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The dynamics of the hydrogen exchange reaction at 2.20 eV collision
energy: Comparison of experimental and theoretical differential
cross sections
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The H1D2(v50,j 50)→HD(v8, j 8)1D isotopic variant of the hydrogen atom exchange reaction
has been studied in a crossed molecular beam experiment at a collision energy of 2.20 eV. Kinetic
energy spectra of the nascent D atoms were obtained by using the Rydberg atom time-of-flight
technique. The extensive set of spectra collected has permitted the derivation of rovibrationally
state-resolved differential cross sections in the center-of-mass frame for most of the internal states
of the HD product molecules, allowing a direct comparison with theoretical predictions. Accurate
3D quantum mechanical calculations have been carried out on the refined version of the latest
Boothroyd–Keogh–Martin–Peterson potential energy surface, yielding an excellent agreement with
the experimentally determined differential cross sections. The comparison of the results from
quasi-classical trajectory calculations on the same potential surface reveals some discrepancies with
the measured data, but shows a good global accordance. The theoretical calculations demonstrate
that, at this energy, reactive encounters are predominantly noncollinear and that collinear collisions
lead mostly to nonreactive recrossing. The experimental results are satisfactorily accounted for by
theoretical calculations without consideration of Geometric Phase effects. ©1999 American
Institute of Physics.@S0021-9606~99!01420-8#
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I. INTRODUCTION

In a series of recent works,1–6 rovibrationally state-
resolved differential cross sections~DCS! have been experi
mentally determined for the H1D2(v50,j 50)→HD
(v8, j 8)1D reaction over a wide range of collision energie
The DCSs were derived from kinetic energy spectra~KES!
of the nascent D atoms measured with the Rydberg a
time-of-flight ~TOF! technique developed at the Universi
of Bielefeld.7 The experimental data available at present c
respond to collision energies (Ecol) of 0.52–0.54 eV, 1.27–
1.30 eV, 2.20 eV and 2.67 eV, and the simulation of t
measurements with theoretical calculations has provide
most valuable information about the dynamics of the pro
typic hydrogen atom exchange reaction.

For the collision energies experimentally accessed u
now, the reactivity of this system should be largely det
mined by the lowest adiabatic potential hypersurface. Th
are variousab initio versions of the lowest potential energ
surface ~PES!, termed LSTH,8,9 DMBE,10 BKMP,11 and
BKMP2.12 The differences between these PESs are sm
and dynamical calculations performed on them lead mo
to very similar results, usually indiscernible by comparis
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with experiment. Only in a few occasions have the theor
cal predictions suggested that such subtle differences in
shape of the PESs could have a noticeable influence on
observations. This happened, for instance, in the theore
studies of low temperature rate constants.13–17 In particular,
the quantum mechanical reaction rate coefficients calcula
by Mielke et al.13 for the D1H2 reaction on the LSTH and
DMBE PESs, were in surprisingly better agreement with
measurements than those on the more recent BKMP13 and
BKMP217 PESs, based on a larger set ofab initio points.
However, a detailed comparison of accurate quantum
chanical~QM! calculations with the Rydberg TOF spectra
Ecol50.52– 0.54 eV~Ref. 6! has allowed a direct assessme
of the quality of the different surfaces and favors strongly
newest BKMP2 PES. In a similar way, the determination
state-resolved DCS in the 1.27–1.30 eV collision ene
range3 excluded the presence of a scattering resonance
tained in QM calculations on the LSTH PES by Kupperma
and Wu18 when geometrical phase~GP! effects were in-
cluded.

A particularly thorough investigation was conducted
Ecol50.53 eV and 1.28 eV.1,2 The extensive set of KES col
lected in the laboratory~LAB ! frame allowed for the deter
mination of rovibrationally state-resolved DCSs in th
center-of-mass~CM! system,2 thus making possible the di
rect comparison of the measurements with the prediction
theoretical calculations. The experimental data at the hig

of
1 © 1999 American Institute of Physics
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9972 J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 Wrede et al.
collision energy,Ecol51.28 eV, are very well accounted fo
by the results of accurate QM calculations, and only sligh
worse by those from quasiclassical trajectories~QCT!.1 For
the lower collision energy,Ecol50.53 eV, the QCT calcula
tions give still a good estimate of the integral cross secti
but fail to reproduce the shape of the rotationally state
solved DCS.2

The experiments carried out at higher collision energ
explore a region characterized worse from a theoretical vi
point, since most of theab initio effort8,10–12 has been in-
vested in the neighborhood of the classical barrier to reac
and, furthermore, no accurate QM scattering calculation
the reaction dynamics have been published for collision
ergies above 2 eV. With increasing energy, the first el
tronically excited state may start affecting the reaction
namics. In fact, theoretical studies by Kuppermann and
suggest19–21that GP effects associated with the conical int
section between the two lowest potential surfaces might h
a direct influence on dynamical observables, even for e
gies clearly below that of the conical intersection. Althou
the predictions indicate that GP effects should be more p
nounced for DCSs than for integral cross sections,22 they
could not be identified until now in any of the measur
state-resolved DCSs, and the experimental evidence in f
of GP effects comes from lower resolution measurement
integral cross sections.23,24 In addition, for energies highe
than that of the conical intersection, nonadiabatic transiti
could also play a role in the reactivity.

State-resolved scattering measurements carried out
collision energy of 2.67 eV~corresponding to a total energ
of 2.86 eV, thus above that of the minimum energy of t
conical intersection! could be well simulated with the result
of QCT calculations on the BKMP2 PES,5 indicating that,
even at this high energy, the influence of the upper electro
state is small and that the essentials of the dynamics
describable by a classical motion of the nuclei on the low
adiabatic PES.

In a recent letter,4 the first results of a Rydberg atom
TOF experiment at a collision energy of 2.2 eV were p
sented. Experimental KES were reported at various L
scattering angles, and these measurements were simu
with QCT calculations performed on the LSTH and DMB
PESs, yielding a global good agreement with the experim
tal data. This collision energy is of interest because exp
mental results from other techniques are available
comparison.25,26

In the present article, we describe the results of a
tailed experimental study of the reaction dynamics atEcol

52.2 eV. Rovibrationally state-resolved DCSs have been
tained in the CM frame for most internal states of the nasc
HD molecules. In addition, accurate QM calculations ha
been performed at this energy on the BKMP2 PES, using
methodology developed by Manolopoulos and Castillo27

The experimental measurements have been simulated
the QM DCS, as well as with those obtained by QCT cal
lations performed on the same PES. The dynamical beha
of the reaction at this collision energy is discussed, and
results from the two theoretical approaches are compare
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract.
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II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experiment

The experimental setup has been described in deta
Refs. 2 and 28, and only a brief account is given here
pulsed molecular beam ofortho-D2 , adiabatically cooled to
the ground rotational state (j 50) in a supersonic expansio
from a liquid N2 cooled reservoir, was crossed at right ang
with kinematically hot H atoms, generated by the photoly
of HI in a second molecular beam~parallel to the D2 one at
a distance of 30 mm! with linearly polarized 212.81 nm ligh
~fifth harmonic of the Nd:YAG laser!. The direction of po-
larization of the photolysis light was chosen to direct thefast
H atoms, corresponding to the formation of I(2P3/2), toward
the scattering center in the D2 beam. The most probable ve
locities of the H atoms and D2 molecules were 22.945610
m/s and 1045638 m/s, respectively, resulting in an avera
collision energy ofEcol52.20460.006 eV, with the errors
giving the spreads~full-width-half-maxima, FWHM! of the
corresponding distributions. The velocity distribution of th
nascent D atoms was measured using the technique of R
berg atom time-of-flight~TOF! spectroscopy,7 which is
based on the resonant excitation of the D atoms into m
stable Rydberg states directly inside the scattering volu
with nanosecond pulsed laser radiation of 121.6 nm and
nm wavelengths. The excited atoms depart from the sca
ing region due to their laboratory~LAB ! velocity, and are
detected at the end of the drift region by field ionization a
subsequent acceleration of the ions onto a particle multip
The detector can be rotated around the scattering cente
the plane defined by the central axes of the particle be
and has an angle of acceptance of 1° in this plane and
perpendicular to it. With a drift path length of 305 mm, th
energy resolution (DE/E) of the TOF measurement itself i
'0.5%.

D atom TOF spectra were recorded at 20 LAB scatter
angles between25° and 70°; the LAB angular origin being
chosen in the direction of the H atom beam. Accumulat
times of 1—2 h~i.e., from 36 000 to 72 000 laser pulses at
Hz repetition rate! were necessary to collect about 50 000
atoms and to get reasonable statistics as can be seen i
spectra shown below. The LAB angular distribution~AD! of
the total scattered signal was obtained by integrating th
atom signal at every angle for 300 s with typical count ra
up to 9 s21. The velocity and angular spreads of the molec
lar beams, together with the detector angle of acceptance
the resolution of the TOF measurement, limit the experim
tal resolution of the LAB kinetic energy and the CM scatte
ing angle. Both of them also depend on the LAB scatter
angle and the D atom speed.28 At LAB angles close to 0°, the
kinetic energy resolution ranged from 15 meV for slow
atoms~HD molecules with high internal energy! to 17 meV
for fast D atoms~HD with low internal energy!. At QLab

570°, the corresponding range was 30–66 meV, resp
tively.

B. Theory

All the theoretical calculations have been carried out
the BKMP2 PES.12 The QM reactive scattering calculation
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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9973J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 Wrede et al.
have been performed for the H1D2(v50,j 50) reaction us-
ing a coupled-channel hyperspherical coordinate method27 at
a total energy of 2.3917 eV, which corresponds to the co
sion energy of the experiment (Ecol52.20 eV!. In order to
obtain integral and differential cross sections, the calcu
tions have been performed for a large number of total an
lar momentaJ. The convergence parameters areEmax, j max,
and Kmax. The first two parameters define the couple
channel basis set, which contains all H1D2 and HD1D
channels with diatomic energy levelsE<Emax and rotational
quantum numbersj < j max. Convergence tests for vibra
tionally state-resolved reaction probabilities for t
H1D2(v50,j 50) reaction have been performed atJ50 as
a function ofEmax and j max at the collision energy of 2.20
eV. It has been found that reaction probabilities are c
verged to better than 1% by usingEmax52.85 eV andj max

520. The convergence parameterKmax is only relevant for
J.0, where it serves as an upper limit on the helicity qua
tum numberK. The convergence with respect toKmax was
checked at the total angular momentumJ516. It was found
that at thisJ value the reaction probabilities were all we
converged by retaining angular basis functions with all
lowed helicity quantum numbers up toKmax512 in both the
reactant and product arrangements. Therefore, the produ
parameters for the present calculations areEmax52.85 eV,
j max520, andKmax512. The use of these parameters resu
in a coupled-channel basis set containing a total of 198 ch
nels forJ50, whereas forJ>12 there is a maximum numbe
of 1672 channels. Calculations up toJ541 were needed to
get well converged DCSs.

The details of the QCT method used for the calculatio
can be found in Refs. 4,29–31 and in the references c
therein. For the present study, a batch of 106 trajectories has
been calculated on the BKMP2 PES at the collision ene
of the experiments and for the ground rotational state of
D2 molecule. The maximum impact parameter used was
Å.

The assignment of the final product quantum state
made by equating the square of the classical rotational a
lar momentum modulus toj 8( j 811)\2. With this noninte-
ger j 8 ‘‘quantum’’ number so obtained, the vibrational qua
tum numberv8 is found by equating the internal energy
the outgoing molecule to a rovibrational Dunham expans
in (v811/2) and j 8( j 811), whose coefficients are calcu
lated by fitting the semi-classical rovibrational energies c
culated using the asymptotic diatomic limits of the BKMP
PES. The nonintegerv8 and j 8 values are then rounded t
the nearest integer. The rovibrationally state-resolved D
were calculated by the method of moments expansion
Legendre polynomials.30

The QM and QCT calculations have been carried out
the lowest adiabatic electronic surface, and no attempt
been made to incorporate into the dynamics any poss
influence of the upper electronic surface like phase effe
associated with the conical intersection.

The simulation of the LAB kinetic energy spectra of th
scattered D atoms is performed by transforming the theo
ical CM state-resolved DCSs into the LAB system using
appropriate Jacobian and geometric factors, and taking
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract.
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into account the experimental broadening. The inversion p
cedure is described in Refs. 2,6 and the full details are gi
in Ref. 28. Suffice it to say here that only one paramete
needed for scaling the experimental to the theoretical K
and LAB AD. This parameter is obtained by equating t
experimental ‘‘total cross section’’ to the theoretical QM a
QCT values. The ‘‘total cross section’’ values are obtain
by summing over all final states and integrating over
scattering angles experimentally accessible.2,6 Note that, as is
customary, we take the origin of the CM scattering ang
(u50°) as that defined by the direction of the incoming
atom. Thus, HD product molecules scattered at 0°/180° c
respond toforward/backwardscattering. In the following,
the CM DCSs refer to HD scattering, whereas the exp
ments and the theoretical simulations in the LAB frame a
the polar map in the CM frame refer to D atom scattering

III. RESULTS

Figures 1~a! and 1~b! display the comparison betwee
experimental and theoretically simulated KES covering
LAB angular range between25° and 70°. The agreemen
between the measured KES spectra and the simulat
based on the QM calculations is excellent at all LAB angl
the measured and simulated spectra being barely distingu
able. The same experimental data can be also well re
duced globally with the results of the QCT calculation, b
the degree of accordance is clearly worse, in particular w
respect to the heights of the peaks corresponding to higj 8
states of HD(v850,1) for the lower and higher LAB scatter
ing angles sampled.

The experimental total LAB angular distribution of th
scattered D atoms summed over all the internal states of
products is represented in Fig. 2 together with its theoret
simulations. As can be seen, the agreement between the
perimental and the two theoretically simulated LAB ADs
quite good. Only in the range between'10° and 25°, the
simulated QM curve deviates slightly from the experimen
points. In the QCT case, the theoretical curve shows a sm
shoulder somewhat higher than the experimental value
the 60°–80° angular range. A similar effect can be obser
in the QCT angular distributions obtained previously on t
LSTH and DMBE PESs.4 As expected, the angular distribu
tion at Ecol52.2 eV covers a wider range of LAB scatterin
angles than that at 1.30 eV, but narrower than at 2.67 e5

reflecting the fact that sideways scattering in the CM fra
increases with collision energy.

From the present experimental data, CM DCSs for m
rovibrational states of the products could be determined
ambiguously up tov854 following the procedure describe
in Ref. 2, and could thus be compared directly to the res
of dynamical calculations. A selection of CM DCSs are re
resented in Figs. 3~a!–3~d!.32 In the cases where overlappin
signals from different states had to be considered in the d
vation of a given experimentalv8, j 8 DCS, these states hav
been indicated in parentheses. It should be recalled here,
a single ‘‘size’’ parameter has been used for the scaling
the whole set of rovibrationally state-resolved DCSs, follo
ing the procedure of Ref. 2, and that the extraction proced
is absolutely independent of the theoretical calculations.
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 1. LAB D atom kinetic energy spectra at the indicated LAB scattering anglesQLab for the H1D2(v50,j 50) reaction at the collision energy 2.20 eV
The experimental data are shown together with the simulations obtained using the QM~short-dash line! and QCT~long-dash line! v8, j 8 DCSs calculated on
the BKMP2 PES.
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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overview of the figures shows that thev8, j 8 state-resolved
DCSs at this collision energy are more structured in gen
than the corresponding ones at 0.53 and 1.28 eV.2 As can be
expected from the excellent agreement obtained in the c
parison of KES, the coincidence between the experiment
derived and QMv8, j 8 state-resolved DCSs is indeed r
markable. The few remaining discrepancies are small,
show up for those experimental DCSs where more than
HD product state contributes to the signal in the KES in
same kinetic energy range, thus preventing an unambigu
extraction. In any case, the uncertainty in the measurem
and calculations is largest for the highv8 states. For thev8
50 – 3 vibrational states, the angular distributions shift fro
backward to sideways with increasingj 8. A similar tendency
was observed in the experiments at;1.29 eV, but not in
those at;0.53 eV.

A global good agreement is also obtained between
perimental and QCT DCSs, but here the differences
larger. Within the individual QCT DCSs, the degree of a
cordance varies from a near perfect matching like the
obtained forv850,j 857,8, to a clear discrepancy betwee
experimental and QCT DCSs, like those forv850, j 8
512,15,v852, j 856 or v854, j 850. In addition, the QCT
prediction underestimates the backward scattering into
j 850 state of the different vibrational levels.

The global information provided by the state-resolv
DCSs can be presented as D atom CM angle-velocity p
maps as that shown in Fig. 4. The upper half correspond
the polar map constructed by using the QMv8, j 8 DCSs,
whereas the lower half corresponds to that obtained with
experimental DCSs. Since these maps should be symm
about the relative velocity vector, the agreement between
two sides reflects the almost perfect coincidence betw
QM and experimental results. As mentioned above, exp
mental constraints precluded measurements in the HD
forward hemisphere and, thus, this region of the experim
tal map is empty.

In Fig. 5 the experimental DCS for the production of H
(v854, j 853) are compared with the DCS measured by
et al.26 by means of a photon initiated reaction techniq

FIG. 2. D atom laboratory angular distribution for the H1D2(v50,j 50)
reaction atEcol52.2 eV. Open squares: experimental data. Solid line: Q
simulation. Dashed line: QCT simulation.
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract.
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based on the kinematic relations using the law of cosin
The results of the QM and QCT calculation on the BKMP
surface are also shown. The experimental data of Xuet al.
have been scaled to the present experimental DCS. In o
to compare with the present Rydberg atom TOF results h
ing a better angular resolution, neither the QM nor the Q
DCS has been smoothed, and this should be taken into
count when comparing with the experiment of Xuet al.
which has a broad instrumental function.26,33 Both experi-
mental methods are affected by large uncertainties in
relative values of the cross sections and little can be s
aside from the fact that the reactive scattering is, to a g
extent, isotropic. The QM DCS lies in general within th
error bars of the Rydberg atom TOF data, and so does
QCT one over most of the angular range. The clearest
crepancy between experiment and QCT is found in the
gion around 140° (cosuCM'20.77) where the two experi
ments, in agreement with the QM result, indicate t
presence of a small local maximum, which is notably ov
estimated in the QCT prediction. In order to fully apprecia
the comprehensiveness of the present experiment, it is w
noting that the measurements of Fig. 5 would correspond
to one of the panels displayed in Figs. 3~a!–3~d!. Note also
the very low absolute value of the cross section for the p
duction of this state, and thus the very high sensitivity of t
experimental techniques.

IV. DISCUSSION

In a previous work4 it was already noticed that the larg
est disagreement between experimental and QCT simul
KES spectra calculated on the LSTH and DMBE PESs w
found in the peaks corresponding to thev850 and j 8
511– 13 states, which are precisely the levels with the hi
est population. The same conclusion can be drawn from
present results on the BKMP2 PES. Since the shapes o
QCT state-resolved DCSs do not differ in general very
preciably from the corresponding QM or experimental on
~see Fig. 3!, the origin of the discrepancy must be sought
the respective value of the integral cross sections.

Figure 6 shows the comparison of QM and QCT sta
resolved integral cross sections~ICS! sR(v8, j 8) for v8
50 – 4. The QM and QCT rotational distributions have sim
lar shapes within eachv8, but the absolute values of th
cross section for the production of the individual rotation
states differ notably in some cases. The largest absolute
crepancy between QM and QCTsR(v8, j 8) are found for the
above mentioned states,v850, j 511– 13, where the QM
calculations, which give very good agreement with expe
ment, yield clearly lower cross sections, thus justifying t
failure of the QCT calculations to account for the corr
sponding peaks in the measured spectra.

Table I contains the vibrationally resolved ICS, summ
on all final j 8, obtained in the QCT and QM calculations
2.2 eV on the BKMP2 PES. The main discrepancy cor
sponds to the highest accessible vibrational state,v855,
where the QCTsR(v8) is almost one order of magnitud
larger. This is due to the QCT binning procedure~rounding
real v8 values to the nearest integer!, which allocates trajec-
tories with less vibrational energy than that corresponding
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 3. Selectedv8, j 8 state-resolved DCSs in the CM
system for the H1D2(v50,j 50)→HD
(v8, j 8)1D reaction. Solid squares with error bars: e
perimental results. Solid and dashed lines represent
QM and QCT results, respectively, calculated on t
BKMP2 PES at collision energy of 2.20 eV. The num
bers in parenthesis indicate thev8, j 8 values of the
states which overlap in the KES with the state corr
sponding to each panel.
u

se

aks

lcu-
ted.
-
CM
par-
this state. In addition, forv850, the QM cross section is
somewhat smaller to that found in the QCT calculation, d
to the overestimation of the ICSs forj 8511– 13 discussed in
the previous paragraph.

The QM and QCT total~summed over all internal states!
and the vibrationally state-resolved DCSs forv850 – 4 are
compared in Fig. 7. The general agreement between the
sults of both theoretical approaches is very good. Both
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract.
e
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of calculations predict the appearance of forward pe
whose relative importance grows with increasingv8, but,
similarly to the results obtained at 1.29 eV,31 the QM for-
ward peak is larger than that obtained in the classical ca
lation, especially for the highest vibrational state represen
No attempt to get the total andv8 state-resolved experimen
tal DCSs has been made mainly due to the fact that the
angular range experimentally accessible depends on the
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 3. ~Continued.!
b
u

to
on-

in
e
ing

all
ticular v8, j 8 state, as well as, to the uncertainty caused
the assignment of the signal among overlapping prod
states.

Figures 8~a! and 8~b! show the QM and QCTv8, j 8
state-resolved reaction probability,P(J), as a function of the
total angular momentum,J. For v8,4, the maxima inP(J)
appear at progressively largerJ as the finalj 8 increases re-
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract.
y
ct
flecting a direct channeling of collisional orbital motion in
rotation of the nascent HD molecules. The fact that rotati
ally excited HD molecules are generated predominantly
large impact parameter~high J) reactive encounters can b
related to the shift from backward to sideways scatter
observed in the DCSs asj 8 increases for a givenv8, and is
consistent with the intuitive expectation of correlating sm
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 4. Composite D atom angle
velocity polar map of the H1D2(v
50,j 50)→HD1D reaction at 2.2 eV
collision energy. The upper half ha
been constructed using the QMv8, j 8
DCSs, whereas the lower half corre
sponds to the experimentally deduce
DCSs. The arrow labeled withu~D!
represents the D atom CM velocity
vector for a givenv8, j 8 HD state. The
DCS has been ‘‘smoothed’’ using a
Gaussian profile in u~D! with a
FWHM of 200 m/s to obtain a reason
able resolution. The intensities sca
from 0 to 9 Å2/~sr•m/s) as shown in
the figure. The blank part of the ex
perimental polar map represents th
nonaccessible region of CM scatterin
angles.
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impact parameters with high~backward! scattering angles
and large impact parameters with low~sideways to forward!
scattering angles. This behavior, common to many dir
type reactions, was also found for the present system
Ecol51.28 eV,34 where, as in the present case, theP(J) ob-
tained by the two theoretical approaches were very sim
The small discrepancies found at 2.2 eV can be traced b
in many cases to the ICS for production of eachv8, j 8 state,
shown in Fig. 6.

For v854, however, the maxima inP(J) do not shift
clearly toward higherJ values with increasingj 8. Interest-
ingly, this behavior for the less exoergic channels resem
that found atEcol50.53 eV, where the energy available
also limited, andv850 is the only populated channel.

FIG. 5. State-resolved DCS in the CM system for the H1D2(v50,j 50)
→HD(v854,j 853)1D reaction. Solid circles with error bars: present e
perimental results. Triangles and shaded area: experimental results
Ref. 26. Solid line: QM calculation. Dot-dash line: QCT calculation.
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract.
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At low energies the reaction is caused by collisions w
low impact parameter yielding predominantly backwa
scattering. Taking into account that the lower barrier to
action corresponds to a collinear configuration of the th
nuclei, one might think at first sight that there is an inhere
correlation between backward scattering and collinear
counters; however, at high collision energies this is not
case due to the nonreactive recrossing of trajectories b
into the reactants valley.

The importance of classical recrossing for the collisi
energy investigated is addressed in Table II. This table
cludes the QCT reactive and nonreactive recrossing t

om
FIG. 6. QM ~solid line! and QCT~dashed line! v8, j 8 state-resolved integra
cross sections for the H1D2(v50,j 50) reaction calculated on the BKMP2
PES.
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cross sections atEcol51.83 eV andv51, j 50, which has
the same total energy as in the present case, and atEcol

52.67 eV andv50, j 50, which is the highest total energ
experimentally accessed so far for the H3 system. As can be
seen, the recrossing cross sections are a significant fra
of the reaction cross sections, and its relative importa
grows rapidly with collision energy but not with reagent v
bration. In fact, the decrease in the reaction cross sec
from 2.2 to 2.67 eV is caused by the increase of recross
collisions. In Fig. 9, reactive and recrossing trajectories
H1D2(v50,j 50) are represented versus the bending an
at the ‘‘first crossing.’’ This first crossing is reached wh
the distance between the attacking atom and one of the o
nuclei is shorter than the separation between the nuclei o
reacting molecule. Note that a bending angle of 180° imp
a collinear arrangement when the system first crosses

TABLE I. QM and QCT vibrationally state-resolved integral cross sectio
(Å 2) for the H1D2(v50,j 50)→HD1D reaction at the collision energy o
2.2 eV calculated on the BKMP2 PES. Values in parentheses are the s
tical errors in the last significative figure of the QCT calculations.

v8 sR
QM sR

QCT

0 0.497 0.555~2!
1 0.368 0.385~1!
2 0.207 0.188~1!
3 0.096 0.078~1!
4 2.431022 2.5(1)31022

5 3.331024 2.0(1)31023

Total 1.192 1.233~2!

FIG. 7. Vibrationally state-resolved DCSs in the CM system for t
H1D2(v50,j 50)→HD(v8, j 8)1D reaction. Solid line: QM calculations
Dash line: QCT calculations.
Downloaded 19 Apr 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract.
ion
e

n
g
r
le

er
he
s
he

transition state. The lower panel of Fig. 9 corresponds
collisions with zero impact parameter (J50), and shows
that for collinear configurations radial energy will promo
recrossing instead of chemical reaction. In fact no reactiv
is observed for initial bending angles higher than'155°.
When all impact parameters are considered~upper panel!,
collinear reactivity is recovered, but still more recrossi
than reactive trajectories are found for near collinear ori
tations. The reaction atEcol52.2 eV has a broad cone o
acceptance, and the maximum reactivity is found for bend
angles in the 100°–150° range.

An issue of current interest for the reactivity of this sy

s

tis-

FIG. 8. QM ~left! and QCT~right! reaction probability as a function of tota
angular momentum,J, for the H1D2(v50,j 50)→HD(v8, j 8)1D reaction
calculated on the BKMP2 PES at 2.20 eV collision energy. For clarity
display,P(J) for evenj8 are presented only.
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Downloaded 19 Apr 2013 to
TABLE II. Total QCT cross sections~in Å 2) for reactive (s reactive), nonreactive but recrossing (s recross) at
various collision and total energiesEcol andEtot , respectively.N is the total number of trajectories run in eac
case.

Ecol @eV# Initial D2 state Etot @eV# N s reactive@Å2# s recross@Å2#

2.20 (v50,j 50) 2.39 500 000 1.236~03! 0.577~02!
1.83 (v51,j 50) 2.39 50 000 1.875~14! 0.540~08!

2.67 (v50,j 50) 2.86 50 000 1.170~10! 0.802~09!
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im
tem at high energies is the possible experimental detectio
Geometric Phase effects in the dynamics. At present,
only experimental evidence supporting the appearance o
effects for the hydrogen atom exchange reaction comes f
the state specific rate constants measured by Zare and
workers for D1H2(v51) at a total energy of 1.82 eV.23,24

Other tentative assignments of experimental features35 to GP
effects22 were discarded after more refined experiments
calculations.3,36 In the just mentioned experiment by Za
and co-workers,23,24 notably colder rotational distribution
than those predicted by quantal and classical calculat
were obtained. The discrepancies between these mea
ments and the QM and QCT results were much debated.37–39

The explicit inclusion of the GP in the QM calculations20

made the discrepancies between the mentioned experi
and theory smaller.23,24 On the other hand, some uncertai
ties were also detected in the experimental data~see com-
ments in Ref. 24!. In a recent work, Adhikari and Billing40

performed QCT calculations for the conditions of this e

FIG. 9. Number of reactive and recrossing trajectories as a function o
bending angle at the first crossing~see text!. Collinear configuration corre-
sponds to 180°. Upper panel: trajectories covering the whole range of
pact parameters leading to reaction (0,b,1.3 Å!. Lower panel: trajectories
run with zero angular momentum~impact parameter!.
 161.111.22.173. This article is copyrighted as indicated in the abstract.
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periment using a treatment based on a vector potentia
order to account approximately for GP effects in classi
mechanics. Their results are also in better agreement with
measurements and with the GP QM data than with th
from non-GP QM and QCT41 calculations. On the othe
hand, the highest resolution measurements available u
date, which correspond to collision energies of 0.52–0
eV, 1.27–1.30 eV, 2.20 eV, and 2.67 eV,1,2,4–6could be well
reproduced with dynamical calculations~both QM and/or
QCT! that did not incorporate GP effects. An experimen
reinvestigation of the D1H2(v51,j 51)→HD(v851,j 8)
reaction under the conditions of Refs. 23,24 could be de
sive for the assessment of GP effects in the reactivity of
system.

V. CONCLUSIONS

The fact that the extensive set of rovibrationally sta
resolved differential cross sections measured in the pre
work for the H1D2(v50,j 50)→HD(v8, j 8)1D reaction
can be reproduced to a very high level of detail with t
results of accurate QM scattering calculations on
BKMP2 potential surface seems to corroborate further t
this surface is adequate for the quantitative description of
dynamics of the H3 reactive system.

The global good agreement found between the meas
ments and the results of the QCT calculations shows
classical mechanics constitutes a good approximation for
description of the nuclear motion during reactive encount
at the high collision energy~2.2 eV! investigated.

For this collision energy, an efficient channeling of o
bital angular momentum into rotational motion of the n
scent molecules is observed, except for the highest vib
tional states of HD. The correlation between sideways
forward scattering and high rotational excitation found
theoretical calculations is demonstrated experimenta
Noncollinear trajectories, leading to a broad angular distri
tion with a maximum in the sideways direction, are respo
sible for most of the reactivity. Collinear encounters le
predominantly to nonreactive recrossing, especially for l
impact parameter collisions.

The excellent agreement found between experime
and QM calculations with no inclusion of the Geometric
Phase indicates that Geometric Phase effects will not be
important at this collision energy for the title reaction.
detailed experimental reinvestigation of the D1H2(v51,
j 51)→HD(v851,j 8)1H reaction at a collision energy
around 1 eV would be very clarifying, since it provides
present the experimental evidence for Geometric Phase

e

-
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fects, which have proven elusive under the conditions of
the higher resolution measurements of rovibrationally
solved differential cross sections.
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Phys. Chem.101, 6165~1997!.
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~1991!.
30F. J. Aoiz, V. J. Herrero, and V. Sa´ez Rábanos, J. Chem. Phys.97, 7423
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Schnieder, and R. E. Wyatt, J. Chem. Phys.101, 5781~1994!.
32The complete set of experimental and theoreticalv8, j 8 state-resolved

DCSs is available from the authors upon request.
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