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We study scattering resonances in the F+ HD f HF + D reaction using a new method for direct evaluation
of the lifetime Q-matrix [Aquilanti et al.,J. Chem. Phys. 2005, 123, 054314]. We show that most of the
resonances are due to van der Waals states in the entrance and exit reaction channels. The metastable states
observed in the product reaction channel are assigned by calculating the energy levels and wave functions of
the HF‚‚‚D van der Waals complex. The behavior of resonance energies, widths, and decay branching ratios
as functions of total angular momentum is analyzed. The effect of isotopic substitution on resonance energies
and lifetimes is elucidated by comparison with previous results for the F+ H2 reaction. It is demonstrated
that HF(V′ ) 3) products near threshold are formed by decay of the narrow resonances supported by van der
Waals wells in the exit channel. State-to-state differential cross sections in the HF(V′ ) 3) channel exhibit
characteristic forward-backward peaks due to the formation of a long-lived metastable complex. The role of
the exit-channel resonances in the interpretation of molecular beam experiments is discussed.

I. Introduction

The F + HD reaction has played a fundamental role in
chemical physics since the 1985 molecular beam experiment
of Lee and co-workers1 in which vibrationally resolved integral
cross sections (ICS) and angular distributions were measured
for the first time. The experiment revealed an anomalous HF-
(V′ ) 3) forward scattering peak which was interpreted to be a
signature of a quantum-mechanical resonance. Later experiments
demonstrated the effects of resonances on state-resolved dif-
ferential cross sections (DCS),2 total ICS,2,3 and product
vibrational distributions4 as well as in the photodetachment
spectrum of the F‚‚‚H2

- anion.5 Extensive quantum mechanical
simulations2,3,6 on the potential energy surface of Stark and
Werner (SW PES)7 confirmed the existence of a transition state
resonance8 (peak A) which governs the reaction to form the
HF product at low collision energies.9 The resonance effect
survives partial-wave averaging and produces a step-like feature
in the reaction excitation function at a collision energy of 0.5
kcal/mol. The calculations2,3 reproduced the energy of the peak,
but its height and shape were not reproduced quantitatively.
Reactive scattering calculations with PESIII,10 a potential energy
surface developed in our laboratory on the basis of semiempirical
modifications of the SW PES in the entrance channel,11,12

provided an improved agreement with experimental results. The
larger barrier width of PESIII reduces the tunneling effect which
leads to a decrease of the calculated ICS. However, the excellent
agreement obtained with PESIII at collision energies below 1
kcal/mol does not extend to higher energies. In particular, the
HF(V′) 3) yield is significantly underestimated in theoretical

calculations with all available PESs tested so far.10 The inclusion
of nonadiabatic couplings due to the spin-orbit and the open-
shell structure of the fluorine atom did not resolve this
discrepancy13,14 which was attributed to inaccuracies in the
description of the exit reaction channel.15,16

More recently, the F+ HD reaction has been the subject of
several experimental studies.17-21 In a high-resolution crossed-
beam study, Liu and co-workers17 observed rotationally resolved
DCS for the production of vibrationally selected HF(V′ ) 2) at
six collision energies below 1.2 kcal/mol. This work was later
extended to higher collision energies (up to 4.5 kcal/mol).18 The
same group explored the reactivity of F atoms in the excited
spin-orbit state,19 and the role of the spin-orbit excitation in
the production of HF(V′ ) 3) products. Forward-backward
peaks of the HF products were observed in the collision energy
region between 1 and 2 kcal/mol,18,19 which could result from
a mechanism involving long-lived resonances. Narrow reso-
nances are known to produce forward-backward structures in
DCSs. For example, the insertion reactions O+ H2 f OH +
H and N+ H2 f NH + H22 display such behavior over a wide
range of energies. Conversely, sharp forward-backward peaks
in the DCSs may be a signature of the decay of metastable
complexes.

At the energies of the experiment of Liu and co-workers,18,19

a significant role in shaping the DCSs might be played by exit-
channel van der Waals resonances.23 These resonances have
already been found in the F+ HD reaction probabilities
calculated on the SW PES for zero total angular momentum at
collision energies higher than 1 kcal/mol.24,25The role of these
resonances in the formation of the HF(V′ ) 3) products was
discussed by Castillo and Manolopoulos,23 Dobbyn et al.,26 and
Sokolovsky.27 However, their results were obtained at a single
collision energy, and it was not clear whether the effects
observed were important for the overall reactivity. Other
quantum calculations3,10,13,14at several collision energies did
not demonstrate significant resonance structure (except for the
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transition state resonance mentioned above). Takayanagi has
recently reported fully converged ICSs for the reaction of F
with HD(V ) 0, j ) 0) on a dense grid of collision energies
and observed the resonance structure in the exit reaction
channel.28

In this work, we perform a systematic analysis of scattering
resonances in the F+ HD reaction using a multichannel version
of the time delay formalism proposed by Wigner.29 Our
approach involves the construction of the lifetime matrixQ30

whose eigenvalues and eigenvectors are useful tools to char-
acterize the resonance dynamics.31-33 Recently, we have
developed a direct and efficient method for numerical evaluation
of theQ-matrix which allowed us to study resonances in the F
+ H2 reaction.33 Here, we extend this study to the F+ HD (V
) 0, j ) 0, 1) reaction. We obtain energies, lifetimes and decay
probabilities of reactive scattering resonances at collision
energies below 100 meV.

The paper is organized as follows. In section II, we describe
numerical details of our calculations and convergence tests,
whereas section III presents the results. The effects of resonances
on reactive scattering cross sections are discussed in section
IV where we also compare the F+ HD and F+ H2 reactions
from the viewpoint of resonance dynamics.33 The paper
concludes (section V) with a short summary of the results and
a discussion of the possible relevance of the studied metastable
states in the interpretation of recent molecular beam experi-
ments.18

II. Theory

For dynamical calculations, we use a potential energy surface
(PESIII) based on the standard Stark-Werner potential,7 semiem-
pirically corrected in the entrance channel34 to take into account
the spin-orbit and long range interactions.11,12 This PES
provides a good agreement with experimental kinetic and
molecular beam measurements for both F+ HD10 and F+ H2

reactions.12,35 Also it is the same PES used in our previous
calculation for the F+ H2 reaction33 which will allow us in
section IV A to examine in detail the effect of isotopic
substitution on the resonance dynamics.

As pointed out in the introduction, some of the resonances
studied in this paper were also observed in recent calculations
using the SW PES.28 The exit channel regions of the SW PES
(and other PESs based on it36,37) and PESIII are almost the same,
and the resonance patterns calculated with the two PESs are
similar38 (see ref 32 for a comparison of the F+ H2 resonances
calculated on the two surfaces). Here, we perform a systematic
assignment of the individual resonances and study their evolu-
tion with total angular momentum using theQ-matrix formalism
and bound state calculations. Our studies thus complement the
results of Takayanagi28 and provide a wealth of additional
information about narrow resonances in the F+ HD reaction.

A. Dynamical Calculations and Convergence Tests.Quan-
tum mechanical reactive scattering calculations are performed
using symmetric hyperspherical coordinates and the hyperquan-
tization algorithm.39,40 In brief, the Hamiltonian of the three-
body system at fixed hyperradius is diagonalized41,42 and the
resulting adiabatic functions are used as a basis to expand the
total scattering wave function. The substitution of this expansion
into the Schro¨dinger equation yields a system of close-coupled
equations to be solved for each value of the total angular
momentumJ and the total inversion parity.

The hyperquantization parameters used in this work are listed
in ref 10. However, to get convergent values of the resonance
energies and lifetimes, the parameters that control the accuracy

of the propagation step were modified. In particular, we used
an evenly spaced grid of 400 points from 2.0 to 12.0a0 for the
hyperradius (a factor of 8 larger that that of ref 10). The number
of scattering channels was also increased, ranging from 400 for
J ) 0 to 2200 forJ g 3. With this basis set, we obtain total
ICSs and resonance parameters converged to within∼0.5%.
The large basis set employed in the present work and the
necessity to perform many scattering calculations to resolve
narrow resonances made the calculations quite expensive.
Therefore, we mainly focused on the metastable states which
might be important for the interpretation of recent molecular
beam studies of the F+ HD reaction (see section IV.B).

B. Q-Matrix Analysis. The close-coupled equations were
solved using the log-derivative method, which was extended to
propagate the energy derivative of the hyperradial wave func-
tion.33 This allowed us to generate both the scattering matrix
SJ and its energy derivative dSJ/dE in a single calculation. To
simplify the notation, we will omit the subscriptJ assuming
that all calculations are performed at fixedJ. TheQ-matrix is
evaluated from theS-matrix and its energy derivative30

and diagonalized as a function of the translational (collision)
energyEc to give the eigenlifetime spectrum. In the vicinity of
an isolated narrow resonance, the largest eigenvalue of the
Q-matrix qmax has a Lorentzian form

whereEr is the resonance energy,Γr is its width, andb(Er) is a
background contribution which is assumed to vary slowly
compared to the first term. When two or more resonances
overlap and/or interact,43 the description in terms of several of
the largestQ-matrix eigenvalues may be necessary.32,44,45

To study the resonance dynamics in the F+ HD reaction,
we diagonalized theQ-matrix on a dense grid of collision
energies. The lifetime matrix formalism accounts for all
resonances present in a triatomic system,30 including those from
the inelastic (nonreactive) blocks of theS-matrix. These
metastable states will affect elastic and/or rovibrationally
inelastic scattering in any of the three chemical arrangements.
In order to affect the dynamics of a chemical reaction, a
resonance state must decay into both the reactant and product
channels. To identify such “reactive” resonances in the eigen-
lifetime spectrum, we use theQ-matrix eigenvectors33

to define the branching probability for a resonance to decay
into particular rovibrational channel (V, j) of arrangementR

wherel is the orbital angular momentum quantum number and
t denotes the element of the matrixT from the column
corresponding to the maximal eigenlifetimeqmax.33 If a reso-
nance decays into one arrangement only, i.e.,PQ(R, V, j) ∼ 1
for someR, or it does not decay in the entrance channel,PQ(R,
V, j) ∼ 0 for R ) 1, it is considered as “inelastic” and excluded
from our analysis.

III. Results

A. Reactive Resonances atJ ) 0. The largest eigenvalue
of theQ-matrix as a function of collision energyEc relative to

Q ) -ipS† dS
dEc

(1)

qmax(Ec) )
pΓr

(Ec - Er)
2 + Γr

2/4
+ b(Er) (2)

Λ ) T†QT (3)

PQ(R, V, j) ) ∑
l

|tRVjl|2 (4)
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the F + HD(V ) 0, j ) 0) threshold is shown in the upper
panel of Figure 1. Distinct peaks in the eigenlifetime spectrum
correlate with those in theJ ) 0 reaction probabilities for the
formation of both HF and DF products (lower panel). These
structures are known as Fano profiles46 and appear in theJ )
0 reaction probabilities, as a result of interference between the
background and resonance scattering. Otherwise, all lifetime
peaks are perfectly Lorentzian. The energies and widths of the
resonances obtained by fitting the peaks of Figure 1 (upper
panel) to eq 2 are listed in Table 1.

The broad peak atEc ≈ 21 meV (denoted by A in the upper
panel of Figure 1) was studied in great detail2,3,6,8,9on the SW
PES. It was shown that the wave function of the resonance A
is localized in the collinear configuration near the transition state
closer to the product valley, with three nodes along the
asymmetric stretching coordinate and no nodes along the
bending coordinate. One particular aspect of this resonance is
that it is practically unaffected by background scattering which
results in a purely Lorentzian form of the reaction probability.3

Moreover, it decays almost exclusively into the ground state of
H2 and into theV′ ) 2 vibrational state of HF thus affecting
mainly theV ) 0, j ) 0 f V′ ) 2 reactive transition.

Table 1 shows that the resonance A on PESIII is only slightly
shifted with respect to the SW PES (21.5 meV3,6), whereas the
resonance lifetime of 131.4 fs obtained for PESIII is significantly
larger than the values 986 and 1093 for the SW PES. The decay
probabilities for PESIII are 0.9 (HF+ D channel) and 0.1 (F
+ HD channel), versus 0.6 and 0.4 for the SW PES.3,6 Because
of the lower coupling with the reactants, the peaks in the reaction

probabilities due to the resonance A are less pronounced for
PESIII, in better agreement with experiment.10 This effect can
be easily related to the known differences between the two PESs.
The spin-orbit interaction influences only the entrance channel
of the reaction increasing the thickness of the reaction barrier.
At the transition state, the spin-orbit interaction becomes
negligible,10,36leaving the transition state properties unchanged.
Therefore, although the energies of the resonance A are similar
for the two PESs, the partial widths differ significantly because
of the reduced tunneling effect that has a strong influence on
the prereaction mechanism.25

The long-lived resonances denoted in Figure 1 as B, C, and
D correspond to metastable states trapped in the exit-channel
van der Waals well. As shown in the lower panel of Figure 1,
the resonances show up in reaction probabilities for both product
channels although the probability of the reaction to form H+
DF is less affected. In the next subsection, we will explain this
effect by analyzing the resonance wave functions. We note that
the reaction probabilities of different product channels display
inverted profiles because of the different background phases.
The decay probabilities (7) summed overV andj are 0.55 (F+
HD), 0.39 (HF+ D), and 0.06 (DF+ H) for the resonance B
and 0.55 (F+ HD), 0.35 (HF+ D), and 0.09 (DF+ H) for the
resonances C and D. The decay of the resonances B, C, and D
is less vibrationally specific than that of the resonance A:∼80%
goes into theV′ ) 2 channel. WhenV′ ) 3 channel is
energetically available (only for the resonance D atJ ) 0) a
significant amount (around 15%) of the HF population resides
in this channel.

The three narrow resonances (Γ ∼ 10-3 meV) atEc ∼ 6, 31,
and 64 meV labeled as G1, G2, and G3 respectively, were
studied for the first time by Takayanagi and Kurosaki.24 The
notation comes from our previous studies of the F+ H2

reaction32,33 where similar peaks were observed and assigned.
They are Feshbach resonances corresponding to metastable states
in the van der Waals well of the entrance reaction channel
and can be considered as a progression of “hindered rotor”
states of HD (V ) 0, j) with j ) 1, 2, and 3, respectively. The
F‚‚‚HD(V ) 0, j ) 0) van der Waals complex has a quasibound
state close to the threshold which has a significant effect on
chemical reactivity at low and ultralow temperatures.47,48 The
resonances G1 and G2 have a small (less than 5%) but
significant decay probability into the HF product channel.
Although the resonance G3 is more strongly coupled to the HF
product channel [∑V,j PQ(R ) 2, V, j) ) 0.11], it mainly decays
into higher rotational states of HD and as such it has the weakest
effect on the reaction of F with HD(V ) 0, j ) 0). Figure 1 and
the corresponding data from ref 12 show that the entrance
channel resonances are less pronounced for F+ HD than for F
+ H2 reaction. The weak coupling to the exit channel rapidly
tends to zero withJ, so that the effect of these resonances on
the overall reactivity is expected to be small, and they will not
be studied forJ > 0 in this work.

B. Assignment of Resonances and Bound-State Calcula-
tions. 1. Adiabatic Model.To assign quasimolecular quantum
numbers to the resonance features B, C, and D shown in Figure
1, we use the same adiabatic model as in ref 32. In brief, the
total Hamiltonian is constructed on a grid ofR, the center-of-
mass separation between the HF molecule, and the D atom. The
matrix elements of the Hamiltonian are evaluated numerically
in a space-fixed basis of rovibrational functions of HF(V′ ) 3).
The bound states are calculated by the Fourier grid method49

which takes into account the couplings between different
adiabatic states, unlike the model used in ref 50.

Figure 1. (Upper panel) The largest eigenvalue of theQ-matrix as a
function of collision energy for the F+ HD(V ) 0, j ) 0) reaction at
J ) 0. Note the logarithmic scale used for they axis. (Lower panel)
Total J ) 0 reaction probabilities for the formation of HF (solid line)
and DF (dashed line).
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The lowest eigenvalues (adiabatic curves) of the Hamiltonian
matrix for J ) 0 are shown in Figure 2 as functions ofR. The
lowest-energy adiabatic curve has a depth of 24 meV and
supports two bound levels corresponding to the peaks B and C
in the right panel. This suggests that the peaks B and C are
Feshbach resonances which can be assigned as (0,3,0) and
(1,3,0) in the local mode picture. Here, the first quantum number
refers to D-HF stretching vibration and the second and third
numbers refer to DH-F stretching and HF bending (or hindered
rotation about the D atom). The curve correlating to the HF(V
) 3, j ) 1) threshold is shallower and supports only one bound
state. We will call this resonance D following the F+ H2

terminology.32,33 Applying the adiabatic model to the F‚‚‚HD
van der Waals complex in the entrance channel,12 we can assign
quasi-molecular quantum numbers to the narrow resonancesG1,
G2, andG3 as well.

2. Variational Calculations.In order to obtain the wave
functions of the exit channel resonances B, C, and D, we
performed two-dimensional (2D) variational calculations of the
metastable states of the HF(V′ ) 3)‚‚‚D van der Waals complex.
For this purpose, we used the Jacobi coordinates (r, R, θ)
suitable for the HF+ D arrangement, wherer is the internuclear
distance of HF,R is the distance between the D atom and the
diatom center of mass, andθ is the angle between the
corresponding Jacobi vectors. In the molecule-fixed frame with
the z axis pointing along theR vector, the total Hamiltonian
takes the form51

wheremHF andmHF-D are the two-body reduced masses of the
HF molecule and the triatomic system HF-D, respectively,j
andJ denote the rotational momenta of the diatomic fragment
and of the whole complex, and the total three-dimensional
potential is separated into the internal HF potentialU(r) and
the atom-molecule interaction potentialV. In order to investigate
the resonances in the exit reaction channel, we used the diabatic
approximation for the HF vibrational motion.51 The Hamiltonian
(5) is averaged over the vibrational function of the HF fragment
øV, the eigenfunction of the total Hamiltonian in the asymptotic
R f ∞ limit, to yield

whereBV ) 〈øV|mHFr-2|øV〉 andVVV ) 〈øV|V(r, R, θ)|øV〉r. Again
as in the adiabatic model, only the wave function forV′ ) 3 is
used.

The eigenvalue problem for the 2D Hamiltonian (6) is solved
variationally using the radial basis functions for the Morse
potential enclosed in a box with a widthL and the symmetry-
adapted angular basis functions.51 Following Reid et al.,52 the
resulting rovibrational energy levels of the complex are classified
as Jpi, whereJ is the total angular momentum value andpi

corresponds to the total inversion parityp ) (-1)Jpi. The
calculations were performed for the positive parity levels 0+,
1-, and 2+. To locate the metastable states lying above the HF-
(V ) 3) + D limit, stabilization graphs are constructed by
repeating the calculations with varying box sizeL. The two
lowest roots below the HF(V ) 3, j ) 0) + D asymptotic limit
represent the groundn ) 0 and first excitedn ) 1 states of the
complex. They are stable within the 2D approximation (although
they may decay through vibrational predissociation into the HF-
(V′ ) 2, j′) + D products). The next root corresponds to a
metastable state and lies slightly above the dissociation limit.
The stabilized values are reported in Table 2. The energy of
the third state splits for nonzeroJ due to the rotational and
Coriolis couplings that lift the triple degeneracy of molecular
channels.33,53At J ) 1 two levels appear in the block of negative
pi parity (denoted as D1 and D2 in Table 2), while the third
component manifests itself in the positivepi block.

Table 2 compares 2D energies with the predictions of the
adiabatic model and the results of theQ-matrix calculations.
In general, the agreement among the three sets of data is good,
confirming the accuracy of the models used. The adiabatic
model is formally equivalent to a 2D variational calculation. In
practice, however, the results of the two models are slightly
different due to the different methods used to locate the
resonance states. Using the 2D results forJ ) 1 and 2 from
Table 2, we can evaluate the rotational constants of the
complexes:Br(B) ) 0.122,Br(C) ) 0.083, andBr(D) ) 0.094

TABLE 1: Energies, Widths (at J ) 0), and Rotational Constants of Reactive Scattering Resonancesa

resonance energy width lifetimeτ, fs rotational constant

A 20.55 (14.05) 5.01 (11.64) 131.4 (58) 0.219 (0.367)
B 55.80 (24.33) 0.198 (1.94) 3324 (350) 0.115 (0.216)
C 69.37 (34.59) 0.145 (0.072) 4539 (9400) 0.0766 (0.123)
D 71.77 (39.89) 0.584 (1.5× 10-3) 1127 (-) 0.0860 (0.094)
G1 9.29 (-) 3.08× 10-2 (-) 2.14× 104 (-) - (-)
G2 31.24 (42.59) 6.52× 103 (5.5× 10- 3) 1.01× 105 (1.2× 105) - (0.055)
G3 64.30 (-) 4.15× 10-3 (-) 1.59× 105 (-) - (-)

a The values are given in meV relative to the energy of the ground rotational state of the reactants. The results of ref 33 for the F+ H2 reaction
are given in parentheses for comparison. The calculations are performed on PESIII.

Figure 2. Lowest eigenvalues of the HF(V′ ) 3)-D Hamiltonian as
functions of the HF-D distanceR (adiabatic curves). The bound levels
shown in each curve are obtained by solving a set of coupled channel
Schrödinger equations (see text). The bound levels B, C, and D
correspond to the resonance peaks in theJ ) 0 eigenlifetime spectrum
(right panel).

Ĥ ) - 1
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meV. The value ofBr for the B resonance is in excellent
agreement with the scattering calculations from Table 1. The
agreement between the stabilization and scattering data for the
resonances C and D is less satisfactory because of their
proximity to continuum.

Variational calculations allow for the interpretation of reactive
scattering resonances as metastable states of weakly bound
complexes in the product channel of the reaction. Figure 3 is a
3D plot of the squared wave function for three lowest levels of
the HF(V ) 3)‚‚‚D complex from the 0+ block in Cartesian
coordinatesX ) R cosθ, Y ) R sin θ, whereθ ) 0 andθ )
π correspond to the collinear D‚‚‚FH and D‚‚‚HF configurations,
respectively. The wave function of the ground level (B) is
strongly localized in the deeper D‚‚‚HF well in the collinear
configuration. The second level (C) corresponds to the stretching
excitation, as follows from the node alongX coordinate. The
stretching excitation energy is above the bottom of the secondary
potential well in the opposite D‚‚‚FH collinear configuration
leading to strong delocalization along the angular coordinate.
The wave function of the C resonance shown in the central panel
of Figure 3 corresponds to almost free rotation of the D atom
around the HF fragment. The wave function of the third level
D is similar to that of the second but reveals additional bending
excitation (a node close toX ) 0 plane). However, it is more
localized in the ground D‚‚‚HF potential well.

The analysis of the resonance wave functions allows us to
explain the presence of resonance peaks in theJ ) 0 reaction
probability for the DF+ H channel (shown in the lower panel
of Figure 1). The resonance complex localized in the D‚‚‚HF
configuration may undergo a hindered rotation into the D‚‚‚FH
geometry before breaking up to form the DF+ H products.
The detailed picture of this “internal rotation” process depends
on the potential wells separating these two limiting geometries.
Similar tunneling processes were recently observed in weakly
bound anionic complexes Cl-‚‚‚HD and Br-‚‚‚HD.54,55

C. J-Dependence of Resonance Properties.The lifetime
spectrum atJ ) 0 presented above provides detailed information
about the resonance dynamics. However, a resonance can only
be considered important for the chemical reaction if it contrib-
utes significantly to the reaction probabilities at large values of
the total angular momentum. Otherwise, the resonance is likely
to be washed out by the averaging over partial waves. Since
modern crossed-beam experiments are carried out in the multiple
partial wave regime, it is important to understand how reso-
nances change with increasing total angular momentum. To this
aim, we performed lifetime calculations for the partial waves
in theJ ) 0-20 range, which gives resonance contributions to
the reaction cross section at collision energies under 100 meV.

Figure 4 shows resonance energies as functions ofJ(J + 1)
for J ) 0-20. All resonances follow closely the rigid-rotor
behavior

where Br is the rotational constant, an important parameter
characterizing the geometry of the resonance state. Linear fits
to eq 7 are shown in Figure 4 as solid lines. The coefficientsBr

are collected in Table 1. The resonance A has the largest
rotational constant. This suggests that it may have an impact
on reactive dynamics over a wide region of collision energies.
On the other hand, the narrow resonances B, C, and D are likely
to affect the reaction dynamics in a limited collision energy
range.

The value ofBr is directly related to the geometry of the
metastable complex

whereµFHD is the hyperspherical three-body reduced mass of
the FHD system, andF0

2 ) Rh 2 + rj2, whereRh and rj are the
values of mass-scaled Jacobi vectors at the equilibrium geometry
of the complex. Using the parameters of the linear transition

TABLE 2: Energies of the Three Lowest Resonances B, C,
and D (in Units of meV) Relative to the HF(W ) 3, j ) 0)
Threshold

resonance J
adiabatic
model

variational
calculation (2D)

lifetime
analysis

B 0 -14.87 -14.77 -15.18
1 -14.62 -14.54 -15.04
2 -14.12 -14.03 -14.43

C 0 -2.22 -2.26 -1.59
1 -2.05 -2.09 -1.43
2 -1.72 -1.77 -1.08

D1 0 0.71 0.71 0.81
1 0.90 0.89 0.99
2 1.27 1.33 1.42

D2 1 1.88 1.82 2.81
2 2.27 2.26 3.25

Figure 3. Squared wave functions of the metastable levels B (n ) 0)
(upper panel), C (n ) 1) (middle panel), and D (lower panel) in the 0+

parity block as function ofX ) R cosθ andY ) R sin θ (see text).

Er(J) ) E0 + BrJ(J + 1) (7)

Br ) 1

2µFHDF0
2

(8)
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state from ref 3, we obtainBA ) 0.181 meV for the resonance
A. For the resonances B, C, and D, the diatomic distancer can
be fixed equal to that of the exit channel van der Waals
minimum56 very close to the HF equilibrium distance. The
expectation values ofR can be obtained using one-dimensional
resonance wave functions calculated by the adiabatic model in
section III.B (5.7, 7.3, and 6.7a0 for B, C, and D, respectively)
which givesBr ) 0.120, 0.074, and 0.088 meV. These values
are in agreement with the “exact” scattering data of Table 1 to
within a few percent which confirms the reliability of the
adiabatic model. The difference for the resonance A is somewhat
larger (∼10%) because of the approximation of constantRwhich
is less reliable near the transition state geometry.

Figure 5 shows the resonance widthsΓr as functions ofJ.
The ratio

is a semiclassical estimate for the number of partial waves
affected by the resonance in the vicinity of the resonance
energy.57 It can be used as a criterion to classify resonances
based on their effects on reactive observables. If∆J is large
(broad resonance), the resonance affects many partial waves and

a single broad feature appears as a result of a convolution of
several overlapping resonances of differentJ. When∆J is less
than one (narrow resonance), the resonance contribution comes
from a single partial wave and the resulting peaks are isolated
and correspond to well-defined values ofJ.57 It has been recently
demonstrated58 that, if the value of the ratio (9) is close to
one,59,60 the ICS exhibits a broad sinusoidal behavior, termed
Regge oscillations.61 The maxima of the Regge oscillations do
not always coincide with the resonance energies. Using the data
of Figure 5 and the rotational constants of Table 1, we classify
the resonances B, C, and D as narrow for almost allJ. The
resonance A is of an intermediate type: it is broad atJ e 5,
whereas at higherJ, the ratio (9) approaches one. Therefore,
we expect Regge oscillations of the ICS at the energies of the
resonance A atJ > 5.

Figure 5 shows that the lifetimes of all resonances (excluding
A) exhibit distinct maxima as functions ofJ. This indicates two
competing decay mechanisms (see also ref 62). At moderateJ,
the resonances are below the HF(V′ ) 3) threshold (marked by
the dashed line in Figure 4), and they decay by vibrational
predissociation loosing one quantum of HF vibration and
populating the HF(V′ ) 2, j′) levels.23 The vibrational predis-
sociation is a slow process with the rate determined by the
overlap of the resonance wave function with the rovibrational
states of the HF product51 rather than by the energy gaps
between the states. As a result, the resonances shown in Figure
5 are narrow, and their widths do not change much withJ. The
resonances above the threshold may decay via tunneling through
the centrifugal barrier (the so-called shape mechanism). The
height of the barrier increases withJ asJ(J + 1)/2mHF-DRb

2,
whereRb is the value of the atom-molecule separation at the
barrier. On the other hand, the resonance energy increases as
J(J + 1)/2mHF-DRr

2, whereRr is the expectation value ofR
averaged over the 1D resonance wave function trapped before
the barrier. SinceRb > Rr, the effective barrier height decreases
and the tunneling rate increases withJ.32 The tunneling
mechanism is more efficient than the vibrational predissociation
at the energies above the threshold. It is responsible for the fast
increase of the resonance widths at largeJ values (see Figure
5). Finally, we note that the resonance D can also decay via a
mechanism involving the inelastic transition (V′ ) 3, j′ ) 1) f
(V′ ) 3, j′ ) 0) which releases∼4.8 meV of energy, enough to
break the weak HF(V′ ) 3)‚‚‚D van der Waals bond. This is
rotational predissociation53,63,64driven by the anisotropy of the
HF‚‚‚D interaction potential.

The width of the resonance A, on the contrary, increases with
J monotonically suggesting a different decay mechanism. In
ref 3, it was found that this state decays mainly by tunneling
through the barrier along the F-H2 angular coordinate, and the
dependenceΓr(J) was fitted by an exponential functionΓr(J) )
a + b(exp(cJ) - 1). Fitting the results of Figure 5, we obtain
the values 4.97, 0.79 meV, and 0.205 for the parametersa, b,
and c, respectively. The comparison with the results of ref 9
obtained with the SW PES shows that our parameterc is smaller
by a factor of∼4. The convolution of severalJ-shifted A
resonances calculated on PESIII produces a shoulder-like
feature65 in the dependence of the ICS on the collision energy,
in contrast with the broad peak observed in the calculation with
the SW PES.3,10 This follows from the fact that the resonance
widths calculated on PESIII change less significantly withJ.65

The decay probabilities (7) determine to what extent a
resonance participates in the reaction and is therefore an
important parameter to asses the relevance of resonance effects
on the reaction dynamics. Figure 6 shows the decay probabilities

Figure 4. Resonance energies as functions ofJ(J + 1). Solid lines
are the regression lines of the data required to get rotational constants
given in Table 1. The dashed line marks the opening of the HF(V′ )
3, j′ ) 0) channel. Diffent symbols refer to different metastable states
labeled on the graph.

Figure 5. Resonance widths versus total angular momentum. The
symbols have the same meaning as in Figure 4.

∆J ≈ Γr(J)

Br(2J + 1)
(9)
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as functions ofJ for the reaction of F with HD(V ) 0) in the
ground (upper panel) and in the first excited (lower panel)
rotational states. Higher rotational states of HD (j g 2) are not
populated in molecular beam experiments on the F+ HD
reaction and are not analyzed in this work. Figure 6 shows that
decay probabilities of the resonances C and D become very
small for J > 8. The decrease correlates with the increase of
their widths up to 1-2 meV (see Figure 5). This suggests that
the effects of the resonances C and D on reactive cross sections
are weak at higherJ. However, they may be important at low
J, especially for the reaction F+ HD (V ) 0, j ) 1) when the
resonances C and D decay significantly into the entrance
channel.

On the other hand, the decay probabilities of the resonances
A and B are non-negligible even at largeJ. This suggests that
they may influence reaction cross sections in a wide range of
collision energies. The resonances A and B are present in the
reaction of F with both HD(V ) 0, j ) 0) and HD(V ) 0, j )
1), although their behavior withJ is different. The decay
probability of the resonance B in the reaction F+ HD(V ) 0,
j ) 1) is large at smallJ and smoothly goes to zero asJ
increases, whereas that in the reaction F+ HD(V ) 0, j ) 0)
shows a flat maximum atJ ∼ 10. Otherwise, the decay
probability of the A peak in the reaction F+ HD(V ) 0, j ) 1)
is near zero at lowJ but it increases exponentially forJ > 10.
At the same time, the decay probability of the same resonance
in the reaction F+ HD(V ) 0, j ) 0) does not change withJ.
As will be shown in section IV.B, this behavior is responsible
for different reactivity of the two rotational states of HD. As
soon as theV′ ) 3, j′ ) 0 state of HF becomes energetically
available, all resonances start to decay into this channel, except

for the resonance A which decays into theV′ ) 2 channel. The
impact of this behavior on the reactive scattering cross sections
will be discussed in section IV.B.

In summary, we have shown that the narrow resonances C
and D can only affect reaction probabilities at lowJ and
therefore will give small effects in the reactive observables only
in a limited range of energies, especially for the reaction of
HD(V ) 0, j ) 0). A similar tendency was also observed in the
F + H2 reaction.33 In that work, we showed that the decay
probabilities of the resonances correlating with higher rotational
states of the HF product approach zero at lowerJ. For this
reason, we restrict the Q-matrix analysis to the lowest exit-
channel resonances B, C, and D. On the contrary, the resonances
A and B affect many partial waves and collision energies well
above the barrier height. Resonance effects in the F+ HD(V )
0, j ) 0) reaction are expected to be stronger at low collision
energies because of the higher decay probabilities.

IV. Discussion

A. Isotope Effects in Resonance Dynamics.It is interesting
to compare theJ ) 0 resonance parameters discussed in section
III.A with the corresponding resonances found in ref 33 (and
reproduced in Table 1) for the F+ H2 reaction on the same
PES. This will allow us to understand the effects of the isotopic
substitution on the dynamics of reactive scattering resonances
using simple kinematic arguments.

Because of the isotopic substitution, the zero-point energy
E0 of the reactants becomes lower. Using a harmonic ap-
proximation, we obtain

whereEhH2

0 is the zero-point energy of the H2 molecule. The
result of eq 10 is in agreement with the “exact” value of 35.6
meV from dynamical calculations. To estimate the isotopic shift
of the resonance A,∆EA

0 , we use the harmonic approximation
for vibrational modes of the triatomic FHD complex. Replacing
the ratio of the two-body reduced masses of eq 10 with the
ratio of the hyperspherical three-body reduced masses of FHH
and FHD (µFHH/µFHD), we obtain

whereEhA
0 and EA

0 are the zero point energies of the FH2 and
FHD triatomic complexes (see Figure 7), respectively. Using
the data of Table 1 and the energy of the classical collinear
saddle point3 (see section III.C), we obtain the energyEhA

0 =

199.0 meV and∆EA
0 = 29.7 meV. The isotopic substitution

therefore shifts the resonance A toward higher translational
energies by∼5.9 meV, in good agreement with the “exact”
value of 6.4 meV from Table 1. The energies of the exit channel
resonances B, C, and D do not change much because the isotopic
substitution HF‚‚‚H f HF‚‚‚D does not affect the dominant
HF stretching mode. Equation 10 shows that the ground state
of the reactants is shifted down by∼35.6 meV. This value is a
fairly good estimate of the isotopic shift from Table 1.

The remaining discrepancies are likely due to the bound levels
of HF‚‚‚H(D) in shallow exit-channel van der Waals wells. The
eigenvalues of the 2D Hamiltonian (adiabatic curves) in Figure
2 are almost identical for HF‚‚‚D and HF‚‚‚H (except for a small

Figure 6. Angular momentum dependence of the decay probabilities
(eq 7) summed over over all open channels of the HF product for the
F + HD(V ) 0, j ) 0) (upper panel) and F+ HD(V ) 0, j ) 1) (lower
panel) reactions. The symbols label different metastable states as in
Figures 4 and 5.

∆E0 ) EhH2

0 - EHD
0 ≈

[1 - (mH + mD

2mD
)1/2]EhH2

0 = 35.9 meV (10)

∆EA
0 ) EhA

0 - EA
0 ≈ [1 - (mH(mF + mH + mD)

mD(mF + 2mH) )1/4] EhA
0 (11)
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difference of the reduced mass entering the centrifugal term in
eq 6, which is small at lowl). At J ) 0, the resonances B and
C are characterized byl ) 0 (the resonance D correlates tol )
1). Therefore, we can assume that isotopic substitution does
not affect the potential curves shown in Figure 2. All the
difference between the energies of HF‚‚‚D and HF‚‚‚H thus
comes from the stretching motion of the heavier D atom relative
to the HF fragment. Therefore, we can apply the harmonic
approximation once again to this particular local mode. The mass
ratio is now that of the atom-diatom two-body reduced masses
in the exit channel arrangment:mHF-H/mHF-D. The required
zero-point energies of the HF-H stretching modesEhB,C,D

0 can
be directly evaluated as the difference between the energy levels
in parentheses (Table 1) and the minima of the corresponding
adiabatic wells in Figure 2. They are 12.5, 22.9, and 8.7 meV
for B, C, and D, respectively. The isotopic shift

is equal to 3.4, 6.3, and 2.4 meV for the resonances B, C, and
D, respectively. Taking into account the downward shift of the
H2 zero-point energy discussed above, we observe that the
resonances B, C, and D are shifted to higher collision energies
by 32.2, 29.3, and 33.2 meV, respectively. The comparison with
the data of Table 1 shows that this estimate is accurate for the
B resonance (31.5 meV) but less so for the resonances C and
D (34.8 and 31.9 meV, respectively). This might be due to the
strong coupling between the adiabatic states32 and the breakdown
of the adiabatic picture. The strongly mixed nature of these states

is also evident from the wave function plots in Figure 3 (see
section III.B).

In summary, the isotopic substitution shifts resonances in the
exit channel to higher energy by∼35 meV. The energy of the
resonance A is affected to a lesser extent. As a consequence,
the resonances A and B become degenerate at higher collision
energies (and partial wavesJ) than for the F+ H2 reaction where
resonance B is weakly coupled to the entrance channel. In
addition, at the value ofJ ) 18-19 when the resonances A
and B cross, they decay into different vibrational manifolds (V′
) 2 and 3, respectively). This indicates that their interaction is
much weaker than in the F+ H2 reaction.43 Because of the
larger reduced mass and the reduced tunneling rate of the D
atom, the isotopic substitution increases the resonance lifetime.
The exit-channel resonances B, C, and D are thus expected to
survive up to higherJ and contribute significantly to the
dynamics of the F+ HD reaction.

Finally, we point out that the van der Waals well in the exit
channel does not produce any DF‚‚‚H quasibound states relevant
for the reactivity of the F+ HD system. The DF+ H channel
is more exoergic than the HF+ D channel, so that the DF(V′ )
3, j′) manifold is at a lower energy than the reactants. The
metastable states supported by the adiabatic curves of DF(V′ )
4, j′) are very weakly coupled to the entrance channel, because
of the large difference in vibrational quantum numbers and
unfavorable Frank-Condon factors. As a result, the resonances
in the DF-H channel affect only nonreactive collisions of DF
molecules with H atoms.

B. Resonance Effects on the Reactive Observables.One
aspect that makes the F+ HD reaction unique is a large number

Figure 7. The energy diagram of the F+ HD reaction from PESIII. The energy levels of the F+ H2 reaction are also shown by dashed lines. The
energies labeled (a) were taken from ref 33 and those labeled with (b) were taken from ref 3.

∆EB,C,D
0 ≈ [1 - (mH(mF + mH + mD)

mD(mF + 2mH) )1/2] EhB,C,D
0 (12)

F + HD Reaction Dynamics J. Phys. Chem. A, Vol. 111, No. 49, 200712545



of experimental results available including state-resolved angular
distributions, integral cross sections, and thermally averaged rate
constants. In this section, we will focus on the influence of
resonances on reactive observables. We calculated ICSs on the
energy grid of 0.5 meV which is dense enough to resolve the
broad resonance A but not the narrower long-lived resonances
of the exit channel. We note that because of their small widths
(see Table 1) such resonances influence only a single resonant
partial wave contribution (Jr) to the ICS, and the approximation
of isolated narrow resonance is accurate. Therefore, in the
vicinity of a narrow resonance, we only need to evaluate the
cross section atJ ) Jr, whereas a simple linear interpolation
can be used to compute other (nonresonant) partial waves. With
this procedure, we were able to obtain total ICS with the energy
resolution of 0.02 meV. Numerical tests show that the errors
introduced by the linear interpolation are∼1%.

Figure 8 shows the ICS for the reaction F with HD in the
ground and the first excited rotational levels summed over all
open product states. For the reaction F+ HD (V ) 0, j ) 0)
below 30 meV, the width of the resonance A is nearly
independent ofJ and large enough to form a step-like convolu-
tion feature,65 which is also observed in the experiment.10 At
higher energies, higher partial waves contribute and the ratio
(9) decreases. Regular sinusoidal oscillations appear when the
critical value of∆J ) 1 is reached at∼30 meV. These structures
are known as Regge oscillations61 and they have recently been
analyzed in the F+ H2 reaction58 in a narrower range of
collision energies.

At collision energies above 55 meV, the ICS shows a
progression of narrow resonances superimposed on Regge
oscillations. For the reaction of F with HD(V ) 0, j ) 1), the
resonance A is only barely visible while the pattern of long-
lived resonances B-D is more pronounced than in the reaction
of HD(V ) 0, j ) 0) and they are shifted at lower collision
energy (≈11 meV).

Figure 9 shows more details of long-lived resonances in the
F + HD(V ) 0, j ) 0) reaction. In this figure, we plot the ICS
summed over all open vibrational states of HF exceptV′ ) 3
that will be analyzed separately. Each major peak is due to the
resonance B corresponding to a specific value ofJ. The weak
oscillations between 70 and 80 meV are due to low partial waves
of the resonances C and D. These features are reminiscent of
the J ) 0 Fano profiles shown in Figure 1, but their intensity
is much smaller due to the partial wave averaging. The

resonance density is high in this collision energy range and many
resonance patterns overlap which is the reason why not all of
the peaks shown in Figure 9 can be assigned a quantum number.

We note that the resonance enhancement of the ICS presented
in Figures 8 and 9 is at most 15% of the total reaction cross
section. It may therefore be difficult to observe the resonances
experimentally. On the other hand, the signature of the
resonances is typically more pronounced in state and angle-
resolved cross sections.57 In particular, the experimental stud-
ies4,19,21 revealed large oscillations in state-resolved cross
sections for the formation of HF(V′ ) 3) products near threshold.
This contradicts the theoretical calculations10,13 which predict
that the HF(V′ ) 3) channel accounts for less than 10% of the
total reactivity.

Figure 10 shows the ICS for the formation of HF(V′ ) 3) in
the reaction of HD in both the ground and the first excited
rotational states. At the HF(V′ ) 3) threshold, the background
reactivity of HD(V ) 0, j ) 0) is very low (around 0.01 Å2),
and only weak structures due to the resonances C and D are
present in the ICS. However, the situation changes when the
resonance B crosses the HF(V′ ) 3, j′ ) 0) threshold atJ ) 14
and begins to decay preferentially into this channel. As a result,
the corresponding resonance peak in Figure 10 makes the ICS
increase by a factor of 3. For the reaction of rotationally excited
HD, the long-lived resonances C, D1, and D2 have a stronger
impact on the ICS, as shown in the inset of the lower panel of
Figure 10.

As mentioned earlier, sharp forward-backward features
observed in the energy dependence of the DCS2,19 between 1
and 2 kcal/mol, might be a signature of long-lived resonances.
Figure 11 shows 3D plots of vibrationally resolved DCS for
the production of HF(V′ ) 2 and 3) in the reaction of F with
HD(V ) 0, j ) 0) as functions of the angle and energy. The
collision energy interval is centered around the resonance B at
J ) 14 with an energy resolution of 0.02 meV. In order to
reproduce accurately the interference between different partial
waves, a larger number ofΩ projections (Ωmax ) 5 see section
II) and total angular momenta (26) was included in the
calculations.

The DCS forV′ ) 2 (Figure 11, upper panel) changes rapidly
near the resonance energy, although not in a way that shows
distinct forward-backward features. On the other hand, the DCS

Figure 8. Integral cross sections for the F+ HD(V ) 0, j ) 0) (dark
line) and the F+ HD(V ) 0, j ) 1) (red line) reactions summed over
all the open channels of the HF product as functions of the collision
energy.

Figure 9. Integral cross sections for the F+ HD(V ) 0, j ) 0) reaction
summed over all open channels of HF(V′ )0,1 and 2) in the region of
collision energies where the exit-channel resonances occur. The numbers
denote the value of the total angular momentum of the resonance.
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for the production of HF(V′ ) 3) is clearly forward-backward
peaked. We found that the DCS depends on the scattering angle
θ at the resonance energyEr as

wherePJr(cosθ) is the Legendre polynomial ofJrth order. The
dependence (13) is characteristic of differential scattering near
a narrow resonance.23 We conclude that the behavior of the DCS
in the V′ ) 2 and′ 3 channels is dramatically different. The
former is dominated by the resonance A, which leads to a
complicated interference pattern,2,3 whereas the latter is strongly
influenced by the near-threshold narrow resonances in the exit
channel.

V. Conclusions

In summary, we have performed a study of resonances in
the F+ HD reaction. Using the lifetime matrix formalism, we
have calculated the positions and lifetimes of the most important
reactive scattering resonances in the total collision energy range
of 10-100 meV. The quasibound states observed are assigned
using the adiabatic model (Figure 2) as well as variational and
stabilization calculations of the bound states and wave functions
(Figure 3) of the HF(V ) 3)‚‚‚D van der Waals complex. The
behavior of resonances at nonzero total angular momentumJ
(Figures 4 and 5) is analyzed systematically. Simple kinematic
arguments are used to model the effect of isotopic substitution
on the resonances. It is shown that near-threshold Feshbach
resonances B, C, and D can decay via tunneling through
centrifugal barriers or by rotational predissociation. The latter
mechanism is present for the resonances D correlating to the
excited rotational levels of HF.

We found that, while the lifetime and partial width of the
resonance A do not change much withJ, the exit-channel
resonances C and D become decoupled from the entrance
channel already at smallJ (see Figure 6). As a result, the
quasibound states C and D affect the reactive ICS in a limited
range of collision energies of about 10 meV near the HF(V′ )
3) threshold. These results are in agreement with our previous
findings for the F+ H2 reaction.33 Unlike for F + H2, the
resonance B in the F+ HD system survives up to much higher
J ∼ 20 and its influence can be clearly observed over the whole
energy region studied in this work (see Figure 8).

The HF(V′ ) 2) products are mainly affected by the transition
state resonance A which decays almost exclusively into that
channel, with a minor contribution from the resonance B. We
demonstrated that the ICS for the reaction to form HF(V′ ) 3)
products near threshold (Figure 10) is dominated by decay of
the exit-channel resonances B, C, and D. The reactive angular
distributions for this vibrational state are forward-backward
peaked (Figure 11) due to the formation of long-lived metastable
complexes. This explains qualitatively the experimental obser-
vations.2,18,19On the contrary, the angular distributions of HF-
(V′ ) 2) are not significantly affected by the exit-channel
resonances.

The transition state resonance A is relevant only for the
reaction of the ground rotational state of HD. It produces a broad
step-like feature in the ICS at low energies and Regge
oscillations at higher energies (see Figure 8). On the contrary,
the long-lived resonances are important for the reaction of both
the ground and rotational excited states of the reactants, so that
the resonance features can also be observed in reactive cross
sections from the HD(V ) 0, j ) 1) state. This is particularly
true of the resonances C and D (Figure 10). Although the
resonance contribution to the total ICS is small (∼10%), it
becomes more significant for state-resolved cross sections in
the HF(V′ ) 3) channel which are resonantly enhanced by a
factor of 3.

Figure 10. Integral cross sections for the F+ HD(V ) 0, j ) 0) (upper
panel) and for the F+ HD(V ) 0, j ) 1) (lower panel) reactions
summed over all open channels of the HF(V′ ) 3) product. The numbers
have the same meaning as in Figure 9. The inset in the lower panel
shows the reactive ICS near threshold.

Figure 11. Differential cross sections for the F+ HD(V ) 0, j ) 0)
reaction summed over all open channels of HF(V′ ) 2) (upper surface)
and HF(V′ ) 3) (lower surface) as functions of the scattering angle
and the collision energy. The collision energy corresponds to the
resonance B atJ ) 14 in the neighborhood of the HF(V′ ) 3, j′ ) 0)
threshold.

σ(θ, Er) ∝ |PJr
(cosθ)|2 (13)
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Theoretical simulations of reactive ICSs in the energy range
investigated should take into account the energy spread of the
beam which is of the order of several meV.17-21 As a result of
this averaging over collision energy, narrow peaks seen in Figure
10 will be smeared and transformed into broad structures. We
note that resonance partial widths (and in particular the decay
probabilities) are very sensitive to fine details of the PES. For
example, some of the recently published PESs15 have an exit
channel vdW well that is too shallow to support some of the
metastable states studied in this work. It is therefore possible
that small changes of the PES in the exit channel region can
dramatically affect the long-lived resonances and their impact
on reactivity. In spite of the high resonance density at the HF-
(V′ ) 3, j′ ) 0) threshold energy (see Figure 10), a translational
averaging of the data presented in this work is unlikely to
reproduce the high HF(V′ ) 3) yield observed in the experi-
ments.18,19 We have demonstrated in section IV.B that this is
due to the small decay probability of the resonances into the
entrance channel. However, our calculations do provide an
insight into the role of narrow resonances in the near-threshold
reaction dynamics of the F+ HD reaction.

One flaw of the SW PES (and therefore of PESIII12) is that
it inadequately describes the experimental exothermicity15 which
makes the comparison with experimental data difficult. As a
result, all resonance patterns in the exit channel are artificially
shifted by∼11 meV. The shift will move the energy of the
crossing between the resonance A and B (see Figure 4) down
to J ≈ 15 (instead of 18, as reported in this work). AtJ ) 15,
the resonance B still decays significantly into the HF(V′ ) 2)
channel, like the resonance A. Therefore, on a more accurate
PES, the resonances A and B may interact and give rise to a
strong forward enhancement of the DCS66 due to the construc-
tive interference of the two resonances. This, in turn, may result
in strong forward peaks in the HF(V′ ) 2) DCS around 70 meV
that were observed experimentally.2,19,18

Although it was estimated18,19that HD(V ) 0, j ) 1) accounts
for less than 20% of the experimental beam, this state may be
relevant in numerical simulations because of its higher reactivity
to form HF(V′ ) 3) products. The internal energy of HD in the
first excited rotational state is higher, and the resonances A-D
discussed in this work will occur at lower collision energies.67

In addition to the exothermicity shift cited above, the energy
range where forward-backward peaks appears in the experiment
coincides with the energy range of the long-lived resonances
studied in this work. This suggests that these Feshbach
resonances may play a crucial role in the explanation of the
experimental results of refs 2, 18, and 19.

In a recent study,68 a new ab initio F-H2 PES69 with the
correct exothermicity and a modified exit channel has been
constructed. The probabilities for the F+ H2 reaction atJ ) 0
obtained with the new PES confirm the relevance of the exit-
channel resonances studied in our previous work33 but predict
a much higher yield of the HF(V′ ) 3) products. Our results
lead us to conclude that the F+ HD system is another excellent
candidate to look for the signatures of Feshbach resonances,
and it is our hope that this work will stimulate further theoretical
and experimental studies of the F+ HD reaction. Finally, we
hope that the analysis of F+ HD resonances made in this work
can be useful to understand the dynamics of other heavier
chemical systems (e.g., O+ HCl and Li+ HF)70,71where deeper
vdW wells may have even stronger influence on the reactions.
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Giménez, X.; Lucas, J. M.J. Chem. Phys.1998, 109, 3805;Phys. Chem.
Chem. Phys.1999, 1, 99.

(42) Aquilanti, V.; Cavalli, S.; De Fazio, D.; Volpi, A.AdV. Quantum
Chem.2001, 39, 103.

(43) Sokolovski, D.; Sen, S. K.; Aquilanti, V.; Cavalli, S.; De Fazio,
D. J. Chem. Phys.2007, 126, 084305.

(44) Cavalli, S.; De Fazio, D. Phys. Scr.2007, 76, C21.
(45) Shimamura, I.; McCann, J. F.; Igarashi, A.J. Phys. B2006, 39,

1847.
(46) Fano, U.Phys. ReV. 1961, 124, 1866.
(47) Balakrishnan, N.; Dalgarno, A.J. Phys. Chem. A2003, 107, 7101.
(48) Bodo, E.; Gianturco, F. A.; Balakrishnan, N.; Dalgarno, A.J. Phys.

B 2004, 37, 3641.
(49) Colbert, D. T.; Miller, W. H.J. Chem. Phys.1992, 96, 1982.
(50) Castillo, J. F.; Manolopoulos, D. E.; Stark K.; Werner, H. J.J.

Chem. Phys.1996, 104, 6531.
(51) Delgado-Barrio, G.; Beswick, J. A. InStructure and Dynamics of

Non-Rigid Molecular Systems; Smeyers, Y. G., Ed.; Kluwer: Dordrecht,
The Netherlands, 1994; p 203.

(52) Reid, B. P.; Janda, K. C.; Halberstadt, N.J. Phys. Chem.1992, 92,
587.

(53) Ashton, C. J.; Child, M. S.; Hutson, J. M.J. Chem. Phys.1983,
78, 4025.

(54) Wilson, R. L.; Loh, Z. M.; Wild, D. A.; Bieske, E. J.; Buchachenko,
A. A. J. Chem. Phys.2004, 121, 2085.

(55) Grinev, T. A.; Buchachenko, A. A.; Kłos, J.; Bieske, E. J.J. Chem.
Phys.2006, 125, 114313.

(56) Manolopoulos, D. E.J. Chem. Soc. Faraday Trans.1997, 93, 673.
(57) Miller, W. H.; Zhang, J.J. Phys. Chem.1991, 95, 12.

(58) Sokolovski, D.; De Fazio, D.; Cavalli, S.; Aquilanti, V.J. Chem.
Phys.2007, 126, 121101.

(59) Note that the mathematical condition for Regge oscillations in ref
58 is given in the framework of the Regge pole formalism. The quantities
defined in this work are related to those of ref 58 as Imλ = ∆J/2.60

(60) Sokolovski, D.; Castillo, J. F.Phys. Chem. Chem. Phys.2000, 2,
507.

(61) Macek, J. H.; Krstic´, P. S.; Ovchinnikov, S. Y.Phys. ReV. Lett.
2004, 93, 183203.

(62) Sokolovski, D.; Msezane, A. Z.Phys. ReV. A 2004, 70, 032710.
(63) Jang, H. W.; Choi, S. E.; Light, J. C.J. Chem. Phys.1994, 100,

4188.
(64) Choi, S.; Lester, M. I.; Jang, H. W.; Light, J. C.J. Chem. Phys.

1995, 102, 1981.
(65) Schatz, G. C. Sokolovski D.; Connor, J. N. L.J. Chem. Phys.1991,

94, 4311.
(66) Sokolovski, D.; De Fazio, D.; Cavalli, S.; Aquilanti, V.Phys. Chem.

Chem. Phys.2007, 9, 5664.
(67) Ren, Z.; Che, L.; Qiu, M.; Wang, X.; Dai, D.; Harich, S. A.; Wang,

X.; Yang, X.; Xu, C.; Xie, D.; Sun, Z.; Zhang, D. H.J. Chem. Phys.2006,
125, 151102.

(68) Qiu, M.; Ren, Z.; Che, L.; Dai, D.; Harich, S. A.; Wang, X.; Yang,
X.; Xu, C.; Xie, D.; Gustafsson, M.; Skodje, R. T.; Sun, Z.; Zhang, D. H.
Science2006, 311, 1440.

(69) Xu, C. X.; Xie, D. Q.; Zhang, D. H.Chin. J. Chem. Phys.2006,
19, 96.

(70) Xie, T.; Wang, D.; Bowman, J. M.; Manolopoulos, D.J. Chem.
Phys.2002, 116, 7461.

(71) Parker, G. A.; Lagana, A.; Crocchianti, S.; Pack, R. T.J. Chem.
Phys.1995, 102, 1238.

F + HD Reaction Dynamics J. Phys. Chem. A, Vol. 111, No. 49, 200712549


