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Experimental Observation of Dynamical Resonances in the H + Hz Reaction
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We report observation of dynamical resonances in the reaction H + Hz(v =0,j=0,2) H2(v', j')+
H. The reactive cross section as a function of v' and j' is determined under single-collision conditions
for 22 total energies between 0.95 and 1.37 eV. Resonances appear as sharp increases in the v' 1 cross
section at 0.97, 1.20, and 1.26 eV, and possibly 1.11 eV. These energies are in excellent agreemc, nt with
the energies of theoretically predicted Feshbach resonances in the reaction.

PACS numbers: 34.50.Pi, 82.20.Pm, 82.30.Hk, 82.55.+e

The hydrogen exchange reaction, H + H2 H2+ H,
has been the prototype chemical reaction employed in

the testing and development of quantum mechanical
descriptions of chemical reactions ever since the develop-
ment of quantum theory. ' Perhaps the most intriguing
aspect of quantum calculations on the H + H2 reaction
is the prediction of resonances in the reaction. 5 " The
resonances were first revealed in collinear quantum cal-
culations but have been found in three-dimensional
calculations as well. ' ' The resonances appear as a
sharp variation of the partial cross sections, the cross
sections into particular final vibrational and rotational
states, v' and j', as functions of collision energy. The
sharp maxima and minima in the partial cross sections
reflect the interference between two scattering ampli-
tudes, a direct one and a resonant one. The latter arises
because of nonadiabatic coupling between the relative
motion and the internal degrees of freedom, leading to
the formation of quasibound excited states. The bind-

ing force that holds the resonant states is dynamic and
these resonances are Feshbach resonances.

The nature of the dynamical binding of the resonant
states makes them of particular significance. The inter-
nal degrees of freedom that provide the resonant states
are the vibrational degrees of freedom of the H3 transi-
tion state, that is, the vibrational motions perpendicular
to the relative motion in tht; vicinity of the "transition"
from reactants to products. I'hus the spectrum of reso-
nant states is the spectrum of vibrational eigenstates of
the transition state, and mapping out the dynamical reso-
nances in the reaction is tantamount to vibrational spec-
troscopy of the transition state. " The resonance fea-
tures thus are a very sensitive probe of the structure of
the transition state. '

Since the resonances are associated with nonadiabatic
coupling to particular vibrational states of the H3 transi-
tion state, it is convenient to label them by vibrational
quantum numbers to indicate the excited vibrational
state responsible for the resonance. The labeling' ' ' is
(v / v2 v3&, where v i is the number of symmetric stretch
quanta and v2 the number of bending quanta. The su-

perscript 0 gives the component of vibrational angular

tnomentum along the molecular axis. At the transition
state the antisymmetric stretch is the H + H2 relative
motion, an unbound motion, so that v3 is undefined. By
convention it is written as 0.

Calculations that predict the energies of the Feshbach
resonances in H + H2 have been carried out not only
by exact quantum methods, 'o but also by approxi-
mate quantum methods, ' ' and by semiclassical ap-
proaches. ' ' At total energies (collision energy plus H2
vibrational energy) between 0.95 and 1.3 eV, these cal-
culations predict the resonances (1,0,0), (1,1 ', 0),
(1,2,0), and (1,2,0) at total energies 0.98, 1.10, 1.20,
and 1.23 eV, respectively. "' ' The common fea-
ture shared by these particulir resonances is that each
appears as an increase in the v

' =1 reactive cross section
and a corresponding decrease in the v' 0 reactive cross
section in a narrow energy region around the resonance
energy. This behavior comes about because the H + H2
reaction dynamics favor formation of a v'=1 product if
an H3 vibrational state having one quantum of sym-
metric stretch is accessed.

In this Letter we report experimental observation of
the (1,0,0), (1,2,0), and (1,2,0) resonances, and possi-
bly the (1,1',0) resonance, in the reaction H + H2(v
=O,j=0,2) H2(v', j')+H, at total energies of 0.97,
1.11, 1.20, and 1.26 eV. The partial cross sections,
cr(v', j'), for the reaction are determined from coherent
anti-Stokes Raman-scattering (CARS) spectroscopy of
the H2(v', j'). uv photolysis of HI at wavelengths be-
tween 266 and 308 nm yields H atoms with well-defined
translational energies, giving H + H2 collision energies
of 0.68 to 1.1 eV and total energies of 0.95 to 1.37 eV.
Pulsed lasers of = 5-ns pulse duration are used both for
production of the H atoms and for the CARS probing of
the H2 product, in a gas cell through which a mixture of
HI and H2 flows, at total pressures of a few Torr. The
time delay between the photolysis and probe laser pulses
is =4 ns, a time sufficiently short that the H2 product is
formed and detected under single-collision conditions.
The experimental approach and apparatus have been
used previously in our related experiments on the H +
D2 HD + D reaction. '
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FIG. 1. Part of the vibrational Q-branch CARS spectrum of
Hz from the H+p-Hz reaction at a total energy of 1.37 eV.

FIG. 2. Part of the vibrational Q-branch CARS spectrum of
Hz from the H+p-Hz reaction at a total energy of 1.20 eV.

In the present experiments the reactant molecule is

pure ()99%) parahydrogen, which at the ambient tem-
perature of our gas cell contains almost equal popula-
tions of the rotational levels j=0 and j=2, with a very
small (=1%) amount of j=4, and only the ground vi-

brational state, v =0. The use of parahydrogen allows us

to distinguish the reactive Hz(v', j') product from the in-

elastic Hq(v', j') product. Since inelastic collisions do
not convert para states to ortho states, the inelastic
Hq(U', j') is limited to j'=0,2,4,... while reactive col-
lisions do lead to para-to-ortho conversion and hence
populate all energetically accessible j'. All Hq(v', j')
detected in j' = 1,3,5,... is unambiguously reactive prod-
uct, while the Hq(v', j') in j' 0,2,4,... is due to both in-
elastic and reactive encounters. Separation of the reac-
tive and inelastic processes is desirable because the Fesh-
bach resonances are predicted to influence the inelastic
and reactive scattering differently. '

Figures I and 2 show part of the vibrational Q-branch
CARS spectra of Hp formed in the H+ Hp(v =0,j
=0,2) reaction at total energies of 1.20 and 1.37 eV. At
the higher energy there is only a barely detectable signal
from the product in v

' = 1 while at 1.20 eV the v
' = 1

yield is much greater. Throughout most of the 0.95- to
1.37-eV total energy range the CARS spectra indicate
very small production of v'=1. However, there are nar-
row energy ranges, such as around 1.20 eV, in which the
yield of the vibrationally excited product is greatly
enhanced. This behavior is shown in Fig. 3, which
presents the partial reactive cross sections o (v ',j'), for
v

' = 1, j ' = 1 and 3. Note that the threshold for v
' =2

production occurs at about 1.36 eV, ' and so for all but
the highest energy studied here the only available prod-
uct vibrational channels are v

' =0 and 1.
These partial cross sections are obtained from the H~-

product quantum-state number densities, extracted by
analysis' ' of CARS spectra which are averages over
five to ten single scans like those shown in Figs. 1 and 2.
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FIG. 3. Product partial cross sections for the H +
Hz(v =O,j 0.2) Hq(v', j') + H reaction as a function of to-
tal energy. Error bars are not shown; see text.

The densities of the reactants H and Hq are also deter-
mined from CARS spectra: for the reactant Hq(v =0,
j=0,2) from spectra taken in the absence of H atom
generation, and for the reactant H atom from the differ-
ence between spectra of the precursor HI with and
without uv photodissociation. The relative density mea-
surements of reactants and product are converted to ab-
solute densities through calibration of the CARS spectra
by reference to Hp and HI spectra taken at known num-
ber density. These product number densities yield par-
tial cross sections through the relation cr(v', j') =n(v',
j')/[nHnH, v«i(ht&], where n(v', j') is the product num-
ber density in v', j', nH, is the number density of the Hp
reactant, nH is the number density of the H-atom reac-
tant, v„l is the relative (collision) velocity of H+Hq, and
(ht) is the average time delay between creation of the H
atom and detection of Hq(v', j'). An average over At is
necessary, because of the finite pulse widths of the lasers
used to create the H-atom reactant and to detect the Hq
product. This method of absolute cross section deter-
mination leads to uncertainties (estimated one standard

520



VOLUME 60, NUMBER 6 PHYSICAL REVIEW LETTERS 8 FEBRUARY 1988

0. 3

0. 0
0. 95

I i l

1.05 1. 15 1.25
Total Energy {'ev)

1.35

FIG. 4. The cr(v' 1)/cr(v' 0) partial cross-section ratio
for the reaction H + H2(v =0,j 0.2) H2(v', j') + H as a
function of total energy. Error bars represent one standard de-
viation.

deviation) ranging frotn 20% for the largest cr(v', j')
in Fig. 3 to ~ 50% for values less than 0.02 A .

There are clear maxima in the cr(v'=1, j') shown in

Fig. 3, and in o(v'=1), the sum over odd j' of o(v'
=1,j'), at 0.97, 1.20, and 1.26 eV, in excellent agree-
ment with the energies at which maxima in the cr(v'=1)
are theoretically predicted as a consequence of the
(1,0,0), (1,2,0), and (1,2,0) Feshbach resonances.
There is a weaker maximum at 1.11 eV, in agreement
with the energy at which the (1,1',0) resonance is pre-
dicted. As discussed above, the cr(v' l,j') for odd j'
(orthohydrogen) are purely reactive while the o (v

'

=1,j') for even j' (parahydrogen) contain contributions
from both reactive and inelastic collisions because the
reactant is pure parahydrogen. Of the orthohydrogen ro-
tational levels j 1 and 3 carry most of the population in
v' 1, and the only other ortho level with detectable pop-
ulation (cr&0.005 A ) is j'=5. The limited energy
resolution ( =0.1 eV) of these experiments with a
thermal H2 gas sample and the limited number of ener-
gies at which the experiments have been carried out
make it difficult to determine the energy widths of the
resonance features and use these widths to measure the
lifetimes of the resonant states. However, the lifetimes
must not be less than about 15 fs. For the same reasons
the accuracy of the specification of the resonance ener-
gies is limited to + 0.01 eV.

An alternative way to locate the resonance energies is

to determine the ratio of the o(v'=1) and cr(v' 0)
cross sections. This ratio should perhaps even more
clearly reveal the resonances because of the predict-
ed s " depletion of v'=0 product that accompanies the
enhancement of v' 1 production at these resonances.
Figure 4 presents a plot of cr(v'= I)/cr(v' 0) versus en-

ergy, and the resonances are observed in it as well. The
cross-section ratio plotted here is the ratio of the reactive
partial cross sections into v

' = 1 and v
' 0, obtained by

summation over odd j'. The error bars represent the
one-standard-deviation uncertainty. Like o (v

' = 1,j ')

and o (v
' = 1), o (v

' = 1)/o (v
' =0) has strong maxima at

0.97, 1.20, and 1.26 eV and a weak maximum at 1.11
eV.

The results reported here represent the first experi-
mental observation of the theoretically predicted Fesh-
bach resonances in the reaction H + H2. These observa-
tions confirm theoretical predictions about the energies
at which the resonances should be observed. The reso-
nance effects are even stronger than might be expected. "
For different partial waves (orbital angular momentum
states, I) the resonances occur at slightly different ener-
gies, and it is not possible to select partial waves experi-
tnentally. The effect of having many partial waves con-
tributing to the reaction, each with a slightly different
resonance energy, will be to damp the magnitude of the
resonance effects, making them less observable. Whatev-
er the extent of such damping, our experiments indicate
that it is not severe enough to eliminate the resonance
features.

The small magnitudes of the o (v
' = 1,j ') and o (v

'

1) suggest that only partial waves of small l are im-

portant and that only a few such partial waves contrib-
ute. For cr(v'=1) =0.1 A it seems unlikely that partial
waves much greater than I =4 are important. The full
partial-wave expansion, exact quantum calculations of
Schatz and Kuppermann, show that when the reactive
cross section into v'=0 is 0. 1 A, only partial waves of
1~5 are important. These are, however, calculations
done at energies far removed from the resonance ener-

gies and so their use to suggest the extent of contribu-
tions from different partial waves near resonance is not
without question. If only four or five partial waves con-
tribute to cr(v' 1) then the resonance effects are not
likely to be averaged out. Contributions from such a
range of partial waves would be expected to shift the
o(v' 1) maxima by =0.008 eV to higher energy from
the values for I 0, because of the resonance energy
dependence on i, ' but such a small shift is within the
uncertainty of our measurements.

The infiuence on the partial cross sections is not the
only observable consequence of dynamical resonances.
The first observation of a resonance effect in a chemical
reaction was a change in the product angular distribution
for specific v' in the reaction F + H2~ HF+ H. A
resonance for this reaction was predicted theoretical-

ly,
' ' ' and the observed shift in the differential

cross section to forward peaked at the resonance is the
expected behavior.

This work is supported by the National Science Foun-
dation through Grant No. CHE-8506010, and by the
Research Corporation.

'F. London, Z. Elektrochem. 35, 552 (1929).
D. G. Truhlar and R. E. Wyatt, Annu. Rev. Phys. Chem.

27, 1 (1976).
G. C. Schatz and A. Kuppermann, J. Chem. Phys. 65,

521



VOLUME 60, NUMiki i*. 6 PHYSICAL REVIEW LETTERS 8 FEBRUARY 1988

4642, 4668 (1976).
4A. B. Elkowitz and R. f' WVyat. t. J. Chem. Phys. 63, 702

(1975).
5R. B. Walker, E. B. Stechel, and J. C. Light, J. Chem.

Phys. 69, 2922 (1978).
D. G. Truhlar and A. Kuppermann, J. Chem. Phys. 52,

3841 (1970).
7R, D. Levine and S.-F. Wu, Chem. Phys. Lett. 11, 557

(1971).
8G. C. Schatz and A. Kuppermann, Phys. Rev. Lett. 35,

1266 (1975).
F. Webster and J. C. Light, J. Chem. Phys. 85, 4744

(1986).
' P. G. Hipes and A. Kuppermann, Chem. Phys. Lett. '133, 1

(1987).
"A. Kuppetmann, in Potential Energy Surfaces and Dynam

ics Calculation &, edited .by D. G. Truhlar (Plenum, New York,
1981), p. 374.

' J. N L. Connor, W. Jakubetz, and J. Manz, Mol. Phys. 35,
1301 (1978)

' M. C. Coiton ~.~d G. (. . Schatz, Chem. Phys. Lett. 124, 256
(1986).

'43. M. Bowman, Chem. Phys. Lett. 124, 260 (1986).

'5R. B. Walker and E. F. Hayes, J. Phy.- Chem. 87, 1255
(1983).

' B. C. Garrett, D. W. Schwenke, R. T. Skodje, D. Thiru-
malai, T. C. Thompson, and D. G. Truhlar, in Resonances in
Electron-Molecule Scattering, van der 8'aals Complexes, and
Reactive Chemical Dynamics, edited by Donald G. Truhlar,
ACS Symposium Series Vol. 263 (American Chemical Society,
Washington, DC, 1984), p. 375.

E. Pollak and R. E. Wyatt, J. Chem. Phys. 81, 1801
(1984).

'SD. P. Gerrity and J. J. Valentini, J. Chem. Phys. 79, 5202
(1984), and 81, 1298 (1984), and 82, 1323 (1985), and $3,
2207 (1985).

A. A. Anda, D. L. Phillips, and J. J. Valentini, J. Chem.
Phys. 85, 1719 (1986).

"" B. 0~, Neumark, A. M. %'odtke, G. N. Robinson, C. C.
Flayden, and Y. T. Lee, Phys. Rev. Lett. 53, 226 (1984).

'G. C. Schatz, J. M. Bowman, and A. Kuppermann, J.
Chem. Phys. 63, 674 (1975).

J. M. Launay and M. LeDourneuf, J. Phys. B 15, L455
(1982).

M. J. Redmon and R. E. Wyatt, Chem. Phys. Lett. 63, 209
(1979).

522


