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In this review, a few examples of state-to-state dynamics studies of both unimolecular and
bimolecular reactions using the H-atom Rydberg tagging TOF technique were presented.
From the H,O photodissociation at 157nm, a direction dissociation example is provided,
while photodissociation of H,O at 121.6 has provided an excellent dynamical case of compli-
cated, yet direct dissociation process through conical intersections. The studies of the
O('D)+H, — OH + H reaction has also been reviewed here. A prototype example of state-
to-state dynamics of pure insertion chemical reaction is provided. Effect of the reagent rota-
tional excitation and the isotope effect on the dynamics of this reaction have also been inves-
tigated. The detailed mechanism for abstraction channel in this reaction has also been closely
studied. The experimental investigations of the simplest chemical reaction, the Hj system,
have also been described here. Through extensive collaborations between theory and experi-
ment, the mechanism for forward scattering product at high collision energies for the H+ HD
reaction was clarified, which is attributed to a slow down mechanism on the top of a quan-
tized barrier transition state. Oscillations in the product quantum state resolved different
cross sections have also been observed in the H+ D, reaction, and were attributed to the
interference of adiabatic transition state pathways from detailed theoretical analysis. The
results reviewed here clearly show the significant advances we have made in the studies of
the state-to-state molecular reaction dynamics.
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1. Introduction

Beam scattering techniques have been essential in the development of modern
physics and chemistry. The modern atomic model developed by Rutherford based on
alpha particle scattering experiments (figure 1) serves as an excellent example that
beam scattering is a good tool to probe the structure and dynamics of the microscopic
world. The development of the crossed beams scattering technique based on chem-
ionization detection by Taylor and Datz half a century ago [1] opened the molec-
ular beam era of chemistry research. The universal crossed molecular beams technique
[2] developed in the 1960s by Lee, Herschbach et al. based on electron impact ionization
have played a key role in crossed-beams scattering studies of the dynamics of fundamen-
tal chemical reactions. Important and fundamental information has been derived on pri-
mary reaction mechanisms, product angular distributions, partitioning of available
energy in reactions between internal and translational energy of the product, as well
as the dependence of the reaction cross-section on collision energy, impact parameter
and reactant orientation [3—6]. Despite the success of universal electron impact ioniza-
tion detection in studies of molecular reaction dynamics, the electron bombardment
ionization technique does have serious disadvantages, such as its limited time-of-flight
(TOF) resolution (~4% in time-of-flight) and its low detection sensitivity (~107%).
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Figure 1. The alpha particle beam scattering experiment that led to the development of the modern atomic
model by Rutherford.

These limitations prevent us from looking into the full quantum state-resolved
scattering dynamics of many important elementary chemical reactions.

During the last decade or so, new experimental techniques, such as the ion-
imaging technique [7, 8], the H-atom Rydberg tagging method [9] and the
Doppler-selected time-of-flight method [10], for molecular beam scattering measure-
ments, have allowed us to study the chemical reaction dynamics in unprecedented
detail. Accurate measurements of the state-resolved scattering quantities for elemen-
tary chemical reactions are becoming feasible. The development of the Rydberg
H-atom translational spectroscopy technique has provided us with an extremely
powerful tool for measuring the state-resolved differential cross-sections for both
unimolecular and bimolecular reactions with unprecedented translational energy
resolution and extremely high sensitivity. This technique has been applied success-
fully to studies of the important benchmark reaction H+ D, — HD + H recently [11]
and many important unimolecular dissociation processes [12]. Recent studies in our
laboratory on H,O photochemistry [13], the O('D)+H, reaction [14] and the
OH + D, reaction [15] using this technique have further demonstrated the power
of this method in obtaining experimentally the most detailed dynamics of these
benchmark systems. These state-of-the-art experimental studies, coupled with the
recent advances in theoretical state-to-state dynamics studies, can now provide an
in-depth physical understanding of elementary chemical reactions that could not
be imagined before.

In this article, we will review the most recent advances made in our laboratory on the
unimolecular dissociation of the important H,O molecule as well as the bimolecular
reactions, O('D) +H, — OH +H and H+HD — H, + D, using the Rydberg H-atom
translational spectroscopy technique.

2. The Rydberg H-Atom translational spectroscopy technique
The Rydberg H-atom translational spectroscopy technique was developed in the

early 1990s by Welge and coworkers [9]. This technique has been successfully
applied to investigate photodissociation dynamics of many important species [12],
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as well as the simplest chemical reaction, H+ D, — HD +H [l1]. The key element
of this technique is the two-step efficient excitation (see figure 2) of the H-atom
from its ground state to its high Rydberg levels (n=35~90) without ionizing the
H-atom product directly as in the (1+1’) multiphoton ionization scheme used
earlier. Figure 3 shows the spectrum of Rydberg transitions of the H atom from
the n=2 level. These high-Rydberg H-atoms are known to be long-lived on milli-
second time-scales in a small electric field (~20V/cm). The enhancement of
Rydberg H-atom lifetime in a small electric field is likely caused by the mixing of
the / quantum number in the Rydberg H-atom [16, 17]. These long-lived neutral
H atoms allow us to measure the time-of-flight spectrum of the neutral H-atom
chemical product with extremely high translational energy resolution (as high as
0.1% in translational energy has been achieved in our laboratory). The neutral
Rydberg H-atoms are easy to detect using field ionization. The extremely high

(1+1) REMPI Rydberg "Tagging"
lonization Limit
n=30 ~ 90
n=3
o ~1x10" em? UV Photon
(365 nm)
] ‘ n=2
5 VUV Photon
~ 3 10 13 2
emex I M 1216 nm)
n=1

Detection Schemes for H Atom

Figure 2. Detection schemes for H atoms. Rydberg ‘tagging’ technique is slightly different from the (1 +1")
REMPI detection scheme in which H atom is directly ionized, while Rydberg ‘tagging’ only pumps the
H atom to a high Rydberg state.
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Figure 3. The H-atom Rydberg transition spectrum from the n=2 level to the higher n states.

translational energy resolution can be achieved by minimizing the physical sizes of
the tagging region and the field ionization region.

The excitation of the ground state H-atom product (n=1) is made by the follow-
ing two-step excitation scheme:

H(n=1)4+ hv (121.6nm) - H(n = 2)
and
H®# = 2) + hv (365nm) — H*(n ~ 50)

The 121.6nm VUV light used in the first step excitation is generated using a two-
photon resonant (2w; —w,) four wave mixing scheme in the Kr gas cell.
2w; (212.5nm) is resonant with the Kr (4p—5p) transition [I8]. w; is generated
by doubling a dye laser pumped by a Nd:YAG (355nm) laser, while w, (845nm)
is the direct output of a dye laser pumped by the second harmonic of the same
YAG laser. During the experiment, a few mJ of 212.5 and 845nm laser light are
generally used. By generating about 50 uJ of the 121.6nm laser light, the first step
can be casily saturated since this transition has a huge excitation cross-section
(3.0 x 107" cm?). Following the first step VUV excitation, the H-atom product is
then sequentially excited to a high Rydberg state with n~ 50 using 365nm light in
near saturation, which is generated by doubling a dye laser pumped by the same
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YAG laser. This excitation scheme allows us to pump the H atom to a high
Rydberg state in nearly unit efficiency. These two excitation laser pulses have to
be overlapped exactly both in space and time. The neutral Rydberg H atom then
flies a certain TOF distance to reach a multi-channel plate (MCP) detector with a
fine metal grid (grounded) in the front. After passing through the grid, the
Rydberg tagged H-atom products are then immediately field-ionized by the electric
field applied between the front plate of the Z-stack MCP detector and the fine metal
grid. The signal detected by the MCP is then amplified by a fast pre-amplifier, and
counted by a multichannel scaler.

Two types of experiments, photodissociation (H,O) and crossed beam
bimolecular reactions (O('D)+ H, (HD, D,) — OH (OD) + H(D) and H+HD(D,) —
H, (HD)+ D), have been carried out using the experimental technique described
above in our laboratory. In the following sections, we will review the results
on these systems.

3. Photochemistry of H,O: direct dynamics versus conical intersection dynamics

Photodissociation of the water molecule is a model system for both experimental
and theoretical studies. Extensive experimental and theoretical studies have been
carried on this system during the last few decades. Excitation in its longest wave-
length ultraviolet absorption band around 150-200nm leads to the lowest excited
singlet state (4'B;). Dissociation from this state proceeds on a single potential
energy surface leading to an H atom and a ground state OH(X’II) molecular
product with little internal excitation [19]. This is a prototypical example of direct
dissociation. In contrast, three electronic states of the water molecule are implicated
in its photochemistry at the Lyman-a wavelength (121.6nm) [20-22]. The initial
excitation of H,O at the Lyman-a wavelength is to the third singlet electronic
state (B'A;), which correlates adiabatically with an H atom and an excited electronic
state of the OH partner (A*Y"). However, although OH radicals in the A-state are
produced [23], the dominant dissociation leads to an H atom plus a rovibrationally
excited ground state OH molecule via non-adiabatic crossing from the B'A, state to
the potential energy surfaces of either the 4 state or the ground state of water
(X'A,). Even though extensive information on photodissociation through the
B'A, state has been obtained through these studies [24, 25], a quantitative picture
of H,O dissociation from this surface is still lacking.

Conical intersections of potential energy surfaces have been recognized as playing
an important role in the dynamics of excited electronic state photochemistry and
chemical reactions. H,O B'A, state photochemistry is a well-known example. One of
the notable observations from previous experimental studies is the extremely high
rotational excitation of the OH product. This is attributed to a conical intersection
at a collinear (H-O-H) geometry. Dynamical calculations have shown that the high
average rotational angular momentum of the OH product is a consequence of the
high torque acting in the vicinity of this conical intersection of the excited and
ground state potential energy surfaces. This conical intersection arises because a
linear approach of H to OH on the repulsive potential curve from H + OH(X?II) can
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cross an attractive potential curve from H+ OH(A?S™), whereas there is an avoided
crossing of these curves in the lower symmetry of a bent geometry.

In addition to this well-known conical intersection for the H-O-H geometry, there
is a second symmetry-determined conical intersection on the B'A; state for the collinear
O-H-H geometry. The importance of this second conical intersection in the
O('D, *P) + H, reaction system has been noted before [26]. However, only very recently
has its possible influence on the photodissociation of H,O been seriously addressed.
Mordaunt et al. pointed out [27], in a recent wavepacket calculation, that a small
part of the dissociative flux on the B'A, surface goes toward the second conical inter-
section (O-H-H), thus indicating that this second intersection might also play a role
in the B-state photodissociation. Following various improvements in the experi-
ments, many features of the photofragment translational spectra have been more
clearly revealed in an even more fine tuned experimental investigation of the H,O
photodissociation at 121.6 nm in our laboratory.

In the photodissociation experiments described here, dissociation dynamics of H,O
at two photolysis wavelengths (157nm and 121.6nm) were studied. At 157nm
excitation, H,O is excited to the A'B, surface; while at 121.6nm, H,O is excited to
the B'A, surface. The experimental set-up used to study the H,O photodissociation
is described by the simple schematic shown in figure 4. A fluorine laser (Lambda
Physik) is used as the photolysis laser source for the photodissociation of H,O at
157 nm; while the same laser to pump the H-atom Lyman-« transition is also used as
the photolysis laser for the 121.6 nm photodissociation. The 157 nm laser light is unpo-
larized, while the 121.6 nm laser light is polarized. The polarization direction of the
121.6 nm photolysis light can be changed by rotating the polarization of the 845nm
laser using a rotatable half-waveplate for product angular anisotropy measurement.
In the H,O photodissociation, a molecular beam of H,O was generated by expand-
ing a mixture of H,O and Ar (~3%) at a stagnation pressure of 600 torr through a
0.5mm diameter pulsed nozzle. The mixture of H>O and Ar was made by bubbling
Ar through the water sample at room temperature. The rotational temperature
of the H>,O molecules in the molecular beam is about ~10K. The detector in the
photodissociation experiment is fixed in the perpendicular direction of the molecular
beam. The molecular beam and the photolysis laser beam are all perpendicular to
each other.

In this section, we will describe the results of our recent study of the water photo
dissociation at both 157 and 121.6 nm in our laboratory, providing further insights into
the detailed dynamics of this interesting and fundamentally important system.

3.1. H,0 photochemistry via the N B; surface: direct dissociation

Photodissociation of H,O on the A'B; surface has recently been studied at 157 nm using
the HRTOF technique described above in our laboratory [28]. The time-of-flight
spectrum of the H-atom product from the H,O photodissociation at 157 nm
was measured. The experimental TOF spectrum is then converted into the total product
translational distribution of the photodissociation products. Figure 5 shows the total
product translational energy spectrum of H,O photodissociation at 157.6nm in the
molecular beam (with rotational temperature 10 K or less). Five vibrational features
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Figure 4. Experimental set-up for H,O photodissociation.

have been observed in this spectrum, which can be easily assigned to the vibrational
excited OH (v=0, 1,2, 3,4) products from the photodissociation of H,O at 157.6 nm.
In the experiment under molecular beam conditions, rotational structure with larger
N quantum numbers are partially resolved. By integrating the whole area of each vibra-
tional manifold, the OH vibrational state distribution from the H,O sample at 10 K can
be obtained. In order to get an estimate of the rotational excitation of the OH product,
the product translational energy distribution is simulated using fixed parameters. The
translational energy distribution for H,O photodissociation in figure 5 has been simu-
lated. From the simulation, it is clear that the rotational excitation of the OH products
in the v=0, 1, 2, 3 states is quite cold, with an estimated rotational temperature of
about 340 K. Interestingly, the rotational temperature of the OH products in the
v=4 state is notably higher than that in the lower vibrational states. The estimated
rotational temperature for OH (v=4) is about 650 K. These results are similar to that
obtained by Andresen ez al. [29] using the laser induced fluorescence (LIF) technique.
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Figure 5. The total translational energy distribution of H>O photodissociation at 157nm. The peaks
correspond to the different rovibrationally excited OH products.

In order to see the effect of the rotational excitation of the parent H,O molecules on
the OH vibrational state distribution, the experimental TOF spectrum of the H-atom
from photodissociation of a room temperature vapour H,O sample has also been mea-
sured with longer flight distance (~78 cm). By integrating each individual peak in the
translational energy spectrum, the OH product vibrational distribution from H,O
photodissociation at room temperature can be determined.

The OH product vibrational state distributions obtained from the above experimen-
tal studies are listed in table 1. From the results obtained under the two extreme
conditions (molecular beam and room temperature vapour) in this work, it is clear
that the rotational excitation of the parent molecule has a negligible effect on the
product vibrational state distribution of the OH product from H,O photodissociation
at 157.6 nm excitation. Previous experimental and theoretical results are also shown in
table 1.

From table 1, it is quite obvious that the OH product vibrational state distribution
obtained in our laboratory is significantly different from that measured using the
LIF method [29, 30] especially in the higher vibrational states. This implies that the
vibrational distribution of OH obtained by previous LIF measurements may have seri-
ous errors. This conclusion may have a significant impact since LIF has been widely
used in measuring the product OH vibrational state distribution in studies of many
important chemical reactions. The vibrational distributions obtained here for high
vibrational states are as much as 50 times larger than that obtained by the LIF tech-
nique. These results indicate that one must be very careful when using LIF to measure
vibrational distributions of the OH product. Generally speaking, LIF is a sensitive
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Table 1. Vibrational state distribution of OH/OD from H,0/D,O/DOH photodissociation at 157.6 nm.

y

Species 0 1 2 3 4 5 6 Remark
H,O 1.0 1.11 0.61 0.30 0.15 0 0 Beam®
H,O0 1.0 1.06 0.56 0.24 0.11 0 0 Vapour®
H,O 1.0 1.03 0.57 0.27 0.11 0 0 EI®

H,O 1.0 0.96 0.15 - - - - Exp. [29]
H,O 1.0 0.56 0.10 0.02 0.003 <3x107* - Exp. [30]
H,O 1.0 0.89 0.63 0.41 0.28 0.24 - Theory [31]
H,O 1.0 0.81 0.53 0.34 0.18 0.10 - Theory [32]
H,0 1.0 1.06 0.59 0.27 0.13 0.01 0.00 Theory [33]
DO 1.0 1.49 1.09 0.67 0.39 0.16 0.03 Beam®
D,O 1.0 1.39 1.00 0.49 0.29 0.14 0.01 Theory [33]
DOH/OH 1.0 1.56 1.02 0.60 0.13 0 0 Beam®
DOH/OH 1.0 1.18 0.73 0.46 0.09 0 0 Theory [33]
DOH/OD 1.0 1.19 0.76 0.45 0.29 0.16 0.09 Beam®
DOH/OD 1.0 1.08 0.56 0.29 0.15 0.09 0.03 Theory [33]

“ These results are obtained in this work using the H-atom Rydberg tagging TOF technique.
° These results are obtained in this work using a universal electron impact ionization detector.

detection technique for molecular species. However, there are a few problems involved
when one uses this technique to measure relative product vibrational populations.
Firstly, in order to determine the relative population distributions in many vibrational
states, one normally could not cover all vibrational states within the tuning range of one
laser dye. This would likely cause propagation errors in measuring the relative LIF
signals from different OH vibrational states. Secondly, saturation effects may also
cause significant errors when one calculates relative populations using relative LIF
intensities. When converting relative LIF intensities to relative populations, one usually
needs information that is not readily available, such as transition dipole moments, etc.
If one uses transitions with small off-diagonal Franck—Condon (FC) factors, by which
many previous LIF measurements of OH were carried out, errors in the calibration
might originate from the inaccuracy of the small off-diagonal FC factors which are
harder to calculate accurately. Furthermore the inaccuracy of the vibrational overlap
integrals will also make the estimation of the transition dipole much more difficult
since an accurate r-centroid is even harder to obtain for each transition.
Predissociation of OH in the excited electronic state in the LIF scheme can also
cause serious problems; and it is well known that OH predissociates in the A*Y
state. This could also be a major source of errors in measuring the vibrational distri-
bution of OH because the effect of predissociation is hard to account for quantitatively
in many cases.

From table 1, it is clear that vibrational state distributions of the OH product
obtained here under the two experimental conditions in our work are in rather good
agreement with the theoretical results, indicating that the overall accuracy of the
theoretical calculations is fairly good for the v <4 levels. There is, however, a large
discrepancy between the previous theoretical results [31, 32] and our experimental
measurement at v=>5. In fact, no signal has been observed for the OH products
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Figure 6. The total translational energy distribution of D,O photodissociation at 157nm. The peaks
correspond to the different rovibrationally excited OD products.

at v=>5in our experiment. Since detection efficiencies for H-atoms with different veloc-
ities are uniform using the Rydberg tagging technique as we have demonstrated in the
photodissociation of H>O at 121.6nm [34], the discrepancies between theory and
experiment should come from the inaccuracies of the H,O A state potential energy sur-
face on which all previous theoretical calculations are based. Improvement on the the-
oretical calculations should also be possible using a more accurate A4 state potential
energy surface. Recent theoretical studies based on an improved potential energy sur-
face (PES) [33] have shown that this is truly the case. The agreement between theory
and experiment is much improved for H,O with the improved PES. This improved A
state potential energy surface is now believed to be one of the most accurate model
potentials for direct dissociation processes in tri-atom molecules.

Photodissociation of D>O on the 4 surface at 157 nm has also been investigated. The
time-of-flight spectrum of the D atom product from the D,O photodissociation was
measured using the Rydberg tagging TOF technique. The experimental TOF spectrum
is then converted into the total translational distribution of the photodissociation
products. Figure 6 shows the total product translational energy spectrum of D,O
photodissociation at 157.6nm in a molecular beam. Seven vibrational features have
been observed in the spectrum. These features can be easily assigned to the vibrational
excited OD products for v=0-6 from the photodissociation of D,O at 157.6 nm.
Because of the smaller OD rotational constant, the rotational structures are not as
well resolved as in the H,O case. By integrating the whole area of each vibrational
manifold, the OD vibrational state distribution from a D,O beam sample at 10K
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can be obtained. The relative distribution obtained is also listed in table 1 with the HOD
photodissociation results. It is quite clear that the rotational excitation of the OD pro-
ducts is also quite cold for different OD vibrationally excited products. It is interesting
to point out that even though more vibrational states of the OD product in the D,O
photodissociation are populated in comparison with the OH product from H,O photo-
dissociation, the vibrational energy deposited into the OD product is quite similar to
the OH product. The averaged vibrational energy deposited in the OH product from
H,O is about 4170 cm™", while that deposited in the OD product from D-O is about
4310cm™ "

Photodissociation of HOD on the A!B, surface at 157 nm in the molecular beam has
also been studied using the Rydberg tagging technique. Since a pure sample of HOD
could not be obtained practically because of the fast H/D exchange rate, a sample of
1:1 mixture of H>,O and DO is prepared in order to obtain the HOD sample. Due
to the fast exchange of the H and D atoms in this water sample, the final mixed
ratio of the three isotopomers, H,O, HOD and D,O, should be 1:2:1, respectively,
after reaching equilibrium. Therefore, in the photodissociation of this mixed sample,
there will be two different sources for the H-atom: one from the H,O molecule, and
the other from the HOD molecule. Similarly, there will also be two different sources
for the D-atom: one from the D,O molecule, and the other from the HOD molecule.
The time-of-flight spectrum of both H-atom product (with OD partner product) and
D-atom product (with OH partner product) from the mixed water sample has to be
measured in order to acquire the whole picture of the HOD photodissociation.
Figure 7(a) shows this translational energy distribution for the H detection from the
mixed sample. In order to show the contribution from the H>O photodissociation,
figure 7(b) presents the translational energy distribution for pure H,O photodissocia-
tion converted from the H-atom TOF spectrum using a mass ratio of 1:18. From
this figure, one can see immediately the contribution from HOD photodissociation
(H-atom product). It is quite obvious that a total of seven vibrational states (v=0-06)
in the OD product from the HOD photodissociation have been observed. By integrat-
ing each individual peak and subtracting the contribution from H,O, the OD product
vibrational state distribution from HOD photodissociation can be determined. The
results obtained are listed in table 1.

Similarly, the TOF spectrum of the D-atom product from the mixed sample has also
been measured. Figure 8(a) shows the translational energy distribution for D product
from the mixed sample. In order to show the contribution from the D,O photodissocia-
tion, figure 8(b) also shows the translational energy distribution for the photodissocia-
tion of the pure D,O sample converted from the D-atom TOF spectrum using a mass
ratio of 2:17. A total of five vibrational states (v=0-4) in the OH product from HOD
photodissociation have been observed. By integrating each individual peak and sub-
tracting the contribution from D,O, the OH product vibrational state distribution
for the HOD photodissociation can be experimentally determined. The results obtained
are listed in table 1.

The OD vibrational distribution from the HOD photodissociation resembles that
from the D>,O photodissociation. Similarly, the OH vibrational distribution from the
HOD photodissociation is similar to that from the H,O photodissociation. There
are, however, notable differences for the OD products from HOD and DO, similarly
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Figure 7. (a) The total translational energy distribution of the H atom product from the mixed sample using
1: 18 mass ratio. (b) The total translational energy distribution of the H atom product from pure H,O sample
using 1: 18 mass ratio.
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Figure 8. (a) The total translational energy distribution of the D-atom product channel from the mixed
sample using 2 : 17 mass ratio. (b) The total translational energy distribution of the H-atom product from pure
D,0 sample using 2:17 mass ratio.
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for the OH products from HOD and H,O. It is also clear that rotational temperatures
are all quite cold for all OH (OD) products. From the above experimental results, the
branching ratio of the H and D product channels from the HOD photodissociation
can be estimated. The mixed sample of H,O and D,O with 1:1 ratio is known to go
through isotope exchange quickly and reach its equilibrium with an exact ratio of
H,0, HOD and D»O of 1:2:1. Because the absorption spectrum of H,O at 157 nm
is a broadband transition, we can reasonably assume that the absorption cross-sections
are the same for the three water isotopomer molecules. It is also quite obvious that the
quantum yield of these molecules at 157 nm excitation should be unity since the A4'B,
surface is purely repulsive and is not coupled to any other electronic surfaces. From
the above measurement of the H products from the mixed sample, the ratio of the
H-atom products from HOD and H-O is determined to be 1.27. If we assume the quan-
tum yield for H,O at 157 is unity, the quantum yield for the H production should be
0.64 (1.27 divided by 2) since the HOD concentration is twice that of H,O in the
mixed sample. Similarly, from the above measurement of the D-atom product from
the mixed sample, we can actually determine the ratio of the D-atom products from
HOD and D,O to be 0.52. Using the same assumption that the quantum yield of the
D,0 photodissociation at 157 nm is unity, the quantum yield of the D-atom production
from the HOD photodissociation at 157nm is determined to be 0.26. Therefore
the total quantum yield for the H and D products from HOD is 0.64 4+ 0.26 =0.90.
This is a little bit smaller (~10%) than 1 since the total quantum yield of the H and
D productions from the HOD photodissociation should be unity because no other dis-
sociation channel is present for the HOD photodissociation other than the H- and
D-atom elimination processes. There are a few sources of error, however, in this
estimation: (a) the assumption that the absorption cross-sections of all three water
isotopomers at 157 nm are exactly the same, and (b) the accuracy of the volume mixture
in the H,O and D,O mixed sample used in the experiment. For the absorption cross-
sections, there are probably some small differences among the three isotopomers in
reality. Nevertheless, this estimate should be quite reasonable. The estimated branching
ratios of the H and D productions from HOD at 157 nm excitation should be 2.46
with about £15% estimated error bar. More accurate measurement on the branching
ratio should be possible with the experimentally measured cross-section values for
H>O0 and D,O.

3.2. H,O0 photochemistry via the B4, surface: conical intersection dynamics

While dissociation of H,O on the A4 surface is clearly a prototypical direct dissociation
process, dissociation of H,O on the B'A; surface is much more complicated. Three
electronic states are involved in the photochemistry of H,O at 121.6 nm. The initial
excitation is to the third singlet state, B'A;, which correlates adiabatically with an
H-atom and an excited electronic state of the OH partner (OH, A>S"). However, the
dominant dissociation, to an H atom plus a ground state OH molecule (OH, X°II),
is brought about by non-adiabatic crossings from the B'A, state to the potential
energy surfaces of either the A'B, state or the X'A; ground state of water. These are
mediated respectively by electronic Coriolis interactions, and through conical inter-
sections of the B'A; and X'A, surfaces.
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Figure 9. The translational energy distributions of H,O photodissociation at 121 nm obtained with photo-
lysis laser polarization parallel to the detection direction. (a) The upper trace was acquired experimentally.
(b) The lower trace is the simulated distribution.

Experimentally, photodissociation of H,O at 121.6nm has been investigated [35]
using the same experimental method used at 157 nm above except that the 157 nm
laser is absent. Two TOF spectra were obtained with the photolysis laser polariza-
tion parallel and perpendicular to the detection axis. The two TOF spectra have been
converted to the total translational energy distribution of the photodissociation process
using a computer program that includes allowance for the velocity of the molecular
beam. Figure 9(a) shows the experimental product translational energy distribution
in the parallel direction, while figure 10(a) shows the experimental product transla-
tional energy distribution in the perpendicular directions.

From the translational energy distributions obtained above, the quantum state distri-
butions and the quantum state-specific anisotropy parameters can be determined.
In a molecular photodissociation process, the photodissociation product detected at
an angle in the centre-of-mass frame of 6, relative to the photolysis laser polarization
can be represented by the following formula:

V(ET, Oem) = @(E1) [1 + B(ET)P2(COS Ocrn )] (1)

where ¢(ET) is the product translational energy distribution and B(ET) is the energy
dependent anisotropy parameter. In order to determine both ¢(£t) and S(Et) in the
experiment, translational energy distributions at two polarizations (parallel and
perpendicular to the detection axis) in the laboratory frame have to be measured.
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Figure 10. The translational energy distributions of H,O photodissociation at 121 nm obtained with photo-
lysis laser polarization perpendicular to the detection direction. (a) The upper trace was acquired experimen-
tally. (b) The lower trace is the simulated distribution.

O.m 1s dependent on Et, but can be calculated from 6,, provided the beam velocity is
known. o(Et) and B(Et) can therefore be calculated by solving the following two
equations, in which the angles for ¥-(Er, 6%) and ¥''(Er, 6!l ) have first been derived
using a laboratory to centre-of-mass transformation,

Y-(Er, 0 = 0(E7) [1 + B(ET)Pa(cos 04,)] 2)
YI(Er.6),) = o(Er) [1 + B(Er)P>(cosbl))] A3)

Extensive sharp structures in the product translational energy distributions (figures 9a
and 10a) have been observed. Since the H-atom product has no internal excitation,
these sharp features all correspond to the electronically and rovibrationally excited
OH products. OH quantum state distributions have been determined from the
simulations of the product translational energy distributions obtained above for
the two polarizations. Figures 9(b) and 10(b) show the simulated product transla-
tional energy distributions for the two corresponding polarizations (parallel and
perpendicular). The energy resolution in the experiment varies with the translational
energy of the H-atom product, so that the line-width of each peak in the simulation
is a function of the translational energy. In addition to the OH(X) and OH(A)
products, a broad underlying peak has also been observed at low translational
energy. This underlying peak is also simulated using a broad energy distribution.
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From the above simulations, rovibrational state distributions have been determined for
both the OH(X) and OH(A) products.

3.2.1. OH product quantum state distributions. Assignments have been made for
almost all the peaks in the translational energy spectra using the complete set of
bound states of OH in its X and A states. In total, 10 vibrational states (v=0-9)
of OH(X) have been included in the fitting of the translational distributions. From
the simulations, it is clear that the most important pathway leads to the OH ground
electronic state products in the v=0 state. Figure 11 shows the rotational distributions
of the OH(X, v=0) product obtained from the simulations. It is apparent that most
of the OH(X,v=0) products are extremely rotationally excited with a peak at
N =45, corresponding to about 32 000cm ™' rotational excitation. This is an extreme
case that almost 75% of the available energy is deposited into purely rotational
excitation. It is also interesting to point out that the rotational distribution shows a
clear oscillation around N =40, with the odd N levels having enhanced population
with respect to the neighbouring even N levels. There is also another oscillation in
the weaker peaks of the rotational distribution near N =18. Such oscillations have
been traced to the dynamical interference arising from two conical intersection
pathways on the excited surface [36].

Rotational state distributions for the OH(X) products for v=1-4 have also been
determined. These products are also highly rotationally excited, indicating that they
are probably produced through the same dynamical pathway as the OH(X) v=0
product. OH(X) products for v=5-9 have also been observed. However, the
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Figure 11. The rotational distribution of the OH(X,v=0) products from H,O photodissociation
at 121.6nm.
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increasing density of rovibronic states leads to severe overlapping of the rotational
manifolds for these higher vibrational levels. Figure 12(a) shows the vibrational
state distribution of the OH(X) product. While the OH(X) v=0 product is by far
the most important single channel, vibrationally excited OH products comprise
approximately half the total OH(X) population for vibrational states up to v=11.
A significant population of the vibrationally excited OH(X) products is required
in order to account for the complicated structures in the translational energy
spectrum between 4000 and 10000cm™".

Rotational state distributions of the OH(A) product for v=0-3 have also been
determined. For highly rotationally excited OH(A), v=0, 1 products are dominant
as in the ground state, indicating that the angular anisotropy of the potential is also
very important to the production of these product states on the H,O B'A, state surface.
The vibrational distribution for the OH(A) product has been obtained by integrating
the rotational distributions for each vibrational level. Figure 12(b) shows this
vibrational state distribution. The population for the OH(A) product decreases
almost linearly as the vibrational energy increases. The relative branching ratio of
the OH(X) product versus the OH(A) product is well determined to be about 5: 1.

Early dynamical calculations using time-dependent wavepackets were able to
reproduce the general form of the OH rotational population distribution for the
OH(X?IT, v= 0) level [27]. This was based on the rather limited ab initio surfaces
of Theodorakopoulos er al. [37]. The branching fraction for the B'A,— A'B,
route to the ground state OH radical relative to the B'A,— X'A, route was
shown to increase with a-axis rotational excitation of the parent molecule, whilst
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Figure 12. (a) Vibrational state distributions of OH(XIT) product; (b) vibrational state distribution of
OH(A’Y) product.
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the second of these routes is associated with higher angular acceleration of the OH
on the final surface than for the first route. Recently, van Harrevelt and van Hemert
have used their new potential energy surfaces for water to carry out a complete
three-dimensional quantum mechanical description of its photodissociation at a
number of energies following B < X excitation from the rotational ground state [38].
Diabatic electronic surfaces were constructed from the adiabatic electronic states
and matrix elements of the electronic angular momentum operators, following a
well-defined procedure [39]. The dynamics were studied using wavepacket methods,
and the evolution of the time-dependent wavefunction discussed in detail. These
calculations show that both the absorption spectrum and the product state
distributions are strongly influenced by transient resonances on the adiabatic B'A,
state surface, which probably involve both stretching and bending motions [40]. In
consequence the branching ratios between dissociation channels and the vibrational
and rotational distributions are strongly energy dependent. These theoretical results
agree at least qualitatively with the available experimental data. It is also shown that
molecular rotation plays an important role in the photofragmentation process.
Three-dimensional trajectory calculations have also been performed on this system
recently. Further insights into the dynamics of dissociation processes were provided
in these investigations. The essential dynamical features in the trajectory studies also
agree well with the quantum calculations by van Harrevelt and van Hemert [38].
Of particular note, it was concluded that the highly vibrationally excited OH
products are produced by indirect trajectories, whereas the v=0 OH products are
mainly due to direct dissociation.

3.2.2. Rovibrational dependent anisotropy parameters. The distributions of the angu-
lar anisotropy parameter have also been determined for the different rovibrational
levels of the OH product. Figure 13 shows the A(N) distribution for the OH(X)
product in the v=0 state. This distribution shows a marked variation in the B
parameter over the observed range of N values. For N less than 10, for N between
23 and 28, and for N greater than 42, the B parameter is of the order of +1. In
between these ranges there are two regions of local oscillation in g. Starting from
N=10 to 22, the B parameter alternates with higher g at even N and lower S at
odd N. However, for the second local oscillation (from N=29 to 40), the
B parameter alternates in an opposite way with higher 8 at odd N and lower B
at even N. Note that these two regions of oscillation in B are the same as the
two regions of oscillation in the rotational population (figure 11). These observed
oscillations are very intriguing and indicate that there could be more than one
dissociation mechanism leading to the ground state OH. More careful inspection
reveals that in the lower N range the population alternation is much more promi-
nent in perpendicular polarization than in parallel polarization, whereas the reverse
is true in the higher N range. The source of these oscillations for the most important
OH(X,v=0) channel is discussed below.

Anisotropy parameters have also been determined for the OH(X) product from
v=1 to 4 in the same way. These distributions are significantly different from each
other. 8 again varies widely with &, but the distributions are very different from that
for the OH(X, v=0) product, indicating the complex nature of H,O photodissociation
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Figure 13. The anisotropy parameters for the OH(X, v=0, N) products. The two oscillation sites
correspond exactly to the population oscillations exhibited in figure 11.

at 121.6nm. For higher vibrational levels the B parameters cannot be determined
accurately because of significant correlations through overlapping lines. The anisotropy
parameters have also been determined for the OH(A) product for v=0 to 3. The varia-
tions in B are again quite different from each other. Except for v =3, the anisotropy
parameter oscillates as the N quantum number increases. There are also some general
features for these distributions. Near the energetic limit, the anisotropy parameter is
normally higher than for the lower N states. This probably arises because the
generation of high N products requires the experience of large angular forces during
the dissociation.

3.2.3. Effect of parent rotational excitation on the OH product state and angular
distribution. The rotational temperature of the H,O sample in the molecular beam
was quite low, about 10K. As in the hydrogen molecule, the water molecule has
para and ortho rotational levels with nuclear spin-statistics of 1:3, respectively.
Since the para and ortho rotational levels have different nuclear spin wavefunctions,
the conversion between the para and ortho levels is essentially forbidden, as in the
hydrogen molecule. In H,O, the nuclear spin-statistics for the lowest rotational
levels are as follows:

Level Energy (cm™") Nuclear spin statistics
000 0.00 1
Loy 23.80 3
11 37.16 1
1o 42.39 3
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Figure 14. The product translational energy distributions at very low translational energy region. The solid
lines are the experimental results while the dotted lines are the simulated distributions. (a) The photolysis laser
polarization is perpendicular to the detection axis; (b) the photolysis laser polarization is parallel to the
detection axis.

Consequently, even at the lowest rotational temperature both the 0yq and 1¢; levels
will be populated, with a ratio of 1: 3, respectively. The spacing between these different
rotational levels of H»O is such that the parent rotational levels are not well resolved in
the product translational energy distribution for the high translational energy region
because of the limited translational energy resolution. In the very low translational
energy region associated with the OH product in the A state, however, peaks from
the same OH(A) product from different parent rotational states can be resolved because
of their different available energies and the higher translational energy resolution.
Figure 14 shows an expanded plot of the product translational energy distributions
(figures 9a and 10a) in the very low translational energy region (from 100 to
1500 cm™"). Each product rotational level is associated with multiple peaks (see the
peak labelled with v=1, N=18). These multiplets arise from the different parent
rotational levels of H>O, 0qy, 1o; and 1;; from low to high energy. From this figure
we can investigate the effect of the parent rotational excitation. By simulating the trans-
lational energy distributions, relative dissociation cross-sections can be derived for
different parent rotational levels. The dashed curves in figure 14 are the simulated
distributions including the different parent rotational levels. An interesting observa-
tion from these distributions is that the shape of the multiplet peak corresponding to
each OH(A) rotational level for the perpendicular polarization is not necessarily
the same as that for the parallel polarization; see for example the peak labelled as
v=0, N=22. From the simulations, relative populations are determined for the
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OH(A) product in the low translational energy region from H,O in different rotational
levels for both polarizations. The anisotropy parameters for the OH product from
different parent rotational levels are determined. Experimental results indicate that
the B parameters for the OH(A) product from the three parent H>O levels, Ogg, 1¢1,
111, are quite different from each other. Most notably, for the OH(A,v=0, N=22)
product the g parameter from the 1o; H>O level is positive while the 8 parameters
from the 0y and 1;; levelsare negative, indicating that the parent molecule rotation
has a remarkable effect on the product anisotropy distributions of the OH(A) product.
The state-to-state cross-sections have also been determined, which are also different
for dissociation from different rotational levels of H,O.

3.2.4. Bond energy beyond chemical accuracy for H,O. The term values for all the
available OH(A) rovibrational levels have been determined accurately from spectro-
scopic data. From the simulation of the translational energy distributions shown
in figure 14, including the parent rotational levels, the translational energy release
for each OH(A) level can be calculated with high precision. The Lyman-« transition
energy is known accurately to be 82259.1cm™', while the total available energy of
dissociation from the 0y level of H,O to produce the lowest quantum level of
OH(X2H3/2, v=0, N=1) derived from the simulation is 41 108.0 cm~". The dissociation
energy D, defined as from the lowest H,O state to the lowest OH level, is therefore
determined to be 41151.1cm™". The error bar on D} is estimated to be Secm™"' and
should have a confidence level of at least 95%. The new value provides the most
accurate bond dissociation energy for the water molecule thus far.

3.2.5. Population alternations and quantum interference. Recently, two-dimensional
quantum dynamical calculations using ab initio surfaces from Murrell and co-workers
[41, 42] which span the regions that include O-H-H conical intersections of the B'A,
and X'A,| surfaces as well as those with H-O—H geometry, shows that the even/odd
intensity alternation in the OH(v =0) rotational distribution could arise through quan-
tum interference between components of the wavefunction emanating on the X'A,
surface from these two type conical intersections [36]. However, for both these sets
of calculations one OH bond length was fixed, so that vibrational excitation of
an OH fragment, or three-body dissociation, could not occur. This explanation was
questioned by van Harrevelt and van Hemert on the grounds that their calculations
yielded even—odd oscillations, not only for OH(X) but also for OH(A) [38]. Although
there are rapid fluctuations with N in the rotational populations and anisotropy
parameters of most vibrational states of both OH(X) and OH(A), a clear even/odd
alternation sustained over more than 10 consecutive N-values is observed only for
OH(X) v=0. Furthermore, the two spectra recorded in limiting polarizations differ
in that the high N alternation (N~40) is most prominent in parallel polarization,
whereas the lower N alternation (N~ 15) is most prominent in perpendicular polariza-
tion. This contrasting behaviour is not apparent from the summed populations in
figure 11. Further detailed three-dimensional wavepacket analysis, which uses attenu-
ated waves near the second conical intersection (O—-HH), shows that the population
alternation is strongly related to the conical intersection pathways, indicating
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strongly that the population alternations in the OH(X, v =0) rotational distribution are
caused by the dynamical interference between the two distinct conical intersections
between the B and X surfaces.

3.2.6. Extremely rotationally excited OH from HOD dissociation through conical
intersection. The substitution of hydrogen by deuterium often leads to significant
changes in processes under dynamical control, particularly where non-adiabatic effects
such as conical intersections are involved. Photodissociation of HOD has been recently
studied in order to study such dynamical effects in our laboratory using the same
method described above [43]. The experiment was carried out using a mixed sample
of H,O/HOD/D-O. The contributions from D>O were then subtracted from the results
using the mixed sample. Figure 15 shows the resulting translational energy spectra for
the D + OH products at 121.6 nm excitation for two polarizations (parallel and perpen-
dicular to the detection axis). Since translational energy distributions were measured for
both parallel and perpendicular polarizations, the angular dependent translational
energy distribution f(E, 6) can be determined for any angle 6. The peaks of the distribu-
tion clearly shows that the main products recoil along the direction of the photolysis
laser polarization, indicating that these ground state products are mainly produced
by passage through the conical intersection between the B and X surfaces in a collinear
geometry.

The sharp peaks in figure 15 arise from the rovibronic states of the OH product from
the HOD photodissociation at the D-Lyman « wavelength. Most of these peaks can be
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Figure 15. The product translational energy distributions for the OH+ D channel from the HOD
photodissociation at 121.6 nm with the photolysis laser polarization parallel as well as perpendicular to the
detection direction.
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assigned to the highly rotationally excited levels of v=0-5 of OH(X?IT) and those of
v=0 of OH(A’Y). The strongest peaks are due to the ground OH products with
v=0 and 1. The highest peak in the product translational energy spectrum of
figure 15 below the dissociation limit is due mainly to the N=47 level of
OH(X?I1, v=0), which has a rotational energy of 33400cm ™', already 94% of the
bond dissociation energy of the OH molecule (35426 cm™'). Through careful assign-
ments based on calculated energy levels, higher levels still (N =48-50) have been clearly
observed. The strongest peak above the dissociation limit is due to N =49. Rotational
levels of vibrationally excited OH states that lie above the OH dissociation limit have
also been observed.

In comparison with H»O, the rotational excitation of the OH(X) product from HOD
photodissociation is noticeably higher than that from H»O, in which the highest
observed rotational level of OH(X,v=0) is N =46. This can be directly attributed to
the kinetic consequences of the difference in product masses. In H,O, or in D50, as
the two H (or D)-atoms start to accelerate away from the symmetrical Franck—
Condon configuration, the developing kinetic energy will tend initially to be equally
shared between them. One of these atoms will dissociate, while the motion of the
other will become the internal energy of the OH (or OD) product. Thus the internal
energy distribution of OH from H»O is very similar to that of OD from DO, given
the almost identical available energies at 121.6 nm [44]. In contrast, this sharing will
tend to be 2/3 to the H atom and 1/3 to the D atom for HOD. Thus if the H atom
dissociates, its partner OD will tend to have a lower internal energy distribution
than OD from D,O. Conversely, if the D atom dissociates its partner OH will tend
to have a higher rotational energy distribution than OH from H,O, as observed. It is
unusual to generate such an extreme rotational excitation.

These extremely rotationally excited levels, lying above the dissociation limit, are
only quasi-bound through the support of a centrifugal barriers. Rotational levels
that are only slightly above the dissociation limit have substantial centrifugal barriers
to dissociation, therefore the tunnelling probability is expected to be extremely small.
However, as rotational excitation further increases, the centrifugal barrier is signifi-
cantly reduced and thus the tunnelling probability through the centrifugal barrier
is dramatically increased. Figure 16 shows the tunnelling lifetimes of these extremely
OH rotationally excited levels that are above its dissociation limit, calculated
using the semiclassical phase integral method [45]. It is interesting to point out
that even though the N =50 pure rotational level of OH(X?IT, v=0) is already more
than 1000cm™' above its dissociation limit, the tunnelling lifetime of this state
through the centrifugal barrier is much longer than the age of the universe, about
13.4 billion years [46]. This indicates that the first few super-rotationally excited
levels above the dissociation limit are essentially stable quantum states. However,
as the rotational energy increases, the tunnelling lifetime drops very rapidly.
For the N=53 rotational level of OH(X?IT,v=0), which is ~0.5¢V above the
dissociation limit, the tunnelling lifetime is about 1day, and at N=60 it is already
in the femtosecond time-scale, indicating that this rotational level is only stable for a
few vibrational periods. From these theoretical predictions, no quasi-bound levels
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Figure 16. Tunnelling lifetimes of the super rotationally excited OH molecules.

of OH(X?IL, v=0) should exist above N =62. These highly excited OH molecules are
substantially stretched by centrifugal force. For example, the mean bond length for
N=47 is about 34% longer than for the rotationless OH molecule, while that of
N =150 is about 43% longer. Since these rotationally excited molecules are significantly
stretched like highly vibrationally excited molecules, it would be interesting to compare
the physical and chemical properties of these two extremely different excited species.

3.2.7. The single N propensity in the HOD + hv— OD + H dissociation
process. Recently, the photodissociation process, HOD + /v— OD + H, has also
been studied at 121.6nm using the experimental technique described above.
Contributions from H,O were then subtracted from the results of the mixed sample.
The experimental TOF spectra of the H atom from HOD were then converted into
translational energy spectra in the centre-of-mass frame. Figure 17 shows the transla-
tional energy spectra of the H-atom products at 121.6 nm excitation using two different
polarization schemes (parallel and perpendicular to the detection axis). The spectra were
taken at a total stagnation pressure of 600 torr of a sample of 3% H,O/HOD/D,O
in Ar. Based on previous spectroscopic data on the OD molecule, all sharp features
in the translational energy spectra shown in figure 17 can be clearly assigned. The
OD products with translational energy above 8000 cm ™" are all in the ground electronic
state (X°I1), while the sharp structures below 5000cm™' are mostly attributed
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Figure 17. The product translational energy distributions for the OD + H channel from the HOD photo-
dissociation at 121.6 nm with the photolysis laser polarization parallel as well as perpendicular to the detection
direction.

to the OD products in the electronic excited A’S state. From the translational energy
distribution, it is obvious that most of the OD(A”X) products are in the v =0 state. The
rotational state distribution shows that the population of the OD(A?E) product at v =0
and N =28 is much larger than that of OD in other rotational states. This is a very
interesting phenomenon since only the population of a single rotational state OD prod-
uct (v=0, N=28) is significantly enhanced. It is also interesting to note that the ani-
sotropy parameter for the N =28 OD(A’X) is also significantly larger than the rest of
the OD products in other rotational levels, indicating that some interesting mechanism
lies behind this single J enhancement. This type of phenomenon was not observed in the
photodissociation of other similar systems such as H,O, D>,O and HOD with D detec-
tion at the Lyman-o wavelength excitation. Based on theoretical analysis, this single
rotational state product propensity is attributed to a dynamically constrained threshold
effect in the HOD photodissociation process [47].

4. The O('D) + H, reaction: insertion versus abstraction

The reaction of O('D) + H;, plays a significant role in atmospheric [48] and combustion
chemistry [49]. This reaction is also a well-known benchmark system for an insertion
type chemical reaction at low collision energies. Extensive experimental and theoretical
studies have been carried out in order to elucidate the dynamics of this reaction
(and isotope variants) [50-71]. A more complete review of the studies on the
O('D)+H, reaction during the last decade or so can be found in a very recent
review article by Casavecchia [4]. Previous experimental studies found that this reaction
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is dominated by the insertion reaction mechanism. Very recently, Liu and co-workers
[67-71] have measured the excitation function and the differential cross-sections at
different energies for the O('D)+ HD reaction using Doppler-selected time-of-flight
methods. Their experimental results show that at low collision energies (<1.8 kcal/mol),
the reaction is mainly through the insertion pathway that shows roughly a
forward—backward symmetric product angular distribution. At higher collision energies
(>1.8 kcal/mol), however, an additional abstraction channel becomes important. This
abstraction reaction mechanism is likely caused by the excited state reactive surfaces
[70, 71], even though not all experimental results point in this direction. Due to the
limited resolution of the above experiments, quantum state-specific information on
the radical products (OH) has not been derived for this reaction in their experimental
studies.

In this section, we will describe detailed experimental results on the O('D)+
H,(HD, D) reactions at different collision energies to probe the fine dynamics in this
interesting system. In the first two parts, we will first describe the study of the
O('D) + p—H, reaction at 1.3kcal, to show an example of the state-to-state dynamics
of a barrierless insertion reaction, and then the single rotational excitation effect on
the dynamics of this reaction. In the third part of this section, we will describe the
experimental results of the O('D)+ D, reaction at two different collison energies to
provide clear experimental evidence of the appearance of the collinear abstraction
mechanism at higher collision energies in this reaction. In the last part of this section,
an interesting isotope effect will also be discussed in the O('D) +HD reaction.

4.1. The O('D) + p-H,— OH(X’I1, v, N) + H reaction at 1.3 kcal/mol: state-to-state
dynamics of a barrierless insertion reaction

The O('D)+H, — OH + H reaction were studied at the collision energy of 1.3 kcal/
mol, which is significantly below the 1.8 kcal/mol barrier for the abstraction channel
inferred from previous experimental studies [69]. This allows us to look at the reaction
dynamics of a pure insertion chemical reaction at the state-to-state level. The set-up
used for the studying the O('D)+ H, — OH + H reaction is basically the same appara-
tus used in the H,O photodissociation studies but slightly modified. The experimental
scheme for this reaction is shown in figure 18. The detection scheme used in the crossed
beam experiment is almost exactly the same as the photodissociation experiment
described above, except that a rotating MCP detector is used here instead of a fixed
angle detector. Two parallel molecular beams ( para-H, and O,) were generated with
similar pulsed valves in this experiment. The O('D) atom beam was produced by the
157 nm photolysis of the O, molecule via the Schumann—Runge band. The 157 nm
laser light is produced by a F, laser (Lambda Physik LPX 210I). The O('D) beam
was then crossed at 90° with the H, molecular beam. The para-H, molecular beam is
generated by expanding the H, sample through a pulsed nozzle, which is cooled to
liquid nitrogen temperature. This is to reduce the uncertainties of the collision energy
by minimizing the beam velocity spread. A small aperture is used to define the O('D)
beam between the O, and H, beams. The H-atom products were detected using
the technique described above with a rotatable MCP detector. The velocity of
the O('D) beam has been measured to be 2050m/s with a very narrow velocity
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Figure 18. The schematic of the experimental set-up for studying the crossed beam O('D)+H, — OH +H
reaction.

distribution (v/8v > 50), while the velocity of the liquid nitrogen cooled para-H, beam
is 1384 m/s with a speed ratio (v/8v) of about 15. Since para-H, is expanded at liquid
nitrogen temperature, H, molecules in the beam should be all in the j=0 state [11].
In order to understand the kinematics of reactive scattering, figure 19 shows
the Newton diagram for this reaction investigated using the above experimental
conditions.

Time of flight spectra of the H-atom products have been measured at 18 laboratory
angles (from 117.5° to —50° at about 10° intervals). Figure 20 shows a typical TOF
spectrum at the laboratory (LAB) angle of —50° (forward direction). By definition,
the forward direction of the OH product is defined here relative to the O('D) beam.
The TOF spectrum in figure 20 consists of a lot of sharp structures. All these sharp
structures clearly correspond to individual rotational states of the OH product, indicat-
ing that these TOF spectra have indeed achieved rotational state resolution for the
O('D) + H, — OH + H reaction. By converting these TOF spectra from the laboratory
(LAB) frame to the centre-of-mass (CM) frame using a standard Jacobian transforma-
tion, the product translational energy distributions obtained at different LAB angles
for the title reaction can be obtained. Figure 21 shows the total product translational
energy distribution at the LAB angle of —50°. All the peaks in the distribution can
be assigned to the OH products at different spin—orbit rovibrational levels. In this
reaction, the total available energy is about 45kcal/mol, which can produce OH
products up to v=4 in the ground electronic state.

By integrating the total intensity of the translational energy distribution at each LAB
angle, the total product angular distribution can be determined, which is shown
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Figure 19. The Newton diagram for the O('D)+ H,— OH + H reaction.
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Figure 20. Time of flight spectra of the H atom product from the O('D) + p-H, — OH + H reaction at —50°
laboratory scattering angle at the collision energy of 1.3 kcal/mol.
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Figure 21. The CM product translational energy distributions at the laboratory angle of —50° from
O('D) + p-H,—OH + H reaction.

in figure 22. From this distribution, it is apparent that the total H product is essentially
forward and backward symmetrically scattered with regard to the H, beam direction.
This result is quite consistent with previous experimental studies [65, 68, 69]. The for-
ward and backward symmetry of the total H product is a clear signature of the
dominant role of the insertion mechanism in this reaction. Since the CM angles are
not constant for a certain laboratory angle at different product (H) velocities, a transla-
tional energy distribution obtained from the direct conversion of the TOF spectra
contains scattering information in a range of CM angles. In analysing these experimen-
tal data, all rovibrational states (v<4) of the OH product are included in fitting
each translational energy distribution obtained. From the simulations, relative popula-
tion distributions of each rovibrational state of the OH product were determined at
18 different LAB angles. From these results, quantum state distributions of the OH
product in the CM frame (O.,=0° to 180° at 10° steps) can then be determined
using polynomial interpolations of the above results. Thus, rotational state-resolved
differential cross-sections are determined. From these typical distributions,
detailed dynamical features have been revealed. As we have pointed out above, the
total product angular distribution is roughly forward and backward symmetric. For
an individual quantum state OH product, however, the angular distribution is not
necessarily symmetric as shown in figure 23. From figure 23, the difference between
the translational energy distribution at ®., =0° or 180° and that at 90° is even more
remarkable. From the quantum state distributions, it is clear that the main difference
between the side scattering and the forward or backward scattering is the low
rotationally excited OH product relative to the O('D) beam direction. For forward
and backward scatterings, significant amounts of the OH products are populated
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Figure 22. The H atom product angular distribution in the laboratory frame for the O('D)+
p-H, — OH + H reaction at 1.3 kcal/mol.

in lower rotationally excited states of different vibrational states. This is quite obvious
from the translational energy distributions shown in figure 23 in which lower rotation-
ally excited OH products (near each vibrational state energy limit) are much more
pronounced in the forward/backward directions than in the sideways scattering. The
highly rotationally excited OH products, however, are more isotropic in their angular
distributions, and sometimes even strongly sideways scattered. These results are
easily understandable. In the O('D) insertion reaction with the H, molecule, significant
numbers of trajectories should have low impact parameters. The OH product in
the forward/backward directions should carry small angular momentum because of
angular momentum conservation in these low impact collisions. For higher rotationally
excited OH products, however, angular distributions should not be as simple.

By incorporating all translational energy distributions in the CM frame, a three-
dimensional contour plot of the differential cross-sections in terms of angle and trans-
lational energy can be constructed, as shown in figure 24. As a whole distribution,
it is clear that for higher translational energies (or lower internal excitation for OH),
the products are more forward/backward scattering than sideways scattering relative
to the O('D) beam direction. At lower translational energies (or higher OH internal
excitation), however, the OH product scattering is more complicated with strong side
scattering in certain regions. Figure 25 shows the angular distribution of different vibra-
tional excited OH products, in which the angular distribution for each vibrational state
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Figure 23. The CM translational energy distributions at three different laboratory angles corresponding to
forward (0°), sideway (90°) and backward (180°) scattering.

OH product are mostly forward—backward symmetric, except the v=4 OH
product. This indicates that rotational product asymmetry in the angular distribution
is not sustained in the rotationally summed OH(v) product. Since OH quantum state
distributions have been determined at different CM scattering angles, total quantum
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Figure 24. The three-dimensional plot of the product flux contour diagram for the O('D)+H, — OH +H
reaction at the collision energy of 1.3 kcal/mol.
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Figure 25. The angular distribution of different vibrational excited OH products for the
O('D)+H, — OH + H reaction at the collision energy of 1.3 kcal/mol.

state distributions for this reaction can be easily determined by simply integrating these
distributions over different CM angles. Figure 26 shows the full quantum state
distributions obtained for the title reaction. Such measurements were not possible
previously because of problems associated with the OH laser induced fluorescence
(LIF) detection [72]. In the lower panel of this figure, OH rotational distributions for
each vibrational state are presented. The distributions at different vibrational states
are actually quite similar in which all distributions peak near their energetic limit, indi-
cating that the majority of the OH products from this reaction are rotationally excited.
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In the upper panel of figure 26, the total OH product vibrational state distribution is
shown. The population in different vibrational states monotonically decreases as the
vibrational energy increases. In this experiment, even though extremely high transla-
tional energy resolution has been achieved, it is still not sufficient to resolve the
spin—orbit states of the OH product at v=0-3 and the lambda doublet states for all
the vibrational states. For OH(v=4) products, however, the spin—orbit components
(F, and F,) have been resolved. A clear propensity for the F; component OH(v=4)
product has been observed for this reaction.

In this part, we have shown an excellent example of quantum state-resolved reactive
scattering studies on the important O('D)+H,— OH +H reaction using the high
resolution H-atom Rydberg ‘tagging” TOF technique. Rotational state-resolved differ-
ential cross-sections have been measured for this reaction for the first time. A full
analysis of the experimental results has revealed many interesting dynamics for this
prototype system. The experimental results obtained in this work should be able to
provide an excellent test ground for theoretical studies of this benchmark insertion
reaction.

4.2. Effect of a single quantum rotational excitation on state-to-state dynamics of the
O('D) + H,— OH + H reaction

The effect of the reagent rotational and vibrational excitation on the reactivity is
an interesting issue. In the above experiment, the study was performed for the O('D)
reaction with the H, molecule purely in the v=0, j=0 level using cooled para-H,
beam. Clearly the H, reagent in this experiment is without any rotation. In this part,
we would like to describe the results of a sophisticated experimental study of the
O('D) reaction H, with the H, reagent in the j=0 and j=1 level to look at
the effect of a single rotational quantum reagent excitation on the dynamics of this
reaction. The experiment was carried in exactly the same way as described in the last
part, except that two H, samples, para and normal, were used for exact comparisons.
In this experiment, para-H, is purely in the j=0 level in the cooled beam, while
normal H; has one part in j =0 and three parts in j= 1. In this experiment, TOF spectra
at eight LAB scattering angles were measured for both H, samples with exactly the
same experimental conditions. These spectra were measured by switching the two H,
samples back and forth many times to reduce the systematic errors in the measure-
ments. Since the numbers of density of the two H, samples in the beam were controlled
to be exactly the same, the TOF spectra (TOFS) of the H-atom products from the
O('D) reactions with H, at both j=0 and 1 can be obtained from these two samples
using simple arithmetic. Since normal H, has two components: j=0 (1) and j=1 (3),
the TOF spectra observed for the p-H, and n-H, reactions can be described in terms
of that from H, at j=0 and j=1,

TOFS (p-H») = TOFS (j = 0) 4)

TOFS (n-Hs) = 0.75 x TOFS (j = 1) + 0.25 x TOFS (j = 0) (5)
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Therefore, the TOF spectra, TOFS, for the H, reactions for the pure j=0 and 1 levels
can be determined from the experimentally measured TOFS for the p-H, and n-H,
reactions,

TOFS (j = 0) = TOFS (p-H,) (6)

TOFS (j = 1) = (TOFS (n-H,) — 0.25 x TOFS (p-H,)) x g 7

The TOF spectra were then converted into the product translational energy distribu-
tions. Figure 27 shows the product translational energy distributions at the LAB angles
of 117°, 30° and —50° for the O('D) reaction with H, in both j=0 and 1 rotational
levels. These angles correspond dynamically to the backward, sideways and forward
scattering directions for the OH product relative to the O('D) atom beam direction
or H-atom products relative to the H, beam direction. The relative distributions for
the O('D) reaction with H, in j=0 and j= 1 were therefore determined at the eight scat-
tering angles. The ratios of the total products from H, (j=0) and H, (j=1) at eight
different LAB angles were also determined. By integrating the differences in all eight
LAB angles including the sin weighting factor for the spherical integration, the
ratio between the total cross-sections of O('D) reaction with H, at j=0 and j=1 are
determined to be o (j=1)/o (j=0)=0.95+0.02. This shows that the H, molecule in

j=0 is slight more reactive than that in j=1, which agrees quite well with quantum

theoretical calculations [73].

Clearly, the single quantum H, rotational excitation effect on the integral cross-
section of the O('D) + H, reaction seems quite small though detectable. The more inter-
esting question is how the single quantum rotational excitation of the H, reagent affects
the OH product state-resolved differential cross-sections. From figure 27, the product
translational energy distributions of the O('D) + H, (j= 1) reaction are slightly shifted
to higher energy with respect to that of the O('D) + H, (j=0) reaction. This is because
the total energy of the O('D)+ H, (j=1) reaction is slightly more than that of the
O('D) + H, (j=0) reaction by 2B,o(H>), i.e. 120cm™". If we shift the product transla-
tional energy distributions of the O('D)+ H, (j=1) reaction by 120cm ™", all the peak
positions in the distributions will be exactly aligned with those of the O('D) + H, (j=0)
reaction.

From the translational energy distributions shown in figure 27, the distributions in
the backward (117°) and forward (—50°) directions show some significant differences
for the H, (j=0) and H, (j=1) reactions even though the distributions in the sideways
scattering direction (30°) are very similar to each other for the two reactions [74]. Since
the rovibrational states of the OH radical are well known through previous spectro-
scopic studies, the translational energy distributions observed can be simulated quite
conveniently. From the simulations, state-specific differential cross-sections can be
determined for the eight LAB angles measured. From the product state distributions
in the backward scattering distribution shown in figure 28, it is clear that a single quan-
tum rotational excitation in the H; reagent has a rather significant effect on the OH.
The rotational excitation seems to have a rather irregular effect on a specific OH
state product, indicating that whether a single rotational excitation would enhance
or reduce the state-specific differential cross-sections for a specific state seems to be
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Figure 27. The translational energy distributions obtained for the O('D)+H, (j=0)— OH +H and the
O('D)+H, (j=1)— OH 4+ H reaction at the collision energy of 1.3 kcal/mol.

very unpredictable. These observations are also true for the forward scattering direction
even though the effects are very quite different from that of the backward scattering
direction. For the sideways scattering, however, the single quantum rotational excita-
tion in H, seems to have a very limited effect on the OH-product state distributions,
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Figure 28. Comparisons of the rovibrational state distributions obtained from the O('D) reaction with H,
at the j=0 and j=1 levels at the backward scattering 117° laboratory angle.

though slightly noticeable. This is very different from that of the forward and backward
scattering products.

Qualitatively, this phenomenon can be understood as the sideways scattering
products are normally produced through larger impact parameter (b) collisions,
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i.e. larger orbital angular momentum, L =pvb, while forward/backward scattering
products are produced via relative smaller impact parameter (b) collisions, i.e. smaller
orbital angular momentum. Therefore, a single quantum rotational excitation (j) in H,
should have a larger effect at the forward and backward directions because the total
angular momentum J= L +j for the small L collisions is significantly changed relatively
with a single rotational quantum excitation in H,. However, relatively speaking, the
total angular momentum J= L +j is altered only slightly by a single rotational quan-
tum excitation in Hj for larger impact parameter (larger L) collisions which is mostly
responsible for the sideways scattering products. The specific effect of the single
quantum rotational excitation on the differential cross-sections is also very interesting.
The lack of specific patterns for the forward and backward directions in this effect is
probably due to the nature of this insertion reaction, which has a large number of
reaction resonances. Interestingly, in a similar experiment in our laboratory, it was
found that a rotational quantum excitation in D, does not have any noticeable effect
in the O('D) + D, reaction.

4.3. Experimental evidence for a collinear abstraction mechanism in
O('D) + D,— OD + D

The O('D) + D, reaction was also investigated using the Rydberg ‘tagging’ technique
described above. As we have pointed out above, there is an abstraction mechanism pre-
sent at higher collision energies, in addition to the insertion mechanism which is domi-
nant for this reaction at low collision energies [67—71]. The nature of this abstraction
reaction was, however, not very clear from previous experimental studies. The experi-
ment designed here was intended to clarify the source of this abstraction mechanism.
The experiment described here was carried out at collision energies of 2.0 kcal/mol
and 3.2kcal/mol, respectively. The 2.0kcal/mol collision energy is only slightly
above the inferred 1.8 kcal/mol abstraction barrier for the abstraction, which implies
that the reaction at this collision energy is mainly due to the insertion mechanism,
while the collision energy of 3.2 kcal/mol is significantly above the inferred 1.8 kcal/
mol barrier for the possible abstraction channel, providing us with a good opportunity
to probe the dynamics of this elusive abstraction channel.

Time-of-flight spectra of the D-atom products have been measured at many labora-
tory angles at both collision energies. Transtional energy distributions can be derived by
direct conversion of these TOF spectra. For the experiment carried out at 2.0 kcal/mol,
figure 29(a) shows the total product angular distribution from ® =—60° to 117.5°,
which correspond to the forward (—60°), the sideways (30°) and the backward
(117.5°) scattering directions. The direction of the D, beam is at ®; =0°, while the
direction of the O('D) beam is at ©; =90°. By definition, the forwardness and back-
wardness of the D-atom products are with respect to the D, beam direction, while
those of the OD products are with respect to the O('D) beam direction. From the angu-
lar distribution shown in figure 29(a), it is quite obvious that the angular distribution of
the reaction product (D) is essentially forward and backward symmetric. That is not
too surprising since 2.0 kcal/mol is only slightly above the barrier (1.8 kcal/mol) for
the abstraction mechanism inferred from previous experimental studies. It is interesting
that even though the total product distribution is forward and backward symmetric,



16:19 21 January 2011

Downl oaded At:

76 X. Yang

1.2 =
(a) 2.0 kcal/mol
1041

0.8 -
0.6 -

0.4

0.2

-60 -40 -20 0 20 40 60 80 100 120

Total signal
o
]

(b) 3.2 kcal/mol

0-0 T I T I T I T I T I L) I L) I L) I
-40 -20 0 20 40 60 80 100 120

Lab angle

Figure 29. The D atom product angular distribution in the laboratory frame for the O('D) + D, — OD +D
reaction at two collision energies: (a) 2.0 kcal/mol and (b) 3.2 kcal/mol.

the product translational energy distributions in the forward and backward directions
in the CM frame are noticeably different. Figure 30(a) shows the product translational
distributions at ©; =—60° and 117.5° for the O('D)+ D, reaction at 2.0kcal/mol
collision energy. Extensive sharp features are present in these translational energy
distributions. These sharp structures correspond to the rovibrational structures
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Figure 30. The CM product translational energy distributions at the forward and backward
scattering direction for the O('D)+ D, — OD + D reaction at two collision energies: (a) 2.0 kcal/mol and
(b) 3.2kcal/mol.

of the OD products since the D atom has no internal energy structure. Most of these
structures are overlapped structures of different OD rovibrational states from v=0
to 6. Spin—orbit states of the OD product are not resolved in these TOF spectra.
Upon examining the translational energy distributions, it is clear that most of the
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OD products are highly rotationally excited since the low rotational OD product at the
onset of each vibrational state of OD is not significant in comparison with other
regions. The two translational energy distributions possess similar shapes overall.
However, the detailed structures of these two distributions are noticeably different,
indicating that a state-specific OD product is clearly not exactly forward and backward
symmetric. This result is quite similar to that of the O(*D)+ H, reaction. The overall
symmetric OD product distribution at 2.0 kcal/mol is indicative of an insertion type
mechanism.

The O('D) + D, reaction is also studied at a higher collision energy, 3.2 kcal/mol,
with a room temperature D, beam, in order to better understand the reaction mechan-
isms involved at higher collision energies. When the collision energy of the reaction is
increased from 2.0 to 3.2 kcal/mol, the total product angular distribution changes from
a roughly forward-and-backward symmetric distribution to a more backward distribu-
tion. Figure 29(b) shows the total product angular distribution at 3.2 kcal/mol collision
energy. The increase in the backward scattering signal is quite obvious in comparison
with that at 2.0 kcal/mol. The nature of these backward scattered products is a very
important issue, since that can provide important insight into the reaction mechanism
responsible for these backward products. Figure 30(b) shows the two product transla-
tional energy distributions in the forward (®; =—40°) and backward (©; =117.5°)
directions in the CM frame at 3.2 kcal/mol collision energy. Clearly, the resolution of
these translational energy distributions is worse than those at 2.0 kcal/mol, because
the room temperature beam has a much larger beam velocity spread. Although the
resolution is much lower at this collision energy, the basic information is not all lost
in these translational energy distributions. By comparing the two distributions, it is
quite obvious that the translational energy distribution in the backward direction is
significantly different from that of the forward direction. At higher translational
energy or lower OD internal energy, the distributions in the forward and backward
directions are similar, which resembles the results at 2.0 kcal/mol. At lower translational
energy or higher internal energy, the backward product is much more pronounced than
that of the forward direction. These more backward products are likely the OD(v=4, 5,
6) products. Clearly, these backward products are not rotationally hot. These results
are quite different from that at the collision energy of 2.0 kcal/mol, in which the transla-
tional energy distributions in the forward and backward directions are overall similar.
From the above analysis, it is not difficult to draw the conclusion that the extra back-
ward OD products appearing at higher collision energy are likely vibratioanlly hot
(v=4, 5, 6) and rotationally cold, which is typical of a collinear abstraction mechanism.
This result indicates that the abstraction pathway for the O('D) + H, reaction at higher
collision energies is clearly due to a collinear abstraction mechanism through the excited
state surface [75].

4.4. Quantum state specific dynamics for the O('D) + HD — OD + H reaction:
isotope effects

The O('D) + HD reaction was also studied using the same Rydberg tagging TOF tech-
nique described above. The experiment was carried out at the collision energy of
~1.7 kcal/mol, which is below the 1.8 kcal/mol barrier inferred for the abstraction
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mechanism from previous experimental studies [69]. The purpose of this experimental
study is to investigate the isotope effect on this reaction [76].

Time-of-flight spectra of the H-atom products have been measured at many labora-
tory angles (from 117.5° to —60° at 10° intervals). The laboratory angles at which the
TOF spectra are shown are indicative of forward (—60°), backward (117.5°) and side-
ways scattering (30°). The direction of the HD beam is ®; =0°, while the direction of
the O('D) beam is ©; =90°. By definition in this work, the forwardness and backward-
ness for the H-atom products are with respect to the HD beam direction, while those
for the OD products are with respect to the O('D) beam direction. From these TOF
spectra, it is quite clear that these spectra consist of a lot of sharp structures. These
sharp structures correspond to the rovibrational structures of the OD products. Most
of these structures are overlapped structures by different OD rovibrational states.
Spin—orbit states were not resolved in these TOF spectra. By directly converting
these TOF spectra from the laboratory frame to the centre-of-mass frame (CM) includ-
ing the standard Jacobian transformation, the product translational energy distribu-
tions at different CM scattering angles of the title reaction can be obtained. Figure 31
shows the translational energy distributions obtained from the experimentally
measured TOF spectra. Since the centre-of-mass angles are not constant for a certain
laboratory angle at different product (H) velocities, each of the translational energy
distributions obtained from the three different laboratory angles contains information
in a range of CM angles. However, the three translational energy distributions still
carry the basic information on forward, backward and sideways scatterings.

The available energy of the title reaction is about 45 kcal/mol, which can produce OD
radical product up to v=06. From figure 31(a), the energetic limits of different vibra-
tionally excited OD products are indicated. The peaks shown in the translational
energy distribution in figure 31(a) at these energetic limits are rotationally cold OD
products in different vibrationally excited states. In principle, angular distributions
can be obtained for the OD product in different rovibrational states by careful
simulations of the translational energy distributions at different laboratory angles.
This type of analysis takes an enormous amount of time, and work in this direction
is under way. Even though angular distributions for each rovibrational state are not
available yet, important dynamical information on this reaction can still be derived
from the translational energy distributions at typical scattering angles. From
figure 31, one can see that the rotationally cold OD products are more pronounced
in the forward and backward scattering directions than that in the sideways scattering
direction with respect to the O('D) beam direction. While almost all OD products in
the sideways scattering direction are rotationally hot, both cold and hot OD products
are present in both the forward and backward directions even though hot OD products
are still more important. Over all, it is not difficult to see that most of the OD
products for the title reaction are rotationally hot, while a small number of OD
products are rotationally cold and are mainly scattered in the forward and backward
directions with respect to the O('D) beam direction.

The total product angular distribution of the H-atom product in this reaction is
roughly forward—backward symmetric. The total products at the backward direction
are slightly more pronounced than that at the forward direction, indicating that the
forward—backward scattering for the O('D)+HD — OD +H might not be exactly
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Figure 31. The CM product translational energy distributions at the (a) forward (—60°), (b) sideways (30°)
and (c) backward (117.5°) scattering direction for the O('D) +HD — OD + H reaction at the collision energy
of 1.7 kcal/mol.

symmetric even though the collision energy of this reaction is below the reaction barrier
for the abstraction channel. This means that the insertion reaction does not necessarily
produce forward—backward symmetric product angular distribution. In this reaction,
since HD is not exactly symmetric, therefore the interaction with H and D might not
be exactly the same. From the angular resolved translational energy distributions, it is
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clear that the total translational energy distribution or the OD product state distribu-
tion is also not forward and backward symmetric. In reality, there are actually signifi-
cant differences between the forward and backward translational energy distributions.
Since exact simulation is not available yet, a full-fledged comparison between theory
and experiment is not realistic at this time. From figure 30, it is obvious that the
product state distribution for the rotationally cold OD product is quite asymmetric.
For v=0 of OD, the rotationally cold peak in the forward direction (—60°) is roughly
the same as that in the backward direction, indicating that the rotationally cold OD
products for v=0 are roughly forward and backward symmetric. For rotationally
cold OD(v=1) products, the forward and backward scatterings are clearly not
symmetric. With respect to the O('D) beam direction, the OD(v=1) products in low
rotational levels are clearly forward scattered, and the OD(v =2) products in low rota-
tional levels are even more forward scattered. For v=23, the OD products in low rota-
tional levels are still forward scattered, but less so than the OD(v=2) products. For
v=4, the OD product peak height in low rotational levels is similar for forward and
backward scattering directions, indicating the OD(v=4) products in low rotational
levels are roughly forward—backward symmetric. For v=15, however, the OD products
in low rotational levels are clearly backward scattered with respect to the O('D) beam,
in which the corresponding peak in the backward direction is significantly more than
that in the forward scattering direction. Similarly, the v=6 OD products in low
rotational excitation is also backward scattered. The above experimental observations
are quite striking in which the OD rotationally cold products undergo forward-
to-backward scattered angular distributions. The underlying dynamics responsible
for these interesting experimental observations are not immediately clear for
the O('D)+HD reaction since such phenomena have not been observed for the
O('D) +H, reaction. Much theoretical work is needed to understand the nature of
this interesting phenomenon.

5. The H + H, reaction: structure and dynamics of the quantized transition states

Extensive studies on the H+ H, system have been performed both experimentally
[9, 11, 77-79] and theoretically [80-86]. Even though this is the simplest chemical reac-
tion in nature, many of the interesting and also important questions involved in this
system have never been clearly answered. One of the most outstanding questions is
the existence of the dynamical resonances in this reaction. Experimentally, a few
attempts to observe the dynamical resonance effect in this reaction have largely
failed. Theoretically, the existence and the nature of such resonances have never been
clarified. In this work, the H+ HD(D,) — H,(HD) + D reaction was studied experi-
mentally in our laboratory using the Rydberg tagging technique, in close collaboration
with the theoretical calculations by Skodje, with the hope of trying to answer some of
these intriguing questions for this system.

The experimental apparatus employed in this study is the same as that used in
the study of the O('D)+ H, reaction in the last section [87, 88]. The only significant
difference is the H beam source which is generated from HI photodissociation
while the O('D) atom beam described in the previous section is generated from
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O, photodissociation. Briefly, two parallel molecular beams (HI and HD or D,) are
generated with similar pulsed valves in this experiment. In the reaction of H+ HD,
the H-atom beam is produced by the photolysis of the HI molecule at 266 nm using
Nd:YAG fourth-harmonic laser output. There are two different photolysis channels,
corresponding to the two spin—orbit states of the iodine atom, which gives rise to
two sharp peaks of the H-atom velocity distribution: a fast component at 17470 m/s
and a slow component at 11230m/s. The H beam is then crossed at 90° with the
HD molecular beam. The HD beam was produced by an adiabatic expansion through
a nozzle cooled to liquid nitrogen temperatures with almost of all the HD molecules in
the j=0 level. Using the slow and fast H atoms separately in the reactive scattering
experiment with HD, two collision energies are obtained, E.=0.498 and 1.200eV,
respectively. The experimental results obtained at these two collision energies are
described in the following paragraphs. In the reaction of H 4+ D, described below, a
tunable wavelength photolysis laser is used to generate the H-atom beam with variable
speed. This allows us to study the dynamics of this reaction at different collision
energies.

5.1. State-to-state dynamics of the H + HD reaction at E.,; = 0.498 ¢V and 1.200 eV

Time of flight spectra of D atoms at different laboratory scattering angles were
measured using the technique described above at the collision energy of 0.498 eV for
the title reaction [89]. These TOF spectra were then converted to the product transla-
tional energy distributions using a home-written LAB-CM conversion program.
Figure 32 shows four such typical distributions. There are many sharp structures in
these distributions which can be assigned to different H,-product rotational states
from the H + HD reaction. From these distributions, relative rotational-state-resolved
differential cross-sections can be determined. Experimental apparatus functions were
used to correct the detection efficiency at different detection time-delays and laboratory
angles. These corrections are essentially the same as the method used by Schnieder ez al.
[11] The experimental differential cross-sections for the H, (v=0,;") product obtained
are presented in figure 33(a) along with the theoretical values. All experimental results
in figure 33(a) are scaled to the theoretical value using one scaling factor for all different
product states. State-specific integral cross-sections (ICS) have also been determined by
integrating the differential cross-section (DCS) data in figure 33(a), and are shown in
figure 33(b). Clearly the experimental results show that all H, products are backward
scattered relative to the H-atom beam direction. Another interesting observation is
that the state-specific integral cross-sections of H, (v =0, ') oscillate quite significantly.
Clearly, this oscillation follows the H,(j')-product nuclear spin statistics. Therefore,
the H,-product rotational-state distribution seems to be dramatically affected by the
H-atom nuclear spin statistics. This result is similar to that of the H+ HI reaction
studied by Zare et al. [90]

The title reaction has also been investigated at the collision energy of 1.200eV using
the faster H-atom component generated by the HI photolysis at 266 nm. TOF spectra
of the D-atom at many different laboratory scattering angles were measured using
the technique described above at the collision energy of 1.200eV. These TOF spectra
can be converted to the product translational energy distributions using the same
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Figure 32. The product translational energy distributions measured at different laboratory angles for the
H+ HD — H, + D reaction at the collision energy of 0.5¢eV.

LAB-CM conversion program. figure 34 shows six typical product translational energy
distributions converted in the backward and sideways scattering directions. There are
many sharp structures in these distributions which can be assigned to different
H,-product rovibrational states from the H + HD reaction. In addition to the backward
and sideways scattering, we have also measured scattering products in the forward scat-
tering direction, which is very hard to measure because of the unfavourable kinematics
and also signal attenuation due to the HI beam. Nevertheless, great efforts have been
devoted to forward scattering product detection. TOF spectra at several laboratory
angles in the forward scattering direction have been measured. Figure 35 shows the
D-atom TOF signal at —58° for the v=0 H, product in the forward direction. From
experimental results, relative quantum state-resolved differential cross-sections can be
determined. Experimental apparatus functions on a realistic experimental model are
used, as discussed above, to correct the detection at different detection time-delays
and laboratory angles. The three-dimensional experimental differential cross-sections
obtained for the H, (v=0, ;') products are presented in figure 36 [91, 92]. All experi-
mental results are scaled to the theoretical value using one scaling factor for all the
different product states. Rovibrational state specific integral cross-sections (ICS) for
the H, (v=0) products have also been determined by integrating the DCS data
in figure 34 and are shown in figure 37.

The experimental results show that all H, products are more backward and sideways
scattered relative to the H-atom beam direction. In addition to the backward and
sideways scattering, there is a narrow forward scattering peak for the v=0 H, product.
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Figure 33. The differential cross-sections and the state-specific integral cross-sections for the
H+HD — H,+ D reaction at the collision energy of 0.5eV.

The simulations show that the v=0 H, forward peak is attributed to predominantly
low rotationally excited H, products (' =0, 1 and 2). This is in contrast to the back-
ward and sideways scattering products which are significantly more rotationally excited
with averaged rotational quantum number j'~ 5. This observation is rather peculiar
because the product state distributions in the forward and backward scattering direc-
tions are significantly different from each other, indicating that the reaction dynamics



16:19 21 January 2011

Downl oaded At:

State-to-state dynamics of elementary chemical reactions 85

16

85° 75° 65°
124

55° 45° 35°

P(E) (arb. unit)

0 3000 6000 9000 0 3000 6000 9000 0 3000 6000 9000 12000

Translational Energy Distribution (cm=1)

Figure 34. The product translational energy distributions measured at different laboratory angles for the
H + HD — H, + D reaction at the collision energy of 0.5¢V.
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Figure 35. The D atom TOF spectrum at the forward scattering direction (®p=-—58°) for the
H + HD — H, + D reaction at the collision energy of 1.200eV.
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Figure 36. The three-dimensional plot of the differential cross-sections for the H+HD — H, 4+ D reaction
at the collision energy of 1.200eV (detecting the D atom product).
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Figure 37. The state-specific integral cross-sections for the H, (v=0) product from the H+HD — H,+ D
reaction at the collision energy of 1.200eV.
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responsible for the forward scattering products are unique. In figure 36, state-specific
DCS:s for high j/ H, products show some significant angular oscillations. As j’ increases,
there are actually multiple oscillations. This phenomenon has also been observed in the
H+ D, reaction by Schnieder et al. [11]. However, the nature of these angular
oscillations has not been clearly addressed in previous theoretical investigations.
Furthermore, state-specific integral cross-sections (figure 37) of H, (v=0, 1,;’) at this
collision energy oscillate more dramatically than that at the lower collision energy,
which is attributed to the nuclear spin statistics.

One of the most interesting observations in this experiment is the forward scattering,
similar to the forward scattering observed in the H + D, reaction at higher collision
energies [95]. The characteristics of the forward scattering H, products are unique.
Firstly, it is clear that the forward scattering H, products are significantly colder rota-
tionally, with mainly H, (j=1) populated, than the backward and sideways scattering
products. Secondly, the angular range of the observed forward scattering peak is
extremely narrow. Experimental characteristics of the forward scattering peak
including the rotational distribution and angular width can be readily reproduced by
quantum calculations. However, to assign the forward peak to specific dynamical
behaviour requires further theoretical analysis.

In order to understand the detailed dynamics observed for this reaction, especially
the forward scattering, quantum reactive scattering calculations (QM) were carried
out based on the BKMP2 PES [93] by Skodje. State-specific integral cross-sections
and differential cross-sections were obtained from these calculations. From the scatter-
ing calculation, the state and angle resolved integrated opacity function is computed,
i.e. doJpmax(0, 0—0, 0; =0)/dQ2 versus J.x, where the DCS is the partial sum of
waves with J <J.,.., J being the total angular momentum. This analysis shows that
the forward peak in the H, (v/ =0) product for E.=1.200¢V is dominated by the con-
tribution from just several partial waves near J=25, while for the H, (v =1) product
the dominant contribution occurs near J=21. The narrow ranged, high J
collisions responsible for the forward scattering implies that the reaction intermediate
is formed at very high impact parameter and should rotate quite rapidly. To further
probe the dynamics associated with the forward peak, a time-delay analysis was carried
out using the concept of the angle-resolved scattering time-delay proposed by
Goldberger and Watson [94]. An extra ~20fs of time-delay in the forward direction,
similar to the result obtained by Althorpe er al. [95] is clearly seen compared to
other scattering angles. This clearly shows that the forward scattering product results
from a time-delayed mechanism.

Since the forward peak is clearly from high J collisions, it is clearly produced via a
rapidly rotating intermediate exhibiting an enhanced time-delay. Further insight into
the associated dynamics is provided by a classical trajectory simulation by Skodje.
The forward peak results from collisions that the H atom attacks on the HD-diatom
sideways (see figure 38). At the point where the transition state region is first reached,
the collision complex is already oriented about 70° relative to the centre-of-mass
collision axis. The intermediate then rotates rapidly with an angular frequency of
w~J/I, where I is the moment of inertia of the intermediate. If the intermediate with
a time-delay of the order of the lifetime 7, the intermediate can rotate an additional
amount A6 = wt, or about 50° for a 20 fs time-delay. Since the intermediate is expected
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Figure 38. Reaction mechanism for the forward scattering product from the H+ HD — H, + D reaction
at the collision energy of 1.200eV.

to decay exponentially, e Y%, there will still be a significant probability density

at t=2.2t which can take the product into the forward direction. Consistent with
this simple picture, we have found that the smallest scattering angles consistently
show the longest time-delays, both classically and quantum mechanically.

The next interesting question, of course, is the physical origin of the time-delay in the
transition state region for the forward scattering products. Using the centrifugally
shifted Hamiltonian, H(J )= H(0) + #2J%/2uR?, with R being the H-HD distance, the
theoretical spectra of quantized bottleneck states and the wavefunctions of the bottle-
neck states [96-99] have been obtained using the spectral quantization technique.
A quantized bottleneck state is clearly identified at exactly the collision energy
(E.=1.200¢V) of this experiment.

In the above analysis, we have shown that the forward scattering in the
H +HD — H, + D reaction is clearly produced via a time-delayed mechanism, similar
to that for the H + D, reaction, that is somehow related to a quantized bottleneck state.
Generally, a time-delay in the transition state region could be caused by different
mechanisms, i.e. (a) via a Feshbach resonance state trapped in an adiabatic potential
well as in the F+HD — HF 4 D reaction, or (b) via a quantized bottleneck state in
which the time-delay results from the slow-down of the motion of the intermediate
near the top of the adiabatic reaction barrier rather than trapping, during which a
few vibrations take place in the coordinates perpendicular to the reaction coordinate.
The distinction between these two types of mechanisms and, in fact, the existence of
quantized bottleneck states as a distinct category of quasi-bound state has only
become clear in recent years [99, 100]. The spectral quantization method shows that
no clear Feshbach resonance state is present in the centrifugally shifted vibrationally
adiabatic potentials in the H + HD — H, + D system near the energy of the experiment;
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on the other hand our results show clearly that the collision energy (E.=1.200eV) in
this experiment is nearly resonant with the energy of a quantized bottleneck state for
the J=25 collisions predominantly responsible for the forward scattering. Therefore
all analyses indicates that the time-delay mechanism observed in the forward scattering
is produced via the slow-down of the intermediate’s motion near the top of the barrier
of the specific quantized bottleneck state at about E.=1.2eV. It is obvious that this
mechanism is significantly different from the Feshbach resonance mechanism in
which trapping occurs in an effective potential well. However, there are also similarities
between the two mechanisms. In the Feshbach resonance mechanism, the collision
energy (E.) has to be resonant with the trapped resonance state. Similarly, in
the time-delayed mechanism via a quantized bottleneck state, the collision energy
(E.) has also to be resonant with the quantized bottleneck state, i.e. the barrier
height. The quantized bottleneck state responsible for the time-delay is also an interest-
ing issue. Theoretical analysis shows that the wavefunction of the quantized bottleneck
state has one node in the symmetric stretch and two nodes along the bending
coordinate, corresponding clearly to a quantized bottleneck state with one quantum
of symmetric stretch excitation and two quanta of bending. This barrier state is a
mixed state of two adiabatic barrier states with (v, Vpena) =(1,0) and (0,2). It is
also interesting to point out here that a quantized bottleneck state could essentially
affect the reaction dynamics in a similar way (producing forward scattering) to a
trapped Feshbach resonance state as in the F+ HD — HF + D reaction [104]. Such a
mechanism should also play an important role in many chemical reactions with barriers
at high collision energies.

5.2. Probing the structures of quantized transition states in the H + D, reaction

The concept of the transition state is essential to our view of the dynamics of chemical
reactions as well as to chemical reaction rate theory. In a chemical reaction, the transi-
tion state acts as a bottleneck to reaction so that incident reagent flux below the transi-
tion state energy is reflected, while above the transition state energy it is transmitted to
products. In practice, transition state theory is based on the existence of rovibrational
quantum states of the collision complex lying near the maxima of effective potential
barriers [98]. Despite the crucial importance of the quantum bottleneck state (QBS)
to the framework of chemical reaction dynamics, they have proven quite elusive to
direct experimental observation. Recently, the quantum dynamics near the transition
state has been investigated in ‘half-collision’ experiments using the methods of transi-
tion state spectroscopy [101] and photodissociation spectroscopy [102]. In particular,
the recent work of Moore and coworkers [102] on the laser photolysis of the ketene
molecule in a cold jet environment revealed step-like structures in the rate for
C,H,O + hv— CO+ CH, as the deposited energy passed through threshold values.
However, the suggestion in that work that the steps were associated with the energies
of the QBS was cast into doubt by strong disagreement with theoretical results [103].
In a full collision experiment, appropriate to bimolecular reactions, direct observation
of quantized states in the transition state region is even more difficult. The core problem
is that the impact parameter averaging in a crossed beam scattering experiment smears
the bottleneck energies over a large range, making them very difficult to identify in
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observables. In order to partly undo the effects of impact parameter averaging, it would
be very helpful to carry out angle and state-resolved measurements [95, 104, 105] at dif-
ferent collision energies. In this section, the recent results of a new experiment on the
H+ D, — D+ HD reaction [106-109] and the results of theoretical simulations are
described here to demonstrates the influence of QBSs in a full collision environment.

In order to observe the effects of quantized transition states in a reactive collision on
the reaction dynamics, it is essential to accurately measure the reactive cross-sections
as a function of variable collision energy, E.. In the previous part on the
H+HD — H, + D reaction, we have measured the state-to-state differential cross-
section at two isolated collision energies with a crossed molecular beam apparatus
using a HI-photolysis source for the H-atom beam using fixed laser frequencies. In
the experiment on the related H+ D, — D+ HD reaction [110], we have modified
our previous experimental design to permit the use of a tunable photolysis laser to gen-
erate the H-atom beam with variable speed, which thus allows the continuous variation
of E.. Except for the photolysis source, the present experiment is similar to the experi-
ment described in the last sections. Two parallel molecular beams (HI and ortho-D») are
generated with pulsed valves. The ortho-D, beam was produced by an adiabatic expan-
sion through a nozzle cooled to liquid nitrogen temperature, which ensures that almost
all molecules in the beam are in the D, (v=0, j=0) state [111]. The H-atom beam is
produced by HI-photolysis using a tunable, narrow-band doubled dye laser output.
By varying the laser frequency, centre-of-mass (CM) collision energies in the range
E.=0.4-1.0eV were obtained with a spread estimated to be about AE.=10meV.
The reaction products were monitored using the same hydrogen Rydberg atom time-
of-flight technique described above. The TOF spectra of D atoms at different £
were measured using this method and then converted to the CM translational energy
distribution. Sharp structures are observed in the TOF spectra at different E., which
can be assigned to HD-product rovibrational states, which then yield relative quantum
state-specific DCSs. Experimental error bars on the DCSs are about +10% or less. The
experimental design, which could monitor conveniently the H-atom beam intensity
in situ, allows the measurement of absolute DCSs up to a single overall scaling factor
for all energies and, thus, all product states. The D-atom TOF spectrum was measured
at 19 energies in the same (nearly) backward scattering direction at the laboratory angle
of 70°, corresponding to CM angles around 160° for H4+D, (v=0, j=0)— HD
(v=0,j"=2)+ D. Eight typical translational energy distributions at different collision
energies, obtained from the measured D-atom TOF spectra, are shown in figure 39. The
measured DCS at O ag =70° for the HD (v=0, j'=2) products at different collision
energies, which were clearly resolved in the TOF spectra, are shown in figure 40.
Three oscillations in the measured DCSs are clearly apparent over the energy range
considered. Similar oscillations are also observed for other final states. The observation
of this oscillation is very intriguing since the nature of such structures has not
been clearly characterized theoretically despite their obvious importance in the under-
standing of fundamental reaction dynamics in this benchmark system.

In order to clarify the nature of these oscillations, the dynamics for
H+ D, — D+ HD has been theoretically modelled using a fully converged coupled
channel scattering calculation that employed the highly accurate BKMP2-PES [112].
These computations produce the S-matrix from a coupled-channel calculation
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Figure 39. Typical translational energy distributions for H+D, (v=0, j=0)— D +HD (v/, j' =2), which
were obtained from the measured D-atom TOF spectra, at nine different collision energies.
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in a hyperspherical coordinate system [113—117] using a partial wave expansion up to
total angular momentum J=32 on a grid of 90 total energies (including zero-point)
from E=0.5 to 1.6eV. The details of the calculations have been presented elsewhere,
and it is sufficient to note that the state-to-state DCS and ICS converge with respect
to basis set size and propagation steps. As seen in figure 40, the experimental DCS
at O ap=70° (Ocm ~ 160°) for H+ D5 (0,0) — HD (0,2) + D is well reproduced by
theory. The agreement between theory and experiment provides an excellent check
that the theoretical model used is accurate and reliable as the basis for further analysis.

Using the accurate theoretical model, the physical origin of the intriguing oscillatory
structure of the DCS can be traced. One striking feature that emerges from the scatter-
ing calculations is the occurrence of very strong oscillations in the S-matrix elements
versus E. A similar oscillation in Pr(v,j— v’,j’; E) has been computed for other isoto-
pic combinations of this reaction [118], but it is most pronounced in the present case.
The oscillatory structure taken as a function of J reveals that the ‘peak’ positions
progressively shift to higher energy with increasing J. This ‘J-shifting’ of features
in Pr versus J is a well-known manifestation of impact parameter averaging and
leads to the energy smearing of features, such as resonance energies, in collision
experiments. Indeed, when the partial waves are combined to form the cross-sections,
or(v,j—V,J; E), the oscillations are generally averaged out. The situation is clearly
different for the DCS. As shown in figure 40, the oscillatory structures in the backward
(i.e. rebound) direction appear much more strongly than the corresponding structures
in the ICS. The reason is that the angle selection suppresses the impact parameter
averaging allowing the strong oscillation of the individual S-matrix elements to persist
in the final observable. Therefore, detecting backward scattering products at low
rotational excitation is ‘selectively’ probing reactive products from collisions with a
reduced range of small impact parameters.

While it is now clear that the oscillation in the DCS is the result of an underlying
oscillation in Pg, it still remains to explain why Py oscillates in the first place. In pre-
vious discussions of the H + H, reaction family, there is occasional reference to such
structures as resonance peaks, although a systematic assignment has not appeared.
However it does not appear that this simple identification is tenable. Using the spectral
quantization method [119] we computed all the localized quantum states for £.<1.2¢eV,
and we have found that all the relevant lowest energy states can be assigned to the
QBSs: E.(0,0°=0.41eV, E,0,2°=0.59¢V, and E.(1,0°)=0.71¢V, all for J=0.
While the QBSs are sometimes referred to as ‘barrier resonances’, this nomenclature
is controversial precisely because Pr does not show resonant peaks. Moreover, the
peak positions [117] are out of phase for the various transitions (v, j— V', j'), whereas
resonance peaks should appear at nearly the resonance energy. Finally, the amount of
J-shifting of the peaks is inconsistent with a progression of rotationally excited
resonance states. Even though the oscillations are not resonance peaks per se, they
are intimately connected to the QBSs. It appears that the energy-dependent oscillation
observed in the experiment is an interference effect somewhat similar to Stuckelberg
oscillations [120] familiar from atomic physics. The correlation diagram shown in
figure 41(a) provides a simple view of the reaction dynamics. The QBSs near the
saddle point are correlated along the reaction coordinate to the asymptotic rovibra-
tional states through vibrationally adiabatic potential curves [103]. Significant coupling



16:19 21 January 2011

Downl oaded At:

State-to-state dynamics of elementary chemical reactions 93

1.2

1.0 +

0.8

06 o /

V, (eV)
\

0.4 — i\\
0.2 —
| T T y T
-2 0 2
Reaction coordinate
0.5
(b)
0.4 -
)
0
=}
/]\
o
=
&

0.2 0.4 0.6 0.8 1.0
E; (V)

Figure 41. (a) Schematic correlation diagram illustrating the role of quantized bottlenecks on the reaction
dynamics. Because of non-adiabatic coupling in the entrance channel (shaded area), flux in a given initial state
will pass the transition state through several bottleneck states. Non-adiabatic coupling in the exit channel
(shaded area) will further mix the reactive flux into the final product states. (b) The state-to-state reaction
probabilities, Pr(0, 0— 0, j'; E) versus E, for j'=0. The solid lines show that the full model, with coupling in
both the entrance and exit channels, exhibits the out of phase oscillations observed in the exact dynamics. The
dashed lines show the results when the coupling in the exit channel is switched off, which then show only
simple threshold behaviour. The essential point is that all physically reasonable models of this form show
oscillations qualitatively similar to those observed in the exact calculation.
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between the curves occurs in the entrance and exit channels due to, e.g. avoided cross-
ings. Near the saddle point, where the levels are further apart, the dynamics is more
uncoupled. As illustrated in the figure, the incident flux in a particular reagent channel,
H+ D5 (v, j), is redistributed among several neighbouring states due to vibrationally
non-adiabatic coupling in the entrance channel. Thus, several QBS thresholds control
the reactive flux as it passes the transition state. Similar coupling again scrambles the
flux in the exit channel of the reaction. Hence, one expects that each state-to-state reac-
tion probability is affected by a number of QBS pathways, and is formed from the
coherent sum of amplitudes corresponding to a variety of pathways as depicted
schematically in figure 41(a).

Based on this physical view of the reaction dynamics, a very broad class of models
can be constructed that yield qualitatively similar oscillations of the reaction probabil-
ities. As shown in figure 41(b), a model based on Eckart barriers and constant
non-adiabatic coupling to mimic H+4D,, yields out-of-phase oscillations in
Pr(0,0— 0, j/; E) analogous to those observed in the full quantum scattering calcula-
tion. Note, however, that if the re-coupling in the exit channel is omitted (as shown in
figure 41(b) with dashed lines) then oscillations disappear and Py exhibits simple steps
at the QBS energies. As the occurrence of the oscillation is quite insensitive to the
details of the model, the interference of pathways through the network of QBSs
seems to provide a robust mechanism for the oscillating reaction probabilities.

In summary, we have demonstrated that the DCS for the H+ D, — HD + H reaction
exhibits pronounced oscillatory structures in the backward scattering direction both in
experimental and in theory. The physical origin of these structures can be traced to the
opening of a sequence of quantized transition state thresholds.

6. Summary

In this review, we have presented a few examples of quantum state-resolved reactive
scattering studies of both unimolecular and bimolecular reactions using the elegant
H-atom Rydberg tagging TOF technique. Detailed dynamical information can be
gained from these well-controlled experimental investigations. Photodissociation of
H>O at both 157nm and 121.6 nm has been studied in great detail. From the studies
of H,O at 157nm, the OH vibrational state distribution was measured. Experimental
results here also pointed out the inaccuracies in using the LIF technique to measure
the OH vibrational state distributions. Photodissociation of H,O at 121.6 nm has pro-
vided an excellent dynamical case of a complicated, yet direct dissociation process
through conical intersections. These experimental investigations have provided a
solid ground to test the accuracy of the currently available H,O potential energy sur-
faces and to improve these surfaces. The O('D)+H,— OH +H reaction has also
been investigated using the Rydberg tagging TOF method. Rotational state-resolved
differential cross-sections have been measured for this reaction for the first time. The
effect of the reagent rotational excitation on the dynamics of this reaction has also
been investigated. The O('D)+ D, — OD + D reaction at two collision energies has
been studied in order to clarify the nature of the abstraction mechanism. The
O('D)+HD — OH(OD) 4+ D(H) reaction has also been investigated to demonstrate
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the interesting isotope effect in the insertion reaction. These measurements provided the
most detailed experimental results for this prototype insertion reaction. The simplest
neutral chemical reaction in nature, the H; system, has also been studied using the
H-atom Rydberg tagging method in an effort to clarify some of the important basic
concepts involved in this reaction. Through extensive collaboration between theory
and experiments, the mechanism for the forward scattering product at high collision
energies for the H+ HD reaction was clarified, which is attributed to a slow-down
mechanism on the top of a quantized barrier transition state. Oscillations in the product
quantum state-resolved different cross-sections have also been observed in the H+ D,
reaction, which is due to the interference of vibrationally adiabatic transition state path-
ways. Studies on this simple yet important system have provided clarifications of many
important concepts on the structures and dynamics of the quantized state states in
chemical reactions. It is important to note that all experimental investigations on
these different systems described here are in extensive collaboration with theoretical
studies from different research groups in the world. Only through these close collabora-
tions can a clear physical picture of these benchmark systems emerge. The work
described here clearly demonstrates the importance of close collaboration between
experiment and theory in this field.
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