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The reaction F+ p -H2 HF+ H was studied in a high-resolution crossed-molecular-
beams experiment at a collision energy of 1.84 kcal/mole. Center-of-mass translational ener-

gy and angular distributions were determined for each product vibrational state. The v=3
product showed intense forward scattering while the v = 2 product was backward peaked.
These results suggest that dynamical resonances play an important role in the reaction
dynamics of this system.

PACS numbers: 34.50.Lf, 82.40.Dm

A direct probe of the transition state in chemical
reactions has been one of the more elusive goals of
experimental studies in reaction dynamics. The re-
gion of the potential energy surface (PES) near the
transition state determines several important prop-
erties of a reaction such as the rate constant and the
partitioning of excess energy among product de-
grees of freedom. The techniques necessary to
measure these properties of a reaction have
developed considerably in recent years. Attempts
to study the transition state by photon emission and
absorption have been carried out, ' but it has proved
difficult to work backwards and characterize the
critical region of the PES near the transition state
based on these results. One promising approach to
this problem derives from quantum mechanical
reactive-scattering calculations which show that the
resonances play a significant role in the reaction
dynamics of simple systems. The exact nature of
these reactive resonances depends strongly on the
details of the PES near the transition state. Ob-
serving the effects of such resonances should pro-
vide greater insight into the transition state than has
previously been possible. To this end we have per-
formed a high-resolution reactive-scattering study
of the reaction F+H2 HF+H with the crossed-
molecular-beams technique.

Collinear quantal scattering calculations on the
Muckerman 5 (MS) PES for F+ H2 of the reaction
probability versus collision energy show sharp reso-
nance features with typical widths of 0.01 eV.5 6

These features result from the ability of the PES to
support quasibound FH2 states which live for
several vibrational periods before decomposing to
products. However, three-dimensional quantal
calculations of the total reaction cross section
versus energy do not show any sharp structure,
because collisions with nonzero orbital angular
momentum contribute to the reaction. ' A quasi-

bound state formed by a collision of orbital angular
momentum Lt will have a rotational energy on the
order of BL (L+ 1), where B is the rotational con-
stant of the reaction intermediate. If an L = 0 reso-
nance occurs at energy Eo, then at approximately
Eo+ BL (L+ 1) a quasibound state can be formed
by a collision of orbital angular momentum Lh.
Consequently, as the collision energy is increased
beyond Eo, collisions with progressivley larger
values of orbital angular momentum will be
brought into resonance. The large number of par-
tial waves involved in reactive scattering allows the
resonance to be accessed over a wide energy range,
and resonances appear as broad, smooth features in
the collision energy dependence of the reactive
cross section which are difficult to distinguish from
the substantial contribution from direct reaction.
Thus resonances will not be observed by measuring
state-resolved total reaction cross sections as a func-
tion of reactant translational energy.

On the other hand, the three-dimensional quantal
calculations' on F+ H2 suggest that resonances can
be observed in an experiment which is sensitive to
the reaction probability as a function of orbital an-
gular momentum, P(L), for each product vibra-
tional state. The angular distribution of products
from reactive scattering is closely related to P(L).
The HF product vibrational states resulting from
decay of a resonance should have a different angu-
lar distribution than those formed primarily via
direct, nonresonant processes. Thus, resonances
will be most prominent in an experiment which
determines vibrational-state —resolved angular dis-
tributions. Quasiclassical trajectory studies on MS
show that at collision energies as high as 5.0
kcal/mole, P(L) for the formation of the v = 2 and
~=3 products decreases monotonically with in-

creasing orbital angular momentum. The resulting
differential cross sections are backward peaked at
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180 with respect to the incident F beam. " The
three-dimensional quantal results are quite dif-
ferent. ' %hen the collision energy is raised from 2
to 3 kcal/mole, the peak in the I'(L) of v = 2 shifts
to nonzero orbital angular momentum whereas the
P(L) of v=3 remains monotonically decreasing.
This occurs because the resonance on M5 decays
specifically to v =2 product, and, for a given col-
lision energy, the resonance is accessible only over
a relatively narrow range of L which is centered at
progressively higher values of orbital angular
momentum as the collision energy is raised. At 3
kcal/mole, the resonance-enhanced contribution
from the high-impact-parameter collisions should
lead to increased sideways and possibly forward
scattering for the v = 2 product while the v = 3
product remains backward peaked.

Our previous experimental studies on this reac-
tion showed that the v = 2 angular distribution did
indeed broaden and exhibit slight sideways peaking
as the collision energy was raised from 2 to 3
kcal/mole. The results for the v =3 state were in-
conclusive, however, because of experimental diffi-
culties that limited the range of the angular scan. '2

The major features of the crossed-molecular-
beams apparatus have been described else-
where. ' ' Modifications were made on the ap-
paratus to improve the velocity resolution and to
reduce the HF background. An effusive beam of F
atoms was produced by thermally dissociating F2 at
2.0 Torr and 920 K in a resistively heated nickel
oven. The F beam was velocity selected to give a
peak velocity of 8.7x 104 cm/sec with a full width at
half maximum (FWHM) velocity spread of 11/o.
The p-H2 beam was produced by a supersonic ex-
pansion of 80 psi (gauge) through a 70-p, m orifice
at 304 K. The peak velocity was 2.79&10 cm/sec
with a FWHM spread of 3'/o. About 80 percent of
p-H2 was J=0 under these conditions. ' The
F%HM reactant kinetic energy spread in the
center-of-mass frame was only 0.1 kcal/mole. The
HF product was detected with a rotatable ultrahigh-
vacuum mass spectrometer. Angular scans were
taken by modulating the H2 beam at 150 Hz and
recording the modulated HF signal as a function of
angle. Product velocity distributions were obtained
at nineteen angles by the cross-correlation time-of-
flight technique.

The angular distribution for the HF product is
shown in Fig. 1. The laboratory angle 0 is mea-
sured from the F beam. (v F, v H2) and ( u F, u H2)
in the Newton diagram belo~ are the laboratory and
c.m. s. velocities, respectively, of the reactants. In
the c.m. coordinate system, 0=0' is defined as the
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direction of the incident F beam, up. The
"Newton circles" represent the maximum center-
of-mass speed for HF product formed in the indi-
cated vibrational state. The broad peaks in the an-
gular distribution around 28' and 45' are from
back-scattered v = 3 and v = 2 products, respective-
ly. The sharp peak at 8' is from forward-scattered
v = 3. No product signal was detected on the other
side of the beam.

Time-of-flight measurements of the product
velocity distributions allow one to determine quan-
titatively the contribution from each vibrational
state to the total signal at laboratory angle. Sample
TOF spectra with their vibrational-state assignments
are shown in Fig. 2. The spectrum at 0= 18' sho~s
three distinct peaks. The fastest peak is from v = 2

product, and the two slower peaks are from v=3.
The two v=3 peaks merge at 0=30' and at other
laboratory angles which are nearly tangent to the
v =3 Newton circle. The spectrum at 0=8' con-
firms that the forward peak in the angular scan is
from v = 3 product.

2

FIG. 1. Angular scan and Newton diagram for F+
p-H2 HF+ H at 1.84 kcal/mole collision energy show-
ing contributions from each HF vibrational state (data,
circles; total calculated distribution, solid line; v=1,
dash-dotted line; v=2, long-dashed line; v=3, short-
dashed line; v = 3', long- and short-dashed line.
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FIG. 2. Time-of-flight spectra at laboratory angles 18',
30', and 8' with vibrational state assignments (data, tri-
angles; total calculated distribution, solid line; vibrational
states same as Fig. 1; solid line not shown when it ob-
scures a vibrational state).

The translational energy and angular distributions
in the c.m. coordinate system were determined for
each product vibrational state by forward convolu-
tion of trial distributions. The lines in Figs. 1 and 2
are the laboratory distributions generated by the
best-fit c.m. s. parameters.

The slow peak at 0 = 30' has a fast shoulder. A
similar feature appears in other TOF spectra that
sample v = 3 product near 0 = 180', and this could
be fitted only by assuming it was due to HF(v = 3)
from reactants with approximately 1 kcal/mole
internal excitation. This product, designated as
v = 3', is most probably from the reaction of
F( P3/2) with H2(J=2) which is 1.03 kcal/mole
above H2(J = 0) and makes up about 20% of the p-
H2 beam. '5

The c.m. s. distributions for the HF products are
illustrated in Fig. 3. The v=2 state is backward-
peaked and drops off slowly for 0 (180'. The
v = 3 state has a broad maximum around 9 = 80'
and, in contrast to the v = 2 state, has a sharp, in-

tense peak at 8=0'. The v=3' state is scattered
entirely into the backward hemisphere. The rela-
tive total cross sections into each vibrational state

FIG. 3. Center-of-mass system velocity contour map
for HF product from the reaction of F+p-H2. Contours
of constant product flux are plotted as a function of both
center-of-mass system velocity and scattering angle. the
c.m. s. scattering angle is measured from the F beam
velocity vector. The dashed lines indicate the maximum
velocities allowed for HF in different vibrational states.

are as follows: a-~ = 0.20, o-2 = 1.00, o-3 = 0.68,
(r3, = 0.05.

When contrasted with the strong backward
scattering observed for v = 2, the sharp forward
peak and pronounced sideways scattering in the
v=3 angular distribution is the most compelling
evidence to date for quantum mechanical dynamic
resonance-effects in reactive scattering. The shape
of the distribution is consistent with what one ex-
pects when collisions at relatively high impact
parameters contribute to the formation of a quasi-
bound state folio~ed by selective decay to v=3
products. The intense forward peak results from
the strong correlation between the directions of L
and L', the final orbital angular momentum vector,
for the collisions that form the quasibound state. In
complexes that survive for several rotational
periods, this correlation leads to a symmetric angu-
lar distribution peaking at 0' and 180' in the
center-of-mass system. ' The much weaker intensi-
ty at 180' in this experiment shows that the quasi-
bound state lives only a fraction of a rotational
period. The contrast between the v = 2 and v = 3
product distributions lends support to the interpre-
tation of the results in terms of quantum mechani-
cal resonances. Quasiclassical trajectory calculations
do not show such state-specific behavior for this
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reaction.
Our results indicate that the quasibound state de-

cays to v = 3 product in contrast to the calculations
on MS which predict decay exclusively to v =2.
This discrepancy as well as other recent develop-
ments4 suggest that the M5 surface is an inadequate
representation of the F+ H2 PES. Quantal collinear
calculations on other model surfaces show the cor-
responding resonance decaying to v=3. While
these surfaces are inferior to M5 in terms of exo-
thermicity and entrance-channel barrier height, the
calculations illustrate that small changes in the in-
teraction region markedly affect the predicted role
of resonances in this reaction.

The vibrationally state-resolved differential cross
sections obtained in this experiment point to reso-
nances playing a part in the dynamics of the F+ H2
reaction; comparison of these results with future
scattering calculations should be of great utility in
the development of an accurate potential energy
surface for this reaction.
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