
INTRODUCTION

The concept of the transition state is one
of the central themes in physical chemistry1,2. The
transition state is located at a position between the
reactants and products in the elementary chemical
reaction, which is usually an energy barrier like a
saddle point. The quantum resonances in the
neighborhood of the transition state could influence
the scattering behaviors of the reaction products,
which contradicts with the previous analysis using
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ABSTRACT

The theoretical background and basic definition of the resonances in chemical reaction dynamics
have been introduced in this article. The historical breakthrough in the experimental search for the
reaction resonances has been reviewed in this report, with an emphasis on the crossed molecular
beam apparatus. The research of the chemical reaction resonances has attracted many scientists’
attention from 80s of last century. The chemical reaction resonances in the F+H2 reaction were firstly
observed by the researchers of the Chinese Academy of Sciences in 2006. Besides, the partial wave
resonances in the chemical reactions have been observed for the first time in 2010.
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the simple collision theory. Thus, the quantum
dynamical processes in the neighborhood of the
transition state play a crucial role in our
understanding of the mechanism of elementary
chemical reactions. The chemical reaction
resonances is a special case of the quantum
transition state, which controls the reaction rates,
the products ratio and the population of the products’
quantum states in the chemical reaction. Without
doubt, the resonance has a great impact on the
chemical reactions3.
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Reaction resonance, which is also called the
trapped state or the Feshbach resonance, is
specialized at the existence of the bound state or
the quasi-bound state along the reaction coordinate
at the repulsive potential energy surface4. The
reactants could be trapped into the potential energy
surface, forming the quasi-bound complex
corresponding to a particular quantum state. There
will be a time delay which is determined by the
formation of reaction products from the quasi-bound
complex in the scattering processes.

As is known, a molecule is composed of
many atoms through the dispersion interactions. A
bound system with N atoms could have 3N-6 different
vibrational modes. All the atoms could vibrate with the
same frequency in the center of mass frame. Generally
speaking, different atoms have different vibrational
amplitudes. Only one vibrational mode moves along
the reaction coordinate, which connects the reactants
and the products. In addition, other vibrational modes
don’t couple with the reaction coordinate and the
energies of these vibrational modes could not
encompass the reaction barrier. However, there is an
energy redistribution process in the system, which
makes the vibrational motion move along the reaction
coordinate and departs the products in the reaction
collision eventually. The essence of this motion is
the reaction resonance, which is also regarded as
the dynamical resonance because of its dynamic
nature. The significance of the reaction resonance
lies in the accurate description of the interaction
potential in the neighborhood of the transition state
region. The trivial change in the transition state
region of the potential energy surface could have a
great influence on the resonance effects on reaction
scattering processes5.

The brilliant experimental search for the chemical
reaction resonance states

The reaction resonance state is an
instantly existed transition state of which the lifetime
of the transition state is usually in the timescale of
femtosecond. Additionally, the molecular complex
in the transition state region has a sophisticated
quantum state distribution, therefore, the
experimental observation of the resonance state is
a very challenging work in physical chemistry. The
elementary chemical reaction F+H2 serves as the
classical system of the research of resonance state,

which is also the main pumping step in the formation
of HF chemical laser. The reaction resonance in
F+H2 has been firstly predicted through theoretical
calculations in 70s of last century. The resonances
in chemical reactions have drawn a lot of attention
in 80s of last century, however, subsequent
research concerning the quantum scattering did not
support the dynamical resonances observed in the
experiment despite many experimental attempts in
the subsequent 20 years.

The reaction resonances in the F+H2

reaction were not observed because of some
unresolved issues in the experiment. It should be
noted that a universal crossed molecular beam
experiment was performed in order to observe the
possible dynamical resonance6. This state-of-art
experimental work about the F+H2 reaction serves
as a textbook example to observe the center of mass
translational speed and angular distribution of
products’ vibrational states, as is illustrated in
Fig. 1.

As is shown in this figure, the HF (v=3)

Fig. 1: Vibrational state resolved differential cross
section diagram for the F+H2 reaction scattering,
with HF(v=3) product forward scattered obviously
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product is mainly forward scattered while the products
HF (v=1 and 2) are backward scattered at the collision
energy of 7.70Kj/mol of the F+H2 reaction. The
phenomenon was attributed to the possible existence
of the quantum mechanical resonance. It was
believed that the HF (v=3) product is mainly resulted
from the decomposition of the long-lived quasi-
bound FH2 complex. That is to say, the strongly
forward scattered HF (v=3) peak corresponds to the
FH2 complex, which experiences some vibrational
periods before dissociation. It should also be noted
that the analysis of these experimental phenomena
is only a prediction. Subsequent quasi-classical
trajectory calculations and quantum mechanical
scattering calculations did not reproduce these
experimental findings.

The quantum dynamical resonances were
successfully observed from the experimental
research of the F+HD reaction in 2000, which is
also the first experimental verification of the reaction
resonances. The experimental apparatus includes
the rotational molecular beam sources, the crossed
molecular beam machine as well as the Doppler
profile time-of-flight detection system. As is shown
in figure 2, the integral cross sections observed in
the experiment have shown clear fingerprints of
reaction resonance. At the same time, theoretical
modeling analysis has not only confirmed the
existence of the reaction resonance, but also gives
a detailed analysis of the resonance property7.

As is shown in figure 2, the variation of the

integral cross section with energy for the reaction
channel F+HDHF+D shows a stair-like shape,
which could be reproduced by the quantum
mechanical simulations while not be reproduced
in the quasi-classical trajectory calculations. The
theoretical analysis shows that the stair-like
structure observed in the experiment is caused by
the quantum resonance state, which is located near
the F-H-D collinear transition state region.

The experimental detection of the reaction
resonance in the F+H2 reaction is a highly difficult
work in the scattering experiment. A combined
theoretical and experimental investigations were
performed in 2006, which observed the dynamical
resonance in the F+H2 reaction for the first time.[8]

The high resolution crossed molecular beam
investigation of the F+H2 reaction made use of the
hydrogen atom Rydberg-tagging techniques. Full
quantum rovibrational-state resolved spectrum of
the HF product was observed, with a clearly forward
scattered HF (v=2) product peak at the collisional
energy of 0.52Kj/mol. The quantum scattering
theoretical analysis shows that the forward
scattered peak is caused by the quantum
interference effects between the ground Feshbach
resonance state and the first excited Feshbach
resonance state on the bound HF(v=3)-H
vibrational adiabatic potential energy surface. The
interferences of the two resonances contribute to
the enhancement of the forward scattered peak. It
is usually difficult to observe the resonances in the
realm of atomic and molecular physics. The possible
reason is the enormous energy levels and the
dense energy intervals. Indeed, the high velocity
and angular distribution resolution achieved in the
experiment is very necessary in order to probe the
dynamical resonances.

The observation of the reaction
resonances is a new historical breakthrough in the
chemical reaction dynamics, which permits the
observation of the full quantum state resolution
spectrum of the F+H

2 system at an unprecedented
level. It should be noted that the forward scattered
product is an important detection method of reaction
resonance, which is due to the close connection
between the forward reaction scattering and the
time delay of the bound transition state.

Fig. 2: The excitation functions for F+HDHF+D.
The experimental results are shown with solid
dots, the QCT stands for the quasi-classical
trajectory simulations, and the QM (quantum
mechanics) results include the resonance
contribution and the direct reaction contribution
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The first observation of the partial wave
resonance in the chemical reaction

The observation of the dynamical
phenomenon induced by the partial wave has
always been a challenging topic in the field of
chemical dynamics experiment. By designing the
highest resolution crossed molecular beam
apparatus in the world, it is feasible to observe the
partial wave resonances in the chemical reaction.[9]

The partial wave structure of the transition state is
the determining factor which influences the
elementary chemical reaction. In spite of some
advances of geometric phase effects in the chemical
dynamics10, observing the specific partial wave
resonance is a big challenge in the field of chemical
dynamics. The reaction resonance is a quasi-bound
state with a limited lifetime in the neighborhood of
the transition state region. It serves as an opportunity
of observing the dynamical phenomenon of single
partial wave resolution because of the different
energies and lifetimes of different partial resonance

states. The most promising reaction system of
observing the single partial-wave resonance structure
in the experiment is the F+HDHF+D elementary
chemical reaction. Since the lifetime of the resonance
state in the F+HD reaction is hundreds of
femtoseconds, it is possible to detect the single partial
wave resonance structure. It is also necessary to
improve the resolution of the crossed molecular beam
apparatus in order to resolve the different partial wave
resonance structure, as is shown in Figure 3. The
dotted experimental results could be explained by the
theoretical analysis that the three ossilatory peaks
correspond to the rotational quantum state 12, 13 and
14, respectively.

CONCLUSIONS

After a lot of combined research of
theoretical and experimental work, we could detect
and explain the variation of differential cross section
with the collisional energy, which is resulted from
the resonance states. The observation of the
quantum resonance effects in the reaction
scattering, which was predicted by the theoretical
calculations and further confirmed by the
experiment, proves to be a successful milestone in
the history of chemical dynamics. Without doubt,
the quantum theory serves as a good guide for the
description of the partial wave resonance state
induced differential cross section’s variation with
the collisional energy. The interaction of experiment
and theory has promoted the development of this
series of resonance state research. The new
experiment phenomena could guide the theoretical
work to construct the most accurate potential energy
surface. More accurate theoretical results could help
discover new phenomena in the experiment and
contribute to the development of the theory itself.
Overall, the understanding of resonance states has
lifted the chemical dynamics into a higher level.
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Fig. 3: Experimental and theoretical differential
cross section (DCS) of the HF(v=2,j=6) product
of the F(2P3/2)+HD(j=0) reaction in the backward

scattering direction. The solid circles are
experimental data; the red curve is the result of
full quantum dynamics calculations. The three

peaks are assigned to the partial wave
Feshbach resonances of J=12, 13, and 14 in the
F+HDHF+D reaction, as explained in the text.
The three dimensional DCS measured is also

shown, with F and B indicating the forward and
backward-scattering, respectively
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