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We have measured differential cross sections �DCSs� for the HD �v�=1, j�=2,6 ,10� products of the
H+D2 exchange reaction at five different collision energies in the range 1.48�Ecoll�1.94 eV. The
contribution from the less energetic H atoms formed upon spin-orbit excitation of Br in the
photolysis of the HBr precursor is taken into account for two collision energies, Ecoll=1.84 and
1.94 eV, allowing us to disentangle the two different channels. The measured DCSs agree well with
new time-dependent quantum-mechanical calculations. As the product rotational excitation
increases, the DCSs shift from backward to sideward scattering, as expected. We also find that the
shapes of the DCSs show only a small overall dependence on the collision energy, with a notable
exception occurring for HD �v�=1, j�=2�, which appears bimodal at high collision energies. We
suggest that this feature results from both direct recoil and indirect scattering from the conical
intersection. © 2007 American Institute of Physics. �DOI: 10.1063/1.2771157�

I. INTRODUCTION

The hydrogen exchange reaction and its isotopic variants
constitute the simplest neutral bimolecular reaction. As such,
they continue to be of crucial importance for molecular re-
action dynamics: If we cannot achieve a complete under-
standing of this simplest system, we can even less expect to
attain it for more complex cases and thus for almost all other
chemical reactions.1

Despite the simplicity of the hydrogen exchange reac-
tion, its dynamics depends on a number of variables: The
masses of the involved isotopes, the quantum states of the
reactants, and the collision energy, to list only a few. To-
gether, these quantities span a large, multidimensional pa-
rameter space. To achieve a comprehensive understanding of
the hydrogen exchange, as much as possible of this param-
eter space must be sampled. Although its immense size pro-
hibits an exhaustive exploration, we can still hope to charac-
terize important sections and identify the overriding trends in
the dynamics of the hydrogen exchange reaction. To this end,
it is not sufficient to sample only arbitrary points of the pa-
rameter space, but a systematic approach is needed.

Our groups have recently launched a project that seeks
to determine the influence of the collision energy Ecoll on the
dynamics of the H+D2→HD�v� , j��+D reaction. We dem-
onstrated that the product rotational distributions for vibra-
tional manifolds v�=1–3 depend strongly on the collision
energy in the range 1.3�Ecoll�1.9 eV �for v�=1, the

collision-energy dependence up to Ecoll=2.55 eV was
studied�.2–4 However, it remained unclear how the differen-
tial cross sections �DCSs�, i.e., the angular distributions of
the HD products, depend on Ecoll. One previous study sys-
tematically investigated the dependence of the DCS of HD
�v�=3, j�=0� on Ecoll, but the interpretation of the results
was complicated by two factors: �i� The interference of a
second, time-delayed mechanism specific to this quantum
state and �ii� a narrow energy range.5 Therefore the trends
observed in that work cannot be easily generalized.

Here, we investigate the collision-energy dependence of
the DCSs of product HD �v�=1, j�� in a joint experimental
and theoretical study. To limit the experiments to a feasible
number, we selected j�=2, 6, and 10 as representatives of
low, medium, and high rotational states. These data should
suffice to capture the major trends in the selected subspace of
the reaction dynamics. In addition, our measurements enable
us to correct for the contaminating effect of a second popu-
lation of reactant hydrogen atoms present in this type of
photoinitiated experiments. The photolysis of hydrogen bro-
mide used for the generation of H atoms produces a small
fraction of less energetic hydrogen atoms �concomitant with
spin-orbit excited bromine atoms�, which can also react with
D2 and thus obscure data analysis and interpretation. The
contribution of these less energetic H atoms to the overall
reaction was considered to be one of the largest sources of
uncertainty in previous experiments of this type.6,7

II. EXPERIMENT

The apparatus employed in the present work8 and its use
for the determination of DCSs of HD reaction products7 with
the photoloc technique �photoinitiated reaction analyzed by
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the law of cosines�9,10 have already been described in detail.
Here, we focus on those aspects specific to the present ex-
periments.

A mixture of HBr �1%� in D2 is supersonically expanded
into a vacuum chamber through a pulsed valve operated at
10 Hz. The supersonic expansion cools the reagents and en-
sures that most of the D2 molecules are not significantly
rotationally excited �j�2�.8 A pulse of linearly polarized UV
laser light ����5 ns� intercepts the molecular beam at right
angles and photolyzes HBr yielding atomic hydrogen and
ground-state bromine, Eq. �1a�. In a second reaction channel,
spin-orbit-excited bromine is formed, Eq. �1b�.

HBr + hv → H + Br�2P3/2� �1a�

→H + Br*�2P1/2� . �1b�

Because the energy required for spin-orbit excitation is
no longer available for the translational excitation of the hy-
drogen atom, reaction �1b� produces less energetic H atoms
and is thus referred to as the slow channel, in contrast to the
fast channel, reaction �1a�. The spin-orbit excitation energy,
�ESO=0.45 eV,11 translates into �Ecoll=0.36 eV for the H
+D2 reaction. For the range of photolysis wavelengths
sampled in the present work �200.0���220.8 nm�, the
branching fraction of the slow channel is ��0.16.8,12 The
fast and slow channels also differ in their anisotropies,8,12 a
fact that under favorable conditions could be exploited for
their distinction.7

The H atoms generated by photolysis react with D2 and
form HD �v� , j�� products, which are state-selectively probed
by �2+1� resonance-enhanced multiphoton ionization
�REMPI� on the Q branch of the E ,F 1�g

+−X 1�g
+ �0,1�

band.13 The HD+ ions are formed in the ionization region of
a Wiley-McLaren time-of-flight mass spectrometer and are
accelerated toward a fast, position-sensitive delay-line detec-
tor.

The nascent HD molecules move with speeds of v
�103–104 m/s, which result in Doppler broadening of the
resonant absorption frequencies. While Doppler broadening
can be overcome by using two counterpropagating UV laser
pulses for the REMPI detection,7 we chose to use only one
pulse ����5 ns� for most of the present work and scan its
wavelength over the Doppler profile. Because the speeds of
product HD molecules formed under the current experimen-
tal conditions are moderate �compared to the speeds of the
reactant H atoms� the potential signal-to-noise ratio enhance-
ment achievable by Doppler-free spectroscopy is limited,14

and the alignment of a third laser beam would require addi-
tional efforts. In cases where the probe laser beam could be
used for photolysis at the desired wavelength �j�=2 at
1.73 eV and j�=6 at 1.69 eV�, two-color Doppler-free
REMPI as described in Ref. 7 was performed as well. The
resulting data showed enhanced signal-to-noise ratios but
otherwise were very similar to the data for Ecoll=1.72 eV
acquired with an independent photolysis laser.

Finding the exact spatial overlap between the counter-
propagating, focused photolysis and probe laser beams
�nominal focal lengths: fphotolysis=60, fprobe=50 cm� is non-
trivial. To avoid saturation and possible damage of the detec-

tor, the total laser power, the HBr concentration, and the
particle density in the molecular beam must be limited, re-
sulting in HD+ count rates of less than one per laser shot.
The optimization of such a small signal is inherently diffi-
cult. Moreover, the signal must be optimized against a non-
zero background because the probe laser ���210 nm� can
also photolyze HBr. Therefore, finding the spatial overlap
between the two lasers by direct optimization of the reactive
HD+ signal turned out to be impractical. Instead, we used
two-color REMPI of static H2, HD, or D2 to eliminate the
�resonant� one-laser background signal.7 Passing the hydro-
gen over a hot tungsten filament produces vibrationally ex-
cited molecules and thus makes available a manifold of
�2+1� REMPI lines in the range 201���220 nm, which
can be used for finding the two-laser signal.

The H atoms originating from photolysis by the probe
laser differ in their energy from those generated by the pho-
tolysis laser and thus form a contamination. Their contribu-
tion to the measured HD �v� , j�� signal can be eliminated by
varying the relative timing of the two lasers every other shot.
By firing the photolysis laser after the probe laser, we mea-
sure only the one-laser background. This background can
then be subtracted from the signal measured with the pho-
tolysis laser preceding the probe laser by a reaction delay �t
to give the corrected two-laser signal. The measured HD
�v� , j��, signals show a linear dependence on �t for �t
�15 ns, but reach a maximum and decline for longer delays,
indicating that HD products travel out of the focal volume of
the probe laser before they could be ionized at these longer
reaction delays.2,4 To exclude any potential bias against fast
moving HD products, all experiments were performed with
�t�15 ns.

The ratio between the two-laser signal and the one-laser
background depends on the powers of the photolysis and
probe lasers. Increasing the power of the photolysis laser
improves this ratio, and increasing the power of the probe
laser strongly enhances the absolute count rates. On the other
hand, higher laser powers also increase the amount of Br+

and HBr+, which because of space charge effects can distort
the measured DCS.7,15 To minimize the detrimental effect of
these space charges, the energy of the laser pulses was re-
stricted to Epulse�200 �J for each laser beam. Under these
conditions, the two-/one-laser signal ratios obtained ranged
from 1.2:1 to 2.5:1. The lowest value of this range corre-
sponds to the case of HD �v�=1, j�=10� generated at Ecoll

=1.48 eV and the highest to that of HD formed in the same
quantum state at Ecoll=1.94 eV. This difference reflects both
the UV absorption spectrum of HBr �Ref. 16� and the strong
dependence of the integral reaction cross sections on the col-
lision energy.2

From the measured positions and arrival times of the
HD+ ions, the three-dimensional velocity distribution of the
nascent HD molecules can be reconstructed �the centers of
the recorded three-dimensional images correspond to zero
velocity�. Because the energetics of the reaction are known,
specific speeds can be directly mapped to specific scattering
angles 	, and thus, the measured speed distribution can be
converted to the DCS, denoted by I�	�. The presence of less
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energetic hydrogen atoms formed in the slow channel,
Eq. �1b�, is ignored in this analysis and leads to systematic
errors.

In order to ensure good reproducibility, each measure-
ment was repeated at least three times over the course of at
least two days. Several experiments were also repeated with
new laser alignment after several weeks and yielded results
very similar to the initial measurements. Typically, between
2000 and 6000 ions �remaining after subtraction of the one-
laser background ions� were recorded �sum of all scans� for
product HD formed in a specific quantum state at a specific
collision energy. The data from each scan were separated
into 20–37 angular bins and then summed; the standard de-
viations of the mean were taken as estimates for the statisti-
cal errors. The statistical noise can be reduced either by
choosing larger bins, thus reducing the resolution, or by col-
lecting and averaging more ions. If many scans containing
only small numbers of events are summed, the quality of the
resulting distribution appears to be somewhat diminished.
Possible reasons for this behavior are slight differences in the
experimental conditions between separate scans and imper-
fect centering of data sets with only small numbers of re-
corded ions. Also note that the use of �2+1� REMPI for
detection imposes a fundamental lower limit to the bin width
because the �160 m s−1 recoil that the photoelectrons impart
to the HD+ ions broadens the measured speed distributions.
We estimate that the total blurring in the present experiments
ranges between 200 and 400 m s−1; the additional blurring is
caused mostly by the imperfect cooling of the reactants in
the molecular beam and the finite focal volumes of the laser
beams. Other factors, including the presence of two bromine
isotopes in the HBr reactant, are negligible.7,8

III. THEORY

State-to-state DCSs for H+D2�v=0, j�→HD�v� , j��+D
were calculated using the wave packet method of Ref. 17, in
which a quantum wave packet, containing a spread of ener-
gies, is propagated from the initial A+BC�H+D2� to the final
AC+B�HD+D� arrangements of the reaction. Efficient basis
sets are constructed from grids based on A+BC Jacobi coor-
dinates in the reagent approach region, and AC+B coordi-
nates in the transition-state and product exit regions. A sepa-
rate wave packet propagation was carried out for each initial
rotational quantum number j=0,1 ,2, for each individual
projection 
 of j on the A+BC approach vector, and for each
value of the total angular momentum quantum number J in
the range J=0–35. The basis set parameters used �in the
notation of Ref. 17� were �R=0.11 a.u., �r=0.09 a.u., N�

=45, and 
max=30. These parameters were sufficient to yield
state-to-state differential cross sections that were converged
to better than 1% over the entire range of collision energies
from 1.5 to 2.0 eV. The potential energy surface employed
was the Boothroyd-Keogh-Martin-Peterson surface.18 The
effects of the geometric phase and of coupling to the first
excited electronic surface were excluded from the calcula-
tions because these effects are known to be negligible over
the range of collision energies considered.19–21

IV. RESULTS

As detailed in Sec. II, the experiments do not probe
strictly state-to-state reactions because the reactant D2 does
not only populate the ground state but a mixture of rotational
states j �j�2�. To make a direct comparison with the theo-
retical predictions possible, this rotational excitation of the
reactant is explicitly accounted for in the quantum-
mechanical calculations by the appropriate averaging of the
contributing state-to-state DCSs and the result is subse-
quently blurred to account for the ionization recoil inherent
in the REMPI detection scheme. The resulting averaged and
blurred theoretical DCSs differ only slightly from the corre-
sponding state-to-state DCSs for j=0 �Fig. 1�.

The experimental DCSs shown in Fig. 2 are obtained
without explicit consideration of the contributions of the
slow channel �see Sec. II�. We use the following method to
assess the importance of these contributions and, thus, the
systematic error originating from their neglect. The collision
energies sampled include two pairs of Ecoll �1.84/1.48 and
1.94/1.58 eV� which are chosen so that the minor �i.e., slow�
channel of one experiment corresponds to the major �i.e.,
fast� channel of the other. The appropriately weighted speed
distributions measured at the lower energies can then be sub-
tracted from those obtained at the higher energies to correct
for the contribution of the slow channel. The weighting takes
into account the experimentally determined branching ratios
for HBr photolysis,8,12 the relative collision frequencies �pro-
portional to Ecoll

1/2 �, and the calculated relative reaction cross
sections. Note that this procedure neglects the contributions
of the slow channel in the speed distributions recorded for
Ecoll=1.48 and 1.58 eV; these second-order corrections are
supposed to be quite small, and their neglect is thus not
considered problematic. The corrected speed distributions for
Ecoll=1.84 and 1.94 eV are then converted to DCSs �Figs. 3
and 4�.

Other sources of uncertainty include broadening of col-
lision energies from residual internal energy in the HBr
reagent8 and imperfect translational cooling ��Ecoll

�0.06 eV�.2,4,22 These factors are not expected to affect the
present results significantly, however.

V. DISCUSSION

A. Slow-channel correction

The described subtraction scheme allows us to correct
for the contribution of the slow channel. The subtraction of
the weighted HD �v�=1, j�=6 and 10� speed distributions
obtained at Ecoll=1.84/1.48 �Fig. 3, left� and 1.94/1.58 eV
�Fig. 4, left� has no significant effect, that is, the neglect of
the slow channel is justified for these quantum states. In
contrast, the subtraction significantly shifts the maxima of
the speed distributions for j�=2 and thus reveals substantial
contributions of the slow channel at slow HD speeds.

A comparison between the raw and corrected DCSs for
Ecoll=1.84 �Fig. 3, right� and 1.94 eV �Fig. 4, right� shows
that the corrections for HD �v�=1, j�=6 and 10� are very
small and can be safely neglected, as already expected from
the analysis of the speed distributions. Again, the situation is
different for the case of j�=2, where the subtraction shifts
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the maximum toward smaller scattering angles while the
width of the peak is not affected. This difference between
j�=2 on the one hand and j�=6 and 10 on the other hand
reflects the relative populations of the j� states involved at
the different energies: While the low effective collision en-
ergy of the slow channel gives rise to HD products formed in
lower rotational states, the higher energy of the fast channel
leads to the preferential population of higher rotational
states.2 Thus, the magnitude of the correction term is largest
for low j�, as is clearly visible in Figs. 3 and 4. Because the
correlation between Ecoll and rotational excitation of the

product also holds for HD �v�=2 and 3�,3,4 this j� depen-
dence of the correction procedure is expected to be quite
general. The presented procedure solves a long-standing
problem concerning the relative contributions from the slow
and fast channels at a given photolysis wavelength.

B. Comparison between experiment and theory

Unlike previous studies,5–7 the present work explicitly
takes into account the effect of residual rotational excitation
in reactant D2 and thus eliminates a source of systematic
error. The rotational excitation somewhat broadens the fea-
tures in the DCSs but hardly changes the position of the
maxima �Fig. 1�. Thus, its neglect in previous studies appears
largely justified. A similar conclusion was reached in work
focusing on integral cross sections.3,4 The effect of the sub-
sequent blurring by the ionization recoil is even smaller and
can be only noticed for features at small scattering angles.

Overall, experiment and theory show good agreement
�Fig. 2�. In several cases, such as for j�=6 at Ecoll=1.58,
1.72, and 1.94 eV, the agreement between measured and pre-
dicted DCSs is essentially quantitative. In other cases, the
agreement is not quite as good, and particularly for j�=10 at
Ecoll=1.84 eV, a significant deviation between experimental
and theoretical DCSs occurs. This deviation cannot originate
from the neglect of the slow-channel correction for the ex-
perimental data in Fig. 2, because the effect of this correction
is insignificant for j�=6 and 10, as demonstrated above. The
peaks of the calculated DCSs for j�=10 remain at nearly the
same angle in the range 1.72�Ecoll�1.94 eV, whereas the
maximum of the measured DCS for Ecoll=1.84 eV is shifted
toward larger scattering angles in comparison to those for
Ecoll=1.72 and 1.94 eV. Such a nonmonotonic behavior of
the measured DCSs is surprising and might point to prob-
lems in the experimental conditions for this data set. In line
with this assessment, the corresponding raw images show a
poorer symmetry than for other experiments. However, the
mistrusted experimental DCS was reproducible as reflected
by the small statistical error and the close agreement of two
series of measurements performed several weeks apart �Fig.
5�. We also note that the observed peak in the measured DCS
does not show any anomalous broadening that might be in-
dicative of space charge distortion; space charge effects form
a notorious problem in this type of experiments and special
care was taken to minimize them �see Sec. II�. The fact that
the peak in the measured DCS is apparently shifted toward
larger scattering angles also contradicts the signatures of
space charge effects that we have previously observed: The
electrical field of positive space charges should impart an
additional acceleration to the HD+ ions, which would then
appear at too high speeds and, thus, too small angles. Hence,
we do not find any obvious explanation for the deviating
DCS measured for j�=10 at Ecoll=1.84 eV.

The previous study on integral cross sections found an
overall good, but not quantitative agreement between experi-
ment and theory; the quantum-mechanically calculated rota-
tional distributions were systematically colder than those ob-
served in experiment.2 It remained unclear whether these
small yet distinctive deviations resulted from errors in ex-

FIG. 1. �Color online� Normalized differential cross sections I�	� of product
HD �v�=1, j�� formed at a collision energy Ecoll=1.72 eV calculated for
reactant D2 without �black dots� and with �blue lines� rotational excitation,
and with rotational excitation and blurred by the ionization recoil �red lines�
�see text for details�. The effect of the blurring is hardly visible. The scat-
tering angle 	 is defined so that 0° corresponds to forward scattering relative
to the incident H-atom direction. I�	� is weighted by sin 	 to ensure correct
integration in spherical coordinates.
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FIG. 2. �Color online� Normalized measured �diamonds� and calculated �red lines� differential cross sections I�	� of product HD �v�=1, j�� formed at different
collision energies Ecoll and weighted by sin 	. The scattering angle 	 is defined so that 0° corresponds to forward scattering relative to the incident H-atom
direction. Statistical error bars represent one standard deviation. The experimental data for j�=2 and 6 that are compared to calculations for Ecoll=1.72 eV
were measured under Doppler-free conditions and therefore sampled slightly different collision energies �Ecoll=1.73 and 1.69 eV, respectively� �see Sec. II for
details�. The theoretical data take into account both the rotational excitation of the reactant D2 and the blurring caused by the ionization recoil in the REMPI
detection process.
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periment or theory �or both�.2 In light of these previous find-
ings, it is not surprising that experiment and theory fall short
of quantitative agreement in the present work because the
differential cross sections are more difficult to obtain and
represent a more sensitive probe of the reaction dynamics.
Given that noticeable differences between experiment and
theory were already evident in the relative rotational distri-
butions, it might even be argued that the agreement found for
the DCSs surpasses expectations.

C. DCS as functions of Ecoll and j�

The DCSs of product HD �v�=1, j�� formed at Ecoll

=1.48 eV exhibit a marked dependence on the rotational
state j�. While the DCS for j�=2 peaks at 	�150°, the
maximum for j�=6 lies at 	�110° and that for j�=10 at 	

�80° �Fig. 2�. For the higher collision energies investigated,
very similar trends from backward to sideward scattering
emerge when going from j�=2 to j�=10. Previous studies for

FIG. 3. �Color online� Correction for the contribution of the slow channel for product HD �v�=1, j�� formed at a collision energy Ecoll=1.84 eV. Left:
Corrected speed distributions �diamonds, error bars represent one standard deviation� obtained by subtraction of the weighted slow-channel contributions �blue
lines� from the raw signals �red lines�. Right: The corresponding corrected �diamonds� and raw differential cross sections I�	� weighted by sin 	 �red lines�.
	=0° corresponds to forward scattering relative to the incident H-atom direction.
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various HD vibrational manifolds and different collision en-
ergies have found an analogous j� dependence for the DCSs
of the H+D2 exchange reaction, which thus constitutes quite
a general trend.6,7,23–26

Our data further allow us to assess the collision-energy
dependence of the DCS for a specific rovibrational product
state. This dependence is best visualized in so-called E-	
plots �Fig. 6�. Unlike the calculated DCSs shown in Fig. 2,
Fig. 6 presents the data for the ideal state-to-state reactions
of ground-state D2 without blurring by the ionization recoil.
Note that these E-	 plots take into account the collision-

energy dependence of the integral cross sections, in contrast
to the normalized data of Fig. 2. The quantum-mechanical
calculations predict a moderate decrease of the integral cross
sections for j�=2 and 6 over the sampled range of Ecoll but a
steep increase for j�=10 �Fig. 6�. This difference simply re-
flects the fact that the rotational distributions shift to higher
j� states as functions of Ecoll. This collision-energy depen-
dence of the integral cross sections is well established2 and
therefore not of special interest in the present context. In-
stead, we focus on changes of the shapes of the DCSs.

The graphs for j�=6 and 10 are dominated by single

FIG. 4. �Color online� Correction for the contribution of the slow channel for product HD �v�=1, j�� formed at a collision energy Ecoll=1.94 eV. For details,
see Fig. 3.
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peaks and only for the highest collision energies sampled, a
small second feature appears for j�=6 at 	�95°. In contrast,
the DCS for j�=2 displays a second, strongly energy-
dependent maximum �and a small additional third maximum
at high Ecoll�. Obviously, the emergence of this side maxi-
mum does not reflect a general trend but rather represents a
feature specific to this rotational state, which will therefore
be discussed separately in the next section. Apart from this
exception, the shapes of the DCSs change little as functions
of Ecoll. The peak for j�=10 somewhat narrows with increas-
ing Ecoll. This trend is also evident from the experimental
DCSs �Fig. 2�, although the analysis is hampered by the
rather poor signal-to-noise ratios of the measurements at
Ecoll=1.48 and 1.58 eV. The worse signal-to-noise ratio ob-
tained for j�=10 in comparison to j�=2 and 6 simply reflects
the smaller relative population of the high rotational states at
these collision energies.

A subtle trend common to the DCSs of all three product
rotational states is a shift of the �main� maxima toward larger
scattering angles for higher Ecoll. This shift amounts to only
�10°, but despite this small value it is discernible in the
experimental data as well. The low sensitivity of the DCSs
for HD �v�=1, j�=const� to Ecoll thus contrasts the strong j�
dependence of the DCSs at constant Ecoll.

D. Special behavior of j�=2

Among the DCSs determined in the present study, the
second maximum in the DCSs for j�=2 exhibits a unique
strong energy dependence and thus deserves particular atten-
tion. While this second feature at 	�125° is very prominent
in the calculated DCSs, it is less so in the measured DCSs.
Although the measured DCSs at Ecoll=1.84 and 1.94 eV in
Fig. 2 appear bimodal, the separation of the two maxima
does not survive the slow-channel correction �Figs. 3 and 4�.
Importantly, however, this correction does not change the
widths of the peaks for Ecoll=1.84 and 1.94 eV, which are
significantly broader than those for the lower energies and
also agree well with the theoretical predictions. The experi-

ments thus essentially confirm the theoretical predictions, but
the experimental data lack the resolution necessary for the
distinction of both maxima. The experimental situation is
likely aggravated by the relatively poor signal-to-noise ratios

FIG. 5. �Color online� Two independent measurements of the differential
cross section I�	� of product HD �v�=1, j�=10� formed at a collision energy
Ecoll=1.84 eV and weighted by sin 	. 	=0° corresponds to forward scatter-
ing relative to the incident H-atom direction.

FIG. 6. �Color online� E-	 plot showing the collision-energy dependence of
the calculated differential cross sections I�	� of product HD �v�=1, j��
weighted by sin 	. 	=0° corresponds to forward scattering relative to the
incident H-atom direction.
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resulting from the low population of j�=2 at these energies.2

The slow-channel subtraction procedure further increases the
statistical uncertainties.

To explain the origin of the second feature in the DCS,
we refer to a recent paper by Greaves et al.,27 which exam-
ined quasiclassical trajectory and quantum calculations of the
DCS for HD �v�=0, j�=0� at Ecoll=1.85 eV. This work
found that, at such high collision energies, the familiar direct
recoil mechanism produces mainly vibrationally excited HD
products, and is unable to produce HD �v�=0, j�=0�. In-
stead, there are at least two indirect mechanisms responsible,
which involve the H atom striking first the steep potential
gradient that surrounds the conical intersection. These
mechanisms scatter mainly into low j�, and are also found in
the v�=1 cross sections, where they compete with the direct
recoil mechanism. Hence the emergence of the second fea-
ture in the j�=2 DCS is almost certainly a result of these
indirect reaction mechanisms. A similar second maximum at
	�130° also occurs in the DCS of HD �v�=1, j�=1� formed
at Ecoll=1.7 eV.7 Reference 27 showed that the new mecha-
nisms can be explained largely by classical arguments. In-
deed, a similar double-peak DCS for j�=1 was observed in
earlier quasiclassical trajectory calculations.6 The bimodal
structure of the DCS for j�=1 is, however, less pronounced
in the classical calculations, suggesting that it results from
quantum interference between the recoil and the indirect
mechanisms. At this stage, it is not possible to assign in
detail which of the two indirect mechanisms identified in
Ref. 27 is responsible for the second feature in the j�=2
DCS. Additional quasiclassical trajectory calculations will be
needed to gain more insight about this dynamical signature
characteristic of HD �v�=1� products formed in low rota-
tional states.

VI. CONCLUSIONS AND OUTLOOK

We have presented a systematic study on the collision-
energy dependence of the H+D2→HD �v�=1, j��+D reac-
tion. The new results amend our understanding of the dy-
namics of the H+D2 reaction and lead to a fairly
comprehensive picture of how the collision energy influences
the scattering of the HD products: As demonstrated previ-
ously, an increase in Ecoll shifts the maxima in the rotational
distributions of product HD �v�=1–3, j�� toward higher j�
states.2–4 Our present results confirm earlier findings that this
shift from lower to higher rotational states in turn is associ-
ated with a transition from backward to sideward
scattering.6,7,23–26 Moreover, we have shown that the DCS of
product HD formed in a specific j� state depends only
weakly on the collision energy. Thus, an increase in Ecoll

changes the scattering angle distribution mainly indirectly by
its effect on the rotational distribution.

These trends have been established both by experiments
and quantum-mechanical calculations. The overall agreement
between the two methods is quite good but falls short of
being fully quantitative. This situation resembles that en-
countered in our recent joint experimental and theoretical
work on the integral cross sections of the title reaction.2 Both
experiment and theory also agree in the identification of a

strongly energy-dependent feature in the DCS for j�=2. Fur-
ther work is needed to elucidate the origin of this interesting
behavior.

In addition, our experiments make possible to correct for
the slow-channel contribution, i.e., the contribution from less
energetic hydrogen atoms generated upon HBr photolysis, at
Ecoll=1.84 and 1.94 eV. This correction changes the corre-
sponding DCSs only very slightly for j�=6 and 10, suggest-
ing that it can be safely neglected for product HD generated
in medium and high rotational states; for j�=2, the correction
is somewhat larger and must be taken into account for a
careful analysis. The slow-channel contamination is one of
the major problems that have so far prevented photoloc ex-
periments employing HI as photolytic precursor �for other
problems related to the use of HI, see Ref. 15�. Such experi-
ments would be attractive because they would allow conve-
nient access to higher collision energies �D0�H–I�=3.05 vs
D0�H–Br�=3.76 eV�.2,28 Compared to HBr, however, the
use of HI as hydrogen source is complicated by the larger
branching fraction for the generation of I* at typical wave-
lengths ���210 nm�.29,30 Using the methodology applied
here, the contribution of the slow channel can be easily sub-
tracted. Moreover, the speed distributions measured in the
present study cover the energy range of slow-channel HI
photolysis at typical conditions. Thus, the data obtained here
can be used for the slow-channel correction in future photo-
loc experiments employing HI as photolytic precursor.

The present study represents one of the most detailed
comparisons between experiment and fully quantum-
mechanical theory for the H+H2 reaction system and its iso-
topic variants. The agreement is so close that it encourages
us that theory can be relied upon for understanding the de-
tailed behavior of this reaction over the collision-energy re-
gime and product internal states investigated.
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