions were reached for further studies
on the H+ H2 reaction: (a) It is not advisable to draw strong conclusions from a
comparison between scattering experiments and the results of partial calculations,
that is, the need exists to perform an extensive database of fully converged quantum
mechanical calculations on this reaction system. (b) The signatures of scattering
resonances are likely to be most easily found in experiments that measure the
energy dependence of fully state-resolved differential cross sections.

The H+ H2 reaction family invites detailed study because it is for this reaction
system that the PES can be most accurately calculated. Beginning in the 1960s
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with the appearance of the Porter-Karplus PES (37), outstanding progress has
been made. To date, a number of accurate PESs have appeared: the Liu-Siegbahn-
Truhlar-Horowitz PES (LSTH) (87–89), the double-many-body-expansion PES
(DMBE) of Varandas and coworkers (90), and more recently the Boothroyd-
Keogh-Martin-Peterson PESs (BKMP and BKMP2) (91, 92) as well the Exact-
Quantum-Monte-Carlo PES (EQMC) of Wu et al. (93), of which the latter is
estimated to have an accuracy of better than 4 cm−1. At the same time, time-
dependent and time-independent scattering calculations have advanced where it
is possible to obtain all scattering attributes in the context of motion on a single
potential energy surface.

It is important to stress that from an experimental point of view the operational
definition of a resonance is a scattering feature that changes sharply as a func-
tion of the total energy of the reaction system and which may be associated with
metastability of the compound system. This is the sense in which experimental-
ists search for resonances, as has been seen in past work on nuclear and electron
scattering. On the other hand, theoretical calculations are needed to understand
what causes the resonance in the scattering process. In this sense, theory and ex-
periment are complementary. To illustrate this definition we refer to the recent
crossed-beam experiments and QM calculations of Liu and coworkers on the F+
HD→HF+ D reaction (94–97) that have firmly established the existence of res-
onance features in the ICS of a chemical reaction. F+ HD ICSs have also been
complemented with energy- and angle-resolved measurements (95) that display
sharp backward-forward variations with collision energy. In addition, similar stud-
ies by Dong et al. (98), Chao & Skodje (99), and Sokolovski & Castillo (100) have
once more revived the long-standing issue regarding resonance signatures in the
angular distributions of the F+ H2 reaction (101), whose origin goes back to the
ground-breaking experiments of Lee and coworkers in the mid-1980s (102, 103).
At present, the F+ H2 reaction is far less well understood than the H+ H2 reac-
tion and a fully quantitative comparison between experiment and theory has been
hampered by deficiencies in our present knowledge of the underlying PES. The
resonances reported by Liu and coworkers provide a benchmark measurement to
tune the electronic structure calculations for the FH2 reaction system. For a review,
see Liu (97).

This realization of how to search for resonances has inspired three independent
efforts in the H+ H2 reaction family in the past decade:

1. Wrede & Schnieder (104) used photoinitiated crossed-beam techniques to
search for predicted resonance structure over a narrow energy range. They
were able to obtain state-resolved integral and differential cross sections for
the H+ D2(v = 0, j = 0)→HD(v′ = 0, 1; j′) + D between 1.27 eV and
1.30 eV. They achieved outstanding resolution but they found no resonances.

2. Kendrick et al. (105, 106) also examined the H+ D2 reaction in which
HD(v′ = 0, j′ = 7) was detected in a velocity-sensitive manner, from which
the integral cross section was estimated between a collision energy of 0.73 eV
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and 1.02 eV. They observed a bump (∼50% variation) in the integral cross
section that agreed well with their calculations (partial waves up to J= 6).
Subsequently, the calculations have been extended to higher partial waves,
and the resonance feature is no longer present (107–109).

3. Zare and coworkers (110, 111; B. D. Bean, F. Fern´andez-Alonso, J. D. Ayers,
A. E. Pomerantz, R. N. Zare, unpublished results) have measured state-
resolved differential cross sections for the reaction of H+ D2→HD(v′ =
3, j′) + D between 1.39 eV and 1.85 eV using photoinitiation in which
the angular distribution is derived from the law of cosines (113, 114). They
observed strong forward scattering for the HD(v′ = 3, j′ = 0) product but
not for HD(v′ = 3, j′ > 2). Moreover, the amount of forward scattering
varied sharply with collision energy.

Following a discussion of the nature of reactive scattering resonances, we shall
return to possible interpretations of these experiments.

2. CLASSIFICATION OF REACTIVE
SCATTERING RESONANCES

This section provides a taxonomy of reactive resonances. We make a special effort
to connect formal definitions of scattering resonances with approximate treatments
of reactive scattering.

2.1. Shape Resonances

Our starting point for a discussion of reactive resonances is the reaction coordinate
s, by which we mean the motion along the minimum energy path (MEP) in a given
PES. Motion along a directionρ transverse tos can be assigned to the internal
coordinate of our reactive system. These concepts can be put on a firmer basis for a
collinear collision between three atoms using natural collision coordinates as first
introduced by Marcus (115, 116) and extensively discussed in References (117–
120). In natural collision coordinates,sasymptotically approaches the asymmetric
stretch motion of the three-atom complex. It ultimately leads to the breakage of
chemical bonds. Similarly, motion alongρ corresponds to the symmetric-stretch
mode. We assume that reactions can be thought to proceed primarily along the MEP.

Let us forget momentarily about the existence ofρ motion and concentrate
on the one-dimensional MEP potential energy profile. Such a profile may look
like what is shown in Figure 1a with a well arounds= 0 indicating the ex-
istence of a quasibound state at a particular energy below the barrier top. The
situation depicted in Figure 1a is similar to what the first PESs predicted for the
H + H2 reaction (Lake Eyring). It is known to be present in other reactive sys-
tems as, for example, the ion-molecule reaction He+ H2

+, isoelectronic with
H + H2 (121–123). The one-dimensional Schr¨odinger equation describing the
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motion along the energy profileVMEP (s) in Figure 1a is given by

∂2ψ

∂s2
+ 2µ

h̄2 [E − VMEP(s)]ψ = 0, 2.

where isµ the reduced mass andE the total energy of the system. A plane wave
with positive energy incident from the left gives rise to a reflected wave (back to
reagents) and a transmitted wave (forward to reaction products). The corresponding
boundary conditions for the solution of Equation 2 may then be written as

ψ(s= −∞) = eiks+ SRe−iks 3a.

and

ψ(s= ∞) = STeiks, 3b.

wherek = √2µE/h̄ is the wavevector, andSR andST are the (complex) energy-
dependent reflection and transmission amplitudes. The transmission coefficients
(reaction probabilities) are obtained by computing|ST |2. Figure 1b shows the re-
sulting transmission coefficient as a function of incident energy. Owing to the
presence of the well, we observe a sharp peak below the maximum of the potential
caused by a close match in energy between the incident energy and a quasibound
(quantized) level. In the context of reactive scattering we attribute this peak to
what is called a shape resonance, i.e., the shape of the interaction potential is
responsible for the presence of structure in the reaction cross section. In formal
scattering theory,SRandST are elements of the scattering S matrix. All observables
related to the scattering process may be computed from knowledge of this quantity
(124). In particular, resonances are associated with poles in the S matrix in the
fourth quadrant of the complex energy plane. Referring back to Equation 1, we
can associate a pole in such an expression with the complex energyE = E0− i 02
that causes the denominator of the resonant contribution to the cross section to
vanish. This feature is perhaps the most discriminating definition of a scattering
resonance. From a theoretical viewpoint, a study of resonance scattering reduces to
the search for such poles in the complex plane. In the language of complex analy-
sis, the S matrix is an analytical function. Consequently, knowledge of the location
of the poles of the S matrix completely defines the S matrix and hence, completely
characterizes the scattering process (124, 125). In this light, all scattering may
be regarded as arising from scattering resonances. But this way of regarding the
scattering process may not be useful or insightful if the resonance widths overlap
appreciably.

Other ways exist for ascertaining the resonance character of the sharp peak
shown in Figure 1a. In Figure 1b we also show the time delay associated with the
passage along the MEP. The desired time delay may be obtained from the S matrix
by use of the expression (126)

τ = Im

(
h̄

1

ST

dST

dE

)
, 4.
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where Im denotes the imaginary part. The time delayτ as a function of energy
shows a pronounced delay at the resonance energy indicative of a long residence
time inside the potential well. Depending on the depth and width of the well shown
in Figure 1a, the reaction cross section may show a number of peaks, indicative
of the presence of several quasibound (quantized) levels. The depth of the well
could also be below the asymptotic energy of products and reagents, indicative of
the existence of a stable molecule (bound states). Such is the case of the O+ H2

reaction that has the water molecule as its intermediate (stable) state (127). It is
known through unimolecular decomposition experiments that in this case structure
persists even above the well, at energies associated with virtual levels of the inter-
mediate (128, 129).

2.2. Barrier Resonances

In a recent study, Friedman & Truhlar (130) have posed a very intriguing question:
Are chemical reaction barriers resonances? Using a methodology very similar to
the one we have used for our description of shape resonances, they were able to
show that symmetric energy barriers are also associated with poles in the S matrix.
To illustrate this fact, they demonstrated the possibility of effecting a continu-
ous change from a barrier resonance to a shape resonance (see Figures 1a and
1b). A hint for this behavior can already be observed in Figure 1b. It shows a
small bump in the time delay near the top of the barrier but smaller and broader
than the one we ascribed to a shape resonance. In Figures 1c and 1d we show
the solution to the one-channel scattering problem for an Eckart barrier (131)
that closely resembles the H+ H2 MEP, as calculated by Friedman & Truhlar
(130). The transmission probability rises smoothly, but we can also observe a
broad peak in the time delay associated with energies close to the potential bar-
rier. Classically, it corresponds to metastability associated with passage through a
potential maximum, but more interestingly, it is associated quantum mechanically
with an S-matrix pole far removed from the real energy axis. Such a pole pos-
sesses a large imaginary energy component, which implies that it corresponds to
a short-lived metastable state. Subsequent work by Truhlar and coworkers (132)
on asymmetric one-dimensional potentials corroborated the above conclusions
for a number of asymmetric potential functions. A similar pole structure of the
S matrix for parabolic and Eckart potential barriers has also been discussed by
Seideman & Miller (133), and Ryabov & Moiseyev (134) in the context of tran-
sition state theory and the calculation of reaction probabilities. In their approach,
reaction rate expressions are given in terms of Siegert eigenvalues, that is, the
complex eigenvalues of the Schr¨odinger equation with outgoing boundary con-
ditions at energies where the poles occur (135). These Siegert eigenstates have
been traditionally associated with scattering resonances (15, 136, 137). Seideman
& Miller (133) have contended, however, that the progressions of poles associated
with barriers do not bear a direct relationship with conventional (isolated) scatter-
ing resonances as they are used to describe direct dynamics. We note, however,
that a distinction between isolated and overlapped resonances is not a sharp one,
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and as will be further explained below, barrier resonances do enjoy many of the
characteristics of conventional resonances.

Let us consider the properties of a harmonic barrier (a completely soluble
problem by analytical methods) (133, 134, 138). Similar conclusions apply to other
analytically solvable problems such as Eckart barriers (133, 134, 139). The poles
associated with the barrier are infinite in number and accumulate at the energy of
the barrier top. Their precise values are given by

Er = Eo − i h̄ω(2n+ 1), n = 0, 1, 2 . . . , 5.

where Eo is the position of the barrier andω its frequency. As shown by Equation 5,
the leading pole occurs atn = 0, and it is the longest-lived (smallest imaginary
part). Atabek et al. (138) have shown that these simple harmonic barriers can lead
to localization effects similar to those found in the usual resonance phenomenon.

Skodje and coworkers (140–144) have presented extensive evidence for the
existence of such barrier resonances in collinear and three-dimensional calcu-
lations for the H+ H2 reaction family. In their computational method, a wave
packet is launched in the transition state region. The Fourier transform of the wave
packet temporal decay shows structure directly attributable to the participation
of metastable states. Collinear studies on D+ H2 displayed a complicated reso-
nance spectrum (143). Three different types of peaks were found and identified
according to the following categories: conventional reactive resonances, barrier
resonances, and threshold anomalies (Wigner cusps). The last of these were easily
identified in their method because they became arbitrarily small as the resolution
of the calculation was increased. The other two cases, however, corresponded to
the formation of true metastable states. A total of ten barrier states dominated the
lower energy part of the spectrum, between 0.525 eV and 2.268 eV, and formed
two progressions along the reactant and product channels. Similar to conventional
resonances in this reaction system (Feschbach resonances; see Section 2.3), their
stability also increased with energy. Semiclassically, they were associated with
maxima in the vibrationally adiabatic potential curves, that is, repulsive periodic
orbit dividing surfaces (PODS), in contrast with the RPOs related to conventional
resonances.

Motivated by the need to interpret these barrier resonances, Sadeghi & Skodje
(143, 144) have derived an analytic expression for parabolic barrier resonances
using a time-dependent formalism. For the lowest even wavepacket, it takes the
form

S(Ä) ∝
∞∏

k=0

( (
1
2 + 2k

)
ω

Ä+ i
(

1
2 + 2k

)
ω

)
, 6.

whereÄ = E/h̄, andω is the barrier frequency. The denominator of this expression
is reminiscent of the pole positions for the harmonic barrier shown in Equation 5:
There is a contribution of an infinite number of poles located atÄ = −i ( 1

2 +
2k)ω. These line shapes have been successfully applied to the barrier resonances
appearing in the collinear D+ H2 reaction (143, 144). Varandas & Yu have also
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observed these barrier resonances in time-dependent wavepacket calculations for
the H+ H2 (145), Mu+ H2/D2 (146, 147), and H+ DH/D+ HD (148) reactions.

2.3. Feshbach Resonances

Our previous discussion on shape and barrier resonances was strictly one-
dimensional in nature, although even the simplest atom-diatom reaction involves
more than one degree of freedom. It is precisely the energy exchange between
various collective modes of the compound molecule that are responsible for what
is commonly called Feshbach resonances. We have already mentioned their im-
portance in chemical reactions and, in particular, for the explanation of resonances
in the H+ H2 reaction. In this section, we provide a simple model that serves as
an illustration of the origin of this effect.

Let us consider a one-dimensional potential like the one used in our discussion of
shape resonances (Section 2.1). In the present example, this interaction potential
still represents the passage between reagents and products, e.g., the minimum
energy path with a potential energy profileVMEP(s). If we add a second degree of
freedomρ perpendicular to the reaction path whose interaction potential depends
parametrically on the position alongs, the Hamiltonian becomes

H = − h̄2

2µs,

(
∂2

∂s2

)
− h̄2

2µρ

(
∂2

∂ρ2

)
+ VMEP(s)+ V(ρ; s), 7.

where theµs andµρ represent the reduced masses fors andρ motions, respec-
tively. For simplicity, we assume a harmonic potentialV(ρ; s) = 1

2µρω(s)ρ2. The
harmonic frequencyω(s) is taken to be smallest ats= 0 as an indication of bond
weakening at the point of switching between reagents (s< 0) and products (s> 0).
We proceed to solve this very crude model for a chemical reaction taking the
motion alongs to be slow compared to the one alongρ (in the spirit of the Born-
Oppenheimer separation of electronic and nuclear motions). Such an approxima-
tion amounts to neglecting the first kinetic energy term in Equation 7. The resulting
Schrödinger equation is(

− h̄2

2µρ

(
∂2

∂ρ2

)
+ V(ρ; s)

)
ϕ(ρ, s) = (εn(s)− VMEP(s))ϕ(ρ, s), 8.

whereεn(s) = h̄ω(s)(n+ 1
2)+ VMEP(s) are the eigenenergies associated with the

harmonic motion perpendicular to the reaction path. The total wave function can
be calculated from a series expansion in terms of the solutions of Equation 8,

9(ρ, s) =
∑

m

8m(s)ϕm(ρ, s). 9.

We seek to solve the Schr¨odinger equation(
− h̄2

2µs

(
∂2

∂s2

)
− h̄2

2µρ

(
∂2

∂ρ2

)
+VMEP(s)+V(ρ; s)

)
9(ρ, s)= E9(ρ, s). 10.
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After substitution of Equations 8 and 9 into 10, we find(
− h̄2

2µs

(
∂2

∂s2

)
+ εn(s)+

∑
m

Anm

)
8n(s) = E8n(s), 11.

where the matrix elements ofAnm are given by

Anm= − h̄2

2µρ

(
2

〈
ϕn

∣∣∣∣ ∂∂s

∣∣∣∣ϕm

〉
∂

∂s
+
〈
ϕn

∣∣∣∣ ∂2

∂s2

∣∣∣∣ϕm

〉)
. 12.

For a harmonic potential describing motion transverse to the reaction coordinate,
the matrix elements in Equation 12 are given by (40)〈

ϕn

∣∣∣∣ ∂∂s

∣∣∣∣ϕm

〉
=
(

1

2

d lnω(s)

ds

)
·
{[

m(m− 1)

4

]1/2

δnm−2

−
[

(m+ 1)(m+ 2)

4

]1/2

δnm+2

}
, 13.

and

〈
ϕn

∣∣∣∣ ∂2

∂s2

∣∣∣∣ϕm

〉
=
(

1

2

d lnω(s)

ds

)2

·
{[

m(m− 1)(m− 2)(m− 3)

16

]1/2

δnm−4

− (m2+m+ 1)

2
δnm+

[
(m+ 1)(m+ 2)(m+ 3)(m+ 4)

16

]1/2

δnm+4

}

+
(

1

2

d2 lnω(s)

ds2

)
·
{[

m(m− 1)

4

]1/2

δnm−2−
[

(m+ 1)(m+ 2)

4

]1/2

δnm+2

}
,

14.

Equations 13 and 14 show that, in the spirit of this simple model, theAnm matrix
can effect transitions between vibrational adiabatic states differing by two and four
quanta.
By considering only the diagonal elements of theAnm matrix, we arrive at the
following first-order approximation

(
− h̄2

2µs

∂2

∂s2
+ εn(s)+ h̄2

16µρ
(n2+ n+ 1)

(
d lnω(s)

ds

)2
)
8n(s) = E8n(s). 15.
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Equation 15 has a very simple interpretation: motion alongs takes place with an
effective potential

Veff(s) = VMEP(s)+ h̄ω(s)

(
n+ 1

2

)
+ h̄2

16µρ
(n2+ n+ 1)

(
d lnω(s)

ds

)2

. 16.

The first term in Equation 16 is the original MEP along the reaction coordinate.
The presence of a second (coupled) degree of freedom has the effect of adding a
vibrational energy (vibrationally adiabatic correction) plus a diagonal correction to
the energy. The interplay between these two terms can be strong enough to modify
greatly the shape of the potential. Also, the energy corrections to the original MEP
increase with vibrational quantum number. In this manner, new Lake Eyrings may
appear once the interaction of the various degrees of freedom of the system are
taken into account. Such is the case of the H+ H2 reaction. We note that the
interaction between internal degrees of freedom can be sufficiently large to yield
deep wells lying below the ground state adiabatic potential curve (that is, they are
true bound states of the system). In this situation we speak of vibrational bonding.
This issue has been extensively discussed in the literature in the context of heavy-
light-heavy triatomics where the rapid motion of the light atom acts as the binding
force (149–156).

At this point, we can begin to use the concepts discussed in the context of shape
and barrier resonances. Feshbach resonances associated with adiabatic potentials
may have shape and/or barrier character. This behavior depends on which features
of the effective interaction potential are responsible for the temporary trapping
of the system. As an example of a realistic situation, we show in Figure 2 the
first three vibrationally adiabatic potentials for the H+ H2, D + H2, and H+
D2 reactions using the computer program of Truhlar and coworkers, ABCRATE
(157) on the DMBE PES (90). These curves represent the J= 0 adiabatic po-
tential curves, taking into account the energies of all the internal modes of the
triatomic species in three dimensions (one symmetric stretchvstr and two degen-
erate bendsvbend). In all three cases, we can clearly discern the appearance of
potential wells in the vibrationally adiabatic potentials near the transition state
region (s= 0). Also, the potentials for the isotopic variants D+ H2 and H+
D2 are not symmetric owing to the different reagent and product mass combina-
tions. This asymmetry will likely manifest itself as a preference for metastable
states to be localized in the reagent or product side, depending on the nature of
the resonance. The H+ D2 reaction does not show potential wells up through
vstr = 2, which suggests that the observation of metastable states will occur at
higher collision energies. Indeed, Garrett et al. (50) have predicted the absence
of low-energy reactive resonances for this system owing to the lack of resonance
energy levels forvstr = 0, 1, 2. The adiabatic potential curves shown in Figure 2
correspond to J= 0. It is possible to compute similar adiabatic potential curves
for an arbitrary total angular momentum J by addition of the rotational energy of
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Figure 2 Three-dimensional (J= 0) vibrationally adiabatic poten-
tials for (a) H + H2; (b) D + H2; and (c) H + D2.

the triatomic complex. Under the rigid rotor approximation it takes the form

Erot = Brot(s)J(J + 1)= h̄2

2I (s)
J(J + 1), 17.

whereI(s) is the moment of inertia of the triatomic complex.
We show in Figure 3 the effect of adding the energy given by Equation 17 to

thevstr = 3 adiabatic potential for the H+ D2 reaction for values of the total an-
gular momentum that are known to participate in reactive scattering below 2.0 eV
(J < 35). Aside from the more pronounced appearance of metastable potential
wells, we observe the presence of potential barriers both on the reagent and prod-
uct sides of the reaction. Both features may be responsible for the presence of
Feshbach resonances associated with adiabatic wells and barriers at energies
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Figure 3 Adiabatic potential for H+ D2 (vstr = 3) as a function of the total angular
momentum J= 0, 10, 15, 20, 25, and 30 using Equation 17. The horizontal dashed line
marks the total energy of the experiments Etot = 1.83 eV, and the asterisk the location
of the energy barrier thought to be responsible for trapping (see Section 3.3).

between∼1.4 eV and∼2.0 eV. This example is particularly relevant to developing
a simple picture for resonances in the H+D2→HD(v′ = 3, j′)+D reaction (see
next section).

To illustrate the importance of Feshbach resonances associated with barriers,
we comment on their relation to new formulations of transition state theory. Recent
theoretical work strongly suggests that the overall reactivity of a chemical reaction
(the reaction rate) is directly related to the presence of quantized bottlenecks that
control the passage of reactive flux to products (158–160). This approach to rate
theories has been successfully tested using accurate three-dimensional quantal
calculations for an extensive number of atom-diatom systems including H+ H2

(161–165), D+H2 (166), F+H2 (167, 168), O+H2 (164, 165, 169–171), H+O2

(172–174), Cl+HCl, I+HI, I+DI (175), Cl+H2(176), He+H2
+ (177, 178), and

Ne+H2
+ (179, 180). In this context, reaction thresholds associated with maxima of

vibrationally adiabatic curves have been related to barrier resonances. Although
isolated narrow resonances arising from conventional trapped states (wells) are
assigned using a full set of triatomic quantum numbers (v1, vK

2, v3) corresponding
to the symmetricv1, bendv2, vibrational angular momentumK, and asymmetric
stretch motionv3 (56, 68, 73, 181, 182), threshold or barrier transition states have
been consistently labeled by (v1,vk

2), that is, they are missing the asymmetric stretch
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quantum numberv3 associated with the reaction coordinate. Truhlar and coworkers
(159) have suggested that such a missing degree of freedom may be recovered if
it is identified with the dominant barrier pole as, for example, by setting n= 0 in
Equation 5. More rigorously, Zhao & Rice (183) have identified transition states
with scattering resonances using complex scaling techniques.

3. RESONANCES IN THE H + D2 REACTION: RECENT
PROGRESS, CURRENT STATUS, AND FUTURE PROSPECTS

Only in the last decade have experiments been capable of measuring state-resolved
differential cross sections as a function of collision energy. This task has been made
possible by the use of lasers. H or D atoms are generated by laser photolysis of
suitably chosen precursors. The reaction products are detected again with lasers,
using either atomic (184) or molecular (185) Rydberg-tagging or, alternatively, by
REMPI of the HD product (186–188).

For the H+ H2 family, special attention has been given to the H+ D2 reaction.
Theoretical efforts to carry out extensive and accurate calculations on this particular
reaction system have been more or less synchronous with experiment. Prior to
the experiments to be described in this section, quantal calculations for the H+
D2 reaction were scarce. D’Mello et al. (189) were the first to calculate well-
converged integral cross sections at collision energies of 0.55 and 1.3 eV. Their
results compared favorably with the photoinitiated and state-resolved experiments
of Zare and coworkers (190). Prior to this work, calculations for the H+D2 system
had been restricted to low values of the total angular momentum (75, 191, 192).

Moreover, theoretical calculations had neglected the incorporation of geometric
phase (GP) effects [for a review of GP effects in molecular systems, see Yarkony
(193) and Mead (194)]. In the H+ H2 reaction system, GP effects arise from the
existence of a conical intersection between its two lowest adiabatic PESs (195–
200). As the nuclei perform a closed loop around this intersection, the electronic
wave function is forced to change sign if it is to remain real-valued. Such a purely
quantum mechanical effect, which may be called a dynamical Jahn-Teller effect, is
expected to influence the reaction dynamics in a fundamental way even at energies
that are well below the energy at which the two PESs intersect (∼2.7 eV). When-
ever reaction products can be scattered into the same solid angle element by direct
scattering and by a scattering mechanism that involves a pseudorotation about the
conical intersection, it is necessary to sum the two scattering amplitudes and square
them to obtain the reaction probability. In such circumstances, constructive and
destructive interference occurs in the DCS. Moreover, such GP effects can persist
in the integral cross section even after a partial-wave summation. Calculations by
Kuppermann and coworkers showed this behavior to hold for the H+ H2 (195–
197), D+H2 (197, 198), and H+D2 (199, 200) reactions. As Baer (201) and others
have stressed, GP effects are part of the nature of the scattering process. Their in-
clusion is not a matter of choice. GP effects are expected to play an important
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role in the dynamics of many bimolecular reactions as well as unimolecular de-
compositions (202–206).

3.1. Crossed-Beam Experiments in Search of Resonances;
The Role of Geometric Phase

In the past few years, Schnieder and collaborators have carried out a series of
very elegant high-resolution crossed-beam experiments for the H+ D2 reaction.
Their experimental setup consists of two parallel, spatially separated molecular
beams. One beam contains HI as the photolytic precursor for fast H atoms. The
other beam contains the diatomic reagent D2. Laser photolysis of HI generates H
atoms with a well-defined laboratory spatial distribution. The laser polarization is
chosen so as to direct this H-atom beam toward the D2 beam. D-product detection
is achieved with meV resolution by use of Rydberg atom tagging (184). An anal-
ysis of the kinetic energy spectrum of the D product as a function of scattering
angle provides the desired HD(v′, j′) product state resolution. This experimen-
tal arrangement trades off signal production for energy resolution. More details
about the experimental technique can be found in recent reviews by Liu (97) and
Casavecchia and coworkers (207, 208).

Kuppermann & Wu (199) predicted for the LSTH PES a pronounced reactive
scattering resonance at a total energy of 1.481 eV (1.29 eV collision energy) for
the state-specific exchange H+ D2(v = 0, j = 0)→HD(v′ = 0, j′ = 4, 5)+ D
only if GP was included in the calculation. Guided by these predictions, Wrede &
Schnieder (104) measured D-atom angular distributions between 1.27 and 1.30 eV,
but they found no evidence for the predicted resonance structure. Instead, their
experimental results were in good agreement with QM calculations on the LSTH
PES at 1.30 eV by D’Mello et al. (189) that did not include GP effects. It was
argued (104) that such a lack of agreement could be caused by inaccuracies of the
LSTH PES used in the calculations of Wu & Kuppermann, which could shift the
resonance energy by as much as 13 meV, that is, outside of the collision energy
range investigated in the experiments.

Based on the results of the experiments of Wrede & Schnieder (104) and the cal-
culations of Kuppermann (199), it appears that the influence of geometric phase
on H+ H2 scattering dynamics is a very sensitive function of collision energy
as well as the form of the PES. It seems true, however, that at some collision
energies GP effects essentially make no contribution to the scattering dynamics.
This absence of GP effects might result from the lack of collision trajectories that
make a closed loop around the conical intersection. At present, the experiments of
Schnieder and coworkers for the H+ D2 reaction have been compared with con-
verged NGP (NGP= not including GP effects) QM calculations on the LSTH and
on the newer BKMP2 surfaces at collision energies of 0.5 eV (209, 210), 1.28 eV
(209, 211), 2.2 eV (212, 213), and 2.67 eV (214). The agreement between the
two is very good, including the last collision energy of 2.67 eV, which lies slightly
above the conical intersection for the H+ H2 system.
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Recent QM calculations by Kendrick (215, 216) have shown that for the H+
D2 reaction, GP effects beautifully cancel out for the first six partial waves and
for total energies between 0.4 and 2.4 eV. These conclusions are valid for both the
BKMP2 and LSTH PESs. It is unlikely that higher partial waves will behave in a
different way, but to date no fully converged GP calculations have been completed.
The cancellation of GP effects calculated by Kendrick is so astonishing that we
wonder whether a simple explanation exists to account for it. To date, no answer to
this important question has been put forward. Xu & Varandas (217) and Mahapatra
et al. (218) reported a similar absence of GP effects in their calculations.

In addition, Kendrick’s calculations showed broad transition-state resonances
in the rotationally resolved integral and differential cross sections obtained from
a consideration of these first few partial waves. It is still possible, but we believe
not likely, that the true PES will show more pronounced GP effects. Wu et al.
(93) have developed a new Exact Quantum Monte Carlo (EQMC) PES that the
authors claim to be one order of magnitude more accurate than previous ones. A
comparison of converged QM mechanical calculations on the EQMC PES with
experiment has not yet been performed. It would be very desirable, however, to
have a calculation of cross sections and resonance positions including GP effects on
this new PES and to compare them with previous work. At this point, we conclude
that no general consensus has been reached on the effects of GP and their impact
on the reaction dynamics and resonance spectrum for this chemical reaction. It
seems clear, however, that GP effects are minor for the H+ D2 reaction over the
collision energies so far investigated.

We expect GP to be important under some reaction conditions, and past ex-
periments on the integral cross section for D+ H2(v′ = 1, j′ = 1) (219) suggest
this may be the case (198), but more work, experimental and theoretical, is needed
before this effect can be claimed to be quantitatively understood. We note that the
computational effort required to incorporate GP effects in scattering calculations is
considerable. This difficulty may be overcome once recent and efficient timedepen-
dent methods for the solution of the reactive scattering problem (220) are utilized.

3.2. An Old Problem Revisited: Does Resonance Structure in
the Integral Cross Section Survive Partial-Wave Summation?

Recent photoinitiated experiments by Shafer-Ray and coworkers (105) have in-
dicated the existence of resonance structure in the integral cross section for the
state-specific reaction H+ D2→HD(v′ = 0, j′ = 7)+ D at a collision energy of
0.94 eV. The GP QM calculations on which the comparison with theory had been
made included only the first seven partial waves (J< 7). Conventional wisdom
based on a large body of calculations for this reaction system, as well as other
isotopic variants, has brought these results into question. It now seems clear that
after summation of partial waves up to J= 30–35, no structure remains in the ICS
energy dependence for the HD(v′ = 0, j′ = 7) product state (106). This conclusion
has been independently obtained from the NGP QM calculations of Chao et al.
(107), Aoiz et al. (108), and Kendrick (109).
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Kendrick (109) has analyzed in detail how partial wave summation affects state-
resolved ICSs and DCSs for the H+ D2 reaction. Owing to its heavier mass, the
H + D2 reaction system is a more favorable case for the survival of resonance
features in the ICS than its isotopic cousins H+ H2 and D+ H2, which Miller &
Zhang (83) showed a decade ago to be devoid of them. The most distinct peaks in
H + D2 state-resolved ICSs occur for the vibrationless and rotationless product
state. Oscillations in the ICS become very faint and difficult to detect experimen-
tally for v′ > 1 and/or j′ > 3. Much more interesting are the ICSs for the vibra-
tionally excited reaction H+D2(v = 1, j = 0)→HD(v′, j′)+D that display very
clear resonance bumps. Experimental work along these lines would be very timely
in order to corroborate these predictions. Vibrationally excited D2 may be obtained
by stimulated-Raman-pumping (SRP) techniques (219, 221–226). Moreover, ICSs
are far less difficult to measure than DCSs, and the wealth of information to gain
from them appears to make efforts in this direction worthwhile.

It is tempting to offer some reassessment of the ICS measurements by Valentini
and coworkers on H+ p-H2 (69, 70) and D+ H2 (71). Our confidence in fully
converged theoretical calculations has advanced to the point that the features they
observed cannot be attributed to structure in the ICS as a function of collision
energy. We do know, however, that resonances occur for low partial waves in the
energy range they investigated. Their observations might be explained as arising
from a partial selection of scattering angles. It is very easy to imagine that the
experiments discriminated in favor of slow-moving, backward-scattered molecular
products. This discrimination could be caused by the time delay between photo-
initiation and CARS detection as well as by the spatial overlap of photolysis
and probe laser beams. Theory teaches us that these backward-scattered products
correlate to a large extent with low-J partial waves (small impact parameters).
Thus, the observation of such products defeats the blurring of resonance structure
arising from partial-wave summation. Possibly, the first observations of scattering
resonances were made by Valentini and coworkers, but unfortunately, it is not
possible to quantify with ease what exactly was observed.

3.3. Forward Scattering in the H + D2→
HD(v′ = 3, j′) + D Reaction

The photoloc approach, as recently developed by Zare and coworkers (113, 114,
227, 228), represents an alternative and promising approach to crossed-beam ex-
periments for the measurement of state-resolved integral and differential cross
sections for the hydrogen exchange reaction. Its name stems from the two major
elements of the technique: first, laser photolysis initiates the chemical reaction in a
free-jet expansion of a photolytic precursor (such as HBr or HI) and reagent (D2);
second, the law of cosines is used to relate the product laboratory velocity distribu-
tion to the center-of-mass differential cross section. Using REMPI detection of the
HD(v′, j′) product and the core-extraction technique (229), Fern´andez-Alonso et al.
(228, 230, 231) have measured product-state-resolved DCSs for the HD(v′ = 1)
and HD(v′ = 2) vibrational manifolds at collision energies of 1.70 eV and 1.55 eV,
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86 FERNÁNDEZ-ALONSO ¥ ZARE

respectively. Comparison with converged QM calculations on the BKMP2 PES
shows good agreement with experiment (232). The shift from backward scattering
toward sideways scattering observed with increasing product rotational angular
momentum was interpreted as a tendency for the reagent orbital angular momen-
tum to be channeled into product rotation. Such a trend is consistent with a direct
reaction mechanism and is also very clear in the crossed-molecular-beam data of
Schnieder and coworkers (104, 209–214).

Subsequent measurements of H+ D2→HD(v′ = 3, j′) + D DCSs at a colli-
sion energy of 1.64 eV (110) have shown for the first time clear deviations from
the direct behavior previously observed for other HD(v′, j′) product states. A large
forward-scattering peak was observed for low-j′ product states as shown in Figure 4
. Quasiclassical trajectory (QCT) calculations at this collision energy (110) indi-
cated some forward scattering but failed to reproduce its magnitude. An analysis
of the classical trajectories associated with forward scattering features revealed
a very different underlying reaction mechanism involving large values of the
total angular momentum of approximately J= 20 (impact parameters of 0.70–
0.80Å) and time delays on the order of 26 fs (see Figure 5). These time delays
are still well below the rotational period of the HD2 complex, thereby explain-
ing why the angular distribution lacks forward-backward symmetry. Analysis
of single forward-scattered trajectories demonstrated a preference for an early
elongation of the D2 chemical bond causing the appearance of potential wells
about the HDD collinear configuration that leads to temporary trapping of the
complex. These observations were in agreement with a classical model for H+
H2 resonances previously proposed by Muga & Levine (233).

These experimental findings and first attempts to explain forward scattering in
this reaction have stimulated further theoretical studies. Truhlar and coworkers
(234) have used a simplified vibrationally adiabatic model in the same spirit as
that discussed in Section 2.3, to provide a quantum mechanical interpretation of
the resonance signatures found in the HD(v′ = 3, j′ = 0) angular distributions.
The resonance was associated with an HD2(v1 = 3, v2 = 0, J = 20) complex
localized on a vibrationally adiabatic barrier on the product side (see Figure 3).
The predictions of this reduced-dimensionality quantum mechanical study were
in very good agreement with the previous conclusions reached from the analysis
of quasiclassical trajectories (110). Based on previous theoretical predictions for
the H+ H2 reaction (162, 165), the assignmentv2 = 0 was consistent with the
observation of the largest amount of forward scattering for the rotationless state
HD(v′ = 3, j′ = 0).

As a continuation of this line of work, Zare and coworkers (111; B.D. Bean,
F. Fernández-Alonso, J.D. Ayers, A.E. Pomerantz, R.N. Zare, unpublished re-
sults) have measured HD(v′ = 3, j′) DCS’s between 1.39 eV and 1.85 eV in
order to characterize in more detail forward-scattering features. Figure 6 presents
the observed HD(v′ = 3, j′ = 0) time-of-flight profiles as a function of colli-
sion energy along with a comparison with NGP QM predictions (F.J. Aoiz, L.
Bañares, J.F. Castillo, B.D. Bean, F. Fern´andez-Alonso, et al., unpublished re-
sults). The agreement between the two is very satisfactory. In particular, at Ecol =
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1.64 eV the NGP QM results seem to reproduce the experiments well, whereas the
QCT method underestimates the amount of forward scattering by at least a factor
of three. The comparison between experiment and theory has been performed by
forward convolution of the theoretical results. Such a forward convolution involves
a simulation of the time-of-flight profile that would be expected for a given the-
oretical center-of-mass differential cross section. The validity of this procedure
for comparing the results of photoloc experiments with theory has already been
assessed for HD(v′ = 1, 2) product-state-resolved DCSs (232). Because photoloc
experiments measure directly a velocity distribution, the transformation between
product laboratory speed and center-of-mass scattering angle implies a lower an-
gular resolution to forward scattering and an increasing difficulty in separating
the effects of height and width for narrow forward scattering peaks. Despite this
limitation, both the experimental data and NGP QM calculations agree on the fact
that the largest (total) amount of forward scattering relative to backward scattering
occurs around 1.64 eV. We furthermore note that the crossed-beam experiments
of Schnieder and coworkers have not been able to access the forward scattering
region below 50◦ owing to geometrical constraints in the apparatus (backward-
scattered D product is obscured by the presence of the reagent D2 beam). From
this quantitative comparison of experimental data and NGP QM calculations, it is
possible to ascribe HD(v′ = 3, low-j′) forward scattering (see Figure 4) to a pri-
marily quantum-mechanical phenomenon also present in lower vibrational levels
at lower collision energies. A partial-wave analysis of the QM calculations showed
that a narrow range of high-J partial waves mainly caused the forward scattering.
Based on the J-shifting approximation (58), it was possible to assign the strongest
forward feature at 1.64 eV to the lowest bending level of the complex, a finding
consistent with preferential decay into the rotationless product state HD(v′ = 3,
j ′ = 0). By invoking the concept of vibrational adiabaticity, we can use the vibra-
tional quantum label of the HD product to assign the symmetric stretch motion of
the HD2 complex tov1 = 3. This full assignment of the quantum numbers of the
HD2 complex agrees with what Truhlar and coworkers (234) found.

Kendrick (109) has carried out further theoretical analyses of forward scattering
in the H+ D2 reaction using converged NGP QM calculations. The appearance of
forward-scattering features as a function of J led Kendrick to the general conclu-
sion that it is unlikely that this feature can be interpreted as arising from resonances
owing to the presence of significant classical and quantum mechanical nonresonant
contributions at these scattering angles. These conclusions do not agree with NGP
QM (F.J. Aoiz, L. Bañares, J.F. Castillo, B.D. Bean, F. Fern´andez-Alonso, et al.,
unpublished results) and QCT (110) results that indicate a relatively narrow contri-
bution of partial waves to forward scattering as well as a marked difference between
QCT and QM results. Furthermore, we note that the experimental data meet the two
requirements needed to fulfill the operational definition of scattering resonances
(see Introduction), namely: (a) the amount of HD(v′ = 3, j′) forward scattering
varies rapidly with collision energy and product rotational excitation; and (b) reac-
tive flux leading to forward-scattering features has been associated with metastabil-
ity of the triatomic complex. It is still unclear from a theoretical viewpoint whether
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the trapping of the system in the transition-state region is caused by one or more
conventional resonances or by the presence of a threshold effect (see Sections 2.2
and 2.3). An explanation along the latter lines would necessarily need to account
for the preferential decay into HD(v′ = 3, j′ = 0) and, to a lesser extent, into
HD(v′ = 3, j′ = 1) observed in the experiments. We once more note that whether
threshold effects may be considered scattering resonances in their own right is still
a matter of discussion in the chemical physics community. It is beyond the scope of
this review to provide an answer to this pending yet important question. Of course,
identifying resonance features either in the laboratory or by accurate quantum
mechanical calculations is very different from understanding what causes them.

Recently, Althorpe (220) has made a breakthrough in being able to perform
full scattering calculations using time-dependent wave packet propagation meth-
ods for the H+ H2 reaction family. This approach is considerably faster than
time-independent methods and will probably find its best use in more complex re-
action systems. Figure 7 shows a series of time-elapsed snapshots of the H+
D2→HD(v′ = 3, j′ = 0) + D reaction over an energy range of 0.9–2.4 eV
(S.C. Althorpe, unpublished results). This “movie” shows that the amount of
forward-scattered HD(v′ = 3, j′ = 0) product constitutes a considerable fraction
of the overall flux. Moreover, the forward-scattered component lags the backward-
scattered component by about 25 fs owing to temporary trapping in the transition-
state region. The major features shown in Figure 7 are in qualitative agreement
with previous QCT results and indicate a very different and more indirect under-
lying mechanism leading to forward scattering. A detailed analysis of these very
interesting theoretical results, however, needs to be completed before we can fully
understand what causes the observed resonance features.

The product of HD(v′ = 3, j′ = 0) is truly a small fraction of the product yield.
Specifically, it is estimated to have a total cross section of∼10−3 Å2 whereas the
total reaction cross section is on the order of∼1 Å2. Most scattering is direct and
can be simply described using billiard-ball models. Nevertheless, it is remarkable
how much detailed information can be gained from a study of the tiny fraction
of the overall cross section showing signatures ascribable to reactive scattering
resonances.

4. BEYOND STATE-RESOLVED DIFFERENTIAL
CROSS SECTIONS

4.1. Vector Correlations in Scattering Experiments

What is to be measured beyond state-, energy-, and angle-resolved cross sections? If
we think in terms of the vector properties or stereodynamics of a chemical reaction,
a DCS constitutes what is called a two-vector (k-k′) correlation: it relates the
relative direction of reagents (k) to that of products (k′). Other vector correlations
are possible, as for example, k-j′ (where j′ is the rotational angular momentum
vector of the product), k-k′-j′, etc. For more details about vector properties in
photodissociation and chemical reactions, the reader is referred to the original
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Figure 7 Wave packet snapshots of the reaction H+ D2(v = 0, j = 0)→HD(v′ = 3;
j ′ = 0)+D over a total energy range of 0.9–2.4 eV as calculated by a time-dependent method
(see text for details) and starting at an H-D2 separation of 6 bohr. The first snapshot, at a time of
17 fs, shows the directions of the incoming reagents and outgoing HD(v′ = 3, j′ = 0) products.
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papers (237), several reviews (238–242), devoted journal volumes (243, 244), and
more recent work not yet reviewed (114, 245–248). The stereodynamics of a few
chemical reactions, including Cl+HD (249), Cl+CH4 (250, 251), and Cl+C2H6

(252–255), have been studied using the photoloc technique by Zare and coworkers.
In these experiments, state-selective detection of HCl, CH3, and C2H5 molecules
allows for a simultaneous measurement of the angle-resolved spatial distribution
of product angular momenta. In addition, SRP techniques have also permitted the
study of k-j-k′ correlations for vibrationally excited reagents, which can be readily
associated with the steric requirements of a chemical reaction. Kandel et al. (249)
have used the SRP technique to study the stereochemistry of the Cl+ HD(v = 1;
j = 1, 2) reaction.

As for the H+H2 reaction, work along similar lines has been mainly hampered
by the lack of suitable multiphoton detection schemes sensitive to the angular
momentum anisotropy. Recently, Zare and coworkers (256) have developed a novel
multiphoton ionization detection scheme for the H2 molecule that may prove useful
in future investigations of product polarization in the hydrogen exchange reaction.
Such progress on the experimental side has been also complemented by recent
classical and quantal descriptions of the stererodynamics of elementary chemical
reactions by de Miranda et al. (257). The benchmark system used in this work has
been the prototypical H+D2 reaction at a collision energy of 1.29 eV. It was shown
that a study of the vector correlations would deepen significantly our knowledge
about the PES and reaction mechanisms. The search for resonance features using
these novel tools is not an exception to these conclusions as evidenced, for example,
by the magnetic-sublevel-resolved QM DCS calculated by Miller & Zhang for the
H+H2 and D+H2 reactions (83). Moreover, the study of stereodynamical effects
offers the experimentalist additional means of investigating dynamical features
that other and more highly averaged observables may tend to obscure.

As for the use of experimental techniques to prepare reagents with an anisotropic
spatial distribution, SRP techniques are mandatory for homonuclear diatomics
like H2 and isotopologs. There has been some work in this direction for ICS
measurements in D+ H2 (81, 222–224) and H+ D2 (258) but not for state-
resolved angular distributions. Given the propensity for the H+ H2 reaction to be
collinear, we would expect significant changes in the angular distributions as the
reagent relative velocity vector is preferentially aligned parallel or perpendicular
to the diatom bond axis. If our current picture of quasibound states in the H+ D2

reaction leading to forward scattering features is to stand the test of time, these
experiments will undoubtedly be extremely insightful.

4.2. Direct Observation of the H3 Transition-State Region:
Electron Attachment/Detachment Experiments

An ever-present concern in this review was related to the effect of partial-wave
summation over the outcome of asymptotic reactive scattering experiments. This
necessary evil in collision experiments has hampered the unambiguous detection
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of quasibound states in reactive scattering. Experimentally, several ways exist to
avoid this averaging process. The central idea is based on the preparation of a
stable precursor, for example, the positive or negative ion of the compound species
of interest. Either light to photodetach a negative ion or charge neutralization in
the case of the positive ion may be used to launch almost instantaneously the stable
precursor onto the transition-state region of a chemical reaction. Examples of this
approach are the famous photodetachment experiments of Neumark and coworkers
on the transition state spectroscopy of various triatoms including FH2and IHI (259).
This unconventional way of probing the transition state region has given strong
evidence for the existence of transition-state resonances in the IHI system.

At the moment, all experiments on the dissociation of H3 states use the H3+ ion
as precursor. Charge neutralization in alkali-metal vapors leads to two- and three-
body breakup of the triatomic complex [see, for example, Krause et al. (260) for
an early quantum mechanical treatment and simulation of experiments]. The UV
spectra of H3, D2H, and H2D have been studied using both experimental and theo-
retical methods (261–265). The bimodal structure observed in these spectra in the
range of 200–400 nm has been interpreted as arising from radiative decay into the
two Jahn-Teller sheets of the ground-state PES (also responsible for GP effects).
Mahapatra & Köppel (265) have found in their time-dependent calculations dis-
tinct differences between resonance states associated with each adiabatic sheet, the
upper one leading to a much more pronounced and more easily assigned structure.

Cold ion storage rings have also been used in the last decade to achieve rel-
ative collision energies for recombination as low as 0.001 eV (266–268). These
experiments have measured recoil energy as well as angular distributions for two-
and three-body breakup, but they still lack product-state selectivity. Very recently,
Kokoouline et al. (269) have made significant progress in the theoretical under-
standing of the recombination of H3

+ by electron impact at low energies (<1 eV).
In their theoretical treatment, it is mandatory to incorporate the Jahn-Teller-
symmetry-distortion effect in order to explain the large dissociation recombination
rates, the (H+ H + H)/(H2 + H) branching fraction, and the vibrational distri-
bution of H2 products already measured using cold ion storage rings. In addition,
H3 excited states can be sufficiently long-lived to allow initial-state selection by
laser pumping. Helm, M¨uller, and coworkers have embarked on a detailed charac-
terization of the fragmentation dynamics of state-selected Rydberg H3 states into
H + H + H (270–272) and H+ H2(v′, j′) (273, 274), and they are at a point to
achieve product-state resolution in very impressive and technically involved two-
and three-particle coincidence experiments.

Photodetachment experiments akin to the ones pioneered by Neumark and
coworkers are also possible for the H3 triatomic system. As early as 1975, Aberth,
Schnitzer, & Anbar (275) performed the mass-spectrometric detection of H3

−,
H2D−, HD2

−, and D3
− anions using a hollow-cathode duoplasmatron negative-ion

source. The half-lives for these triatomic species were estimated to be greater than
10µs. Sadeghi & Skodje (140) have noted that Franck-Condon overlaps between
the negative and neutral species will be significant for vibrationally excited H3

−and
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will make possible experiments that can be compared against their time-dependent
wave packet calculations (140–143).

CONCLUDING REMARKS

Resonances are exquisitely sensitive probes of the nature of the scattering pro-
cess. It is for the simplest of chemical reactions, the H+ H2 reaction family, that
we expect theory to be most advanced. These reactions are not simple from an
experimental viewpoint. Nevertheless, experiments have reached a level of so-
phistication that makes possible the observation of resonance features in spite of
the overwhelming dominance of direct dynamics. Both theory and experiment are
needed. It is not enough to measure only scattering features. It is also not enough to
calculate them. What is needed is to develop simple pictures and accurate approx-
imations that can be transferred to other reactions that display a richer chemistry.
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FJ, Bañares L, et al. 1999.J. Chem. Phys.
110:9971–81

214. Wrede E, Schnieder L, Welge KH, Aoiz
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Figure 1 (a) Potential energy profile along the reaction coordinate displaying a well
at the center. (b) Transmission probability P(E) (blue curve, left axis) and time delay
(red curve, right axis) as a function of (E-Vmax), where E is the total energy and Vmax

is the maximum value of the potential energy. The resonance peak below threshold
at approximately−50 meV corresponds to the energy level of the well shown by the
horizontal red line in (a). Panels (c) and (d) correspond to an Eckart barrier displaying
no well along the potential energy profile. The potential parameters have been chosen
so as to mimic as closely as possible the MEP for the H+H2 reaction.
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Figure 4 Polar plots of the HD(v′ = 3, j′ = 0–2) center-of-mass differential cross
sections from experiment (left) and QCT calculations (right) at Ecol= 1.64 eV. The top
polar plot on the left indicates with arrows the directions of reagents and products.

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
2.

53
:6

7-
99

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 S
ta

nf
or

d 
U

ni
v.

 R
ob

er
t C

ro
w

n 
la

w
 L

ib
. o

n 
06

/0
6/

06
. F

or
 p

er
so

na
l u

se
 o

nl
y.



15 Apr 2002 13:37 AR AR155-04-COLOR.tex AR155-04-COLOR.SGM LaTeX2e(2002/01/18)P1: GDL

Figure 5 Temporal evolution of interatomic distances for H+D2(v= 0, j= 0)→
HD(v′ = 3; j′ = 0)+D at 1.64 eV obtained from QCT calculations. Theblue curves
represent an indirect trajectory that is forward scattered; thered curvesrepresent a
direct trajectory that is back scattered. The slope of the curves is the distance covered
per unit time, that is, their relative velocity. Bars mark the approximate interaction time
during which the complex hangs together.
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Figure 6 HD(v′ = 3, j′ = 0) experimental time-of-flight profiles (black circles) as a
function of collision energy. Thesolid red linesare the result of a forward convolution of
the QM DCS calculations. At Ecol= 1.64 eV, theblue linecorresponds to the forward-
convoluted time-of-flight profile for the QCT DCS.
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