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We have studied the H + D, - HD + D reaction using thermal D, (~298 K) and
translationally hot hydrogen atoms. Photolysis of HI at 266 nm generates H atoms with
center-of-mass collision energies of 1.3 and 0.55 eV, both of which are above the classical
reaction barrier of 0.42 eV. The rovibrational population distribution of the molecular product
is measured by (2 + 1) resonance-enhanced multiphoton ionization (REMPI). The
populations of all energetically accessible HD levels are measured. Specifically, we observe
HD(v=0,J=0-15), HD(v =1, J = 0-12), and HD(v = 2, J = 0-8). Of the available
energy, 73% is partitioned into product translation, 18% into HD rotation, and 9% into HD
vibration. Both the rotational and vibrational distributions are in remarkably good agreement
with quasiclassical trajectory (QCT) calculations, though the calculated rotational
distributions are slightly too hot. We discuss factors contributing to the success of the QCT

calculations.

I. INTRODUCTION

The reactions of translationally hot atoms have been the
focus of experimental and theoretical studies for more than
half a century.! In some of the earliest hot H-atom experi-
ments, the atoms were generated by nuclear recoil,”* i.e., by
n + He—p + *H + 0.2 MeV. The atoms were collisionally
relaxed prior to reaction, yielding a wide translational ener-
gy distribution. This complication is avoided in the photoly-
tic method of hot H-atom generation, first used for kinetic
studies by Ogg and Williams.>® For these early studies, H
atoms were generated by photolysis of HI with the 253.7 nm
line of a mercury lamp. Photolytic hot atom experiments
have experienced a renaissance in recent years because of the
advent of UV laser sources. Pulsed-laser photolysis allows
the generation of high densities of fast atoms on a time scale
much shorter than that of subsequent collisions. This meth-
od, combined with time-resolved detection by pulsed lasers,
permits reaction studies to be performed under single-colli-
sion conditions.

Quick and Moore’ were the first to apply pulsed-laser
photolysis to the study of the H + H, reaction. The H atoms
were generated by photolysis of HBr at 193 nm; coherent
anti-Stokes Raman spectroscopy (CARS) was used to
probe the H, product of both ineleastic and reactive colli-
sions. Rotational and vibrational excitation of the product
was observed, but not quantified. Shortly after this initial
measurement, two groups reported quantitative internal
state distributions of the HD product from the H + D, reac-
tion.*'' Both groups used the fourth harmonic of a pulsed
Nd:YAG laser (A = 266 nm) to photolyze HI, generating H
atoms with center-of-mass collision energies of 0.55 and 1.3
eV, corresponding to the production of I*(?P,,,) and
I(*Py,,), respectively. These energies are above the classical
reaction barrier of 0.42 eV.''" Gerrity and Valentini®®
(GYV) detected the HD product with CARS, while Marin-
ero, Rettner, and Zare'™'' (MRZ) used (2 + 1) resonance-
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enhanced multiphoton ionization (REMPI). The resuits of
these first quantum-state-specific measurements were in rea-
sonable agreement, but there were deviations outside of the
combined error bars, primarily in the HD (v = 1) rotational
distribution.

The CARS method has been applied to both reactive
and inelastic scattering studies of H + D, at other collision
energies, as well as to D + H, and H + H,.""?° In the latter
two reaction systems, evidence has been reported for scatter-
ing resonances, which are attributed to excitation of vibra-
tional modes of the reaction complex. In another laser-based
experiment"** on the H + D, reaction, the HD, transition
state has been detected directly via multiphoton ionization.
Unfortunately, the structural features of this transient spe-
cies have not yet been determined.

Differential cross sections of the hydrogen-atom hydro-
gen-molecule exchange reaction have also been experimen-
tally probed.”*=** These studies have employed a combina-
tion of crossed molecular beam techniques with
time-of-flight mass spectrometry (TOF/MS) of the prod-
uct. To date, these experiments have provided angular distri-
butions with vibrational quantum-state resolution, but only
limited rotational information has been obtained. Recently,
Continetti, Balko, and Lee*'"** have derived the most com-
plete flux-velocity contour maps for the D + H, system at
energies of 0.51 and 0.98 eV. Welge and co-workers®*** have
demonstrated a novel TOF approach to obtain angular in-
formation on the D-atom product of the H + D, reaction.
They employed a crossed beam setup, in which the D atom is
detected by laser excitation to high Rydberg states and sub-
sequently ionized by an electric field. Initial results, obtained
for laboratory angles of 0° and 45°, show marked variations
in the D-atom kinetic energy spectrum as a function of angle.

The inherent simplicity of the H, system makes it par-
ticularly amenable to theoretical treatment.***® This simpli-
city arises from two sources: (i) the small number of elec-
trons, which has made possible the calculation of the most
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accurate potential energy surface '>*'-** (PES) for any neu-
tral reactive system, and (ii) the lightness of the nuclei,
which results in a large spacing between rovibrational levels,
thereby limiting the number of accessible product quantum
states (channels). Additionally, the small number of classi-
cal degrees of freedom (present in any triatomic system)
facilitates quasiclassical trajectory (QCT) calculations. The
H + H, reaction (and its isotopic analogs) is therefore the
benchmark system for theoretical studies of chemical reac-
tion dynamics. Both QCT**-*! and quantum mechanical®**®
(QM) studies have been published, predicting product-state
distributions as well as other attributes of this reaction sys-
tem. Recently, the first fully converged quantal calcula-
tions®"°® were reported for H + H, at total energies of 0.9
1.4 eV. Much of the theoretical work still awaits comparison
with experimental studies.

Whereas the theoretical calculations provide complete
product-state distributions, the initial experimental data sets
were incomplete because of sensitivity limitations imposed
by the CARS and REMPI detection schemes. We succeeded
in improving the detection sensitivity of REMPI (Sec. II) to
~ 1% 10° molecules/cm® per quantum state, allowing the
observation of HD product from H + D, reaction channels
with partial cross sections as small as 5X 10~* A?, as esti-
mated from QCT*® calculations. The experimental setup is
conceptually identical to that used in the earlier work of
MRZ.'""'"" We recently reported the first complete
HD(v = 1, 2) rotational distributions.®® The new measure-
ments reported here, consisting of the HD(v =0, J) rota-
tional distribution and the HD (v = 0-2) vibrational distri-

bution, complete the study of the H + D, reaction at
center-of-mass collision energies of 0.55 and 1.3 eV. Several
control experiments are described in Sec. II1. The observed
distributions are discussed and compared to previous results
and theoretical predictions in Sec. IV.

Il. EXPERIMENTAL

An overview of the experimental setup is shown in Fig.
1; the vacuum chamber is detailed in Fig. 2. D, and HI are
premixed and introduced into a high vacuum chamber via a
capillary nozzle. The reaction is initiated ~2 mm below the
nozzle by laser photolysis of HI at 266 nm. After a delay of
~55 ns, the HD product is state-selectively ionized via
(2 + 1) REMPI. The HD™ ions are mass-selectively detect-
ed in a shuttered time-of-flight mass spectrometer.”

A. Reagents

HI (Scott Gases; stated purity: 99.95% ) is purified in a
glass bulb by a freeze—pump-thaw cycle in order to remove
the H, contaminant; most of the I, contaminant remains in
the HI cylinder. The purified HI and D, (Cambridge Iso-
topes; stated purity: 99.7% D) are premixed in the ratio
1.0:3.5 and stored in a sample cylinder that is Teflon lined to
minimize wall exchange reactions. Exposure of the mixture
to light is avoided to suppress HI decomposition. In our
study of the H + HI reaction’""” using the same apparatus,
it was determined that after ~ 10 h of storage the partial
pressure of H, caused by HI decomposition was less than
2% of the HI pressure.
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FIG. 1. Schematic diagram of the experimental configuration: M = dichroic mirror; L = lens; PB = Pellin-Broca prism; MCP = multichannel-plate detec-

tor; and PC = personal computer.
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The mix is introduced into the reaction chamber via a
vertical quartz capillary nozzle ( ~0.8 mm diam. orifice),
which is coated with graphite and electrically grounded in
order to minimize electrostatic charging. A bellows meter-
ing valve allows fine regulation of the reagent pressure to 11-
15 Torr in the line leading to the nozzle. The local density
~2 mm below the nozzle corresponds to a pressure of less
than 10 mTorr. Since the pressure drop occurs over the en-
tire length of the capillary ( ~ 1 cm), the flow of the reagents
should be effusive. This conjecture was tested by flowing 11
Torr of ~1072% D, in He through the nozzle and measur-
ing the D, (v = 0) rotational distribution by REMPI. The
D, was determined to be at room temperature (298 K), veri-
fying that the capillary nozzle operates in the effusive flow
regime.

The reaction chamber is constructed from a six-way
cross pumped by a liquid-nitrogen (LN, )-trapped, 6 in. dif-
fusion pump (DP) (NRC, Santovac oil) backed by an LN,-
trapped rotary pump (Welch, Model 1397). The base pres-
sure is ~5X 1072 Torr. The nozzle directs the reagent gases
directly into the LN, trap. During reagent flow, the pressure
in the reaction chamber rises to ~2X 10~ Torr.

B. Lasers: HI photolysis and HD REMPI detection

Two laser beams that are counterpropagating perpen-
dicular to the nozzle intersect the effusive reagent beam
~2.0 mm below the nozzle tip (Fig. 2). The nozzle is
mounted on an x—y-z translation stage to allow its position-
ing with respect to the laser beams.

The horizontally polarized fourth harmonic (266 nm)
of a Nd:YAG laser (Spectra-Physics, DCR-1A or DCR-11;
10 Hz) photolyzes the HI. The resulting H atoms have cen-
ter-of-mass collision energies of 1.3 and 0.55 eV, correspond-
ing to the production of 1(?P,,,) and spin-orbit excited
1*(?P,;,), respectively. The I*:1 branching ratio” is
0.36:0.64. Typical photolysis laser conditions are ~3.5

y—

Detection Chamber

mlJ/pulse of energy collimated into a beam of ~2.5 mm di-
ameter. At this power density ( ~ 14 MW/cm?), measure-
ments and calculations both indicate that less than 10% of
the HI in the interaction volume is photolyzed. It is not pos-
sible experimentally to saturate the HI photolysis at 266 nm
so as to obtain a higher concentration of H atoms. Higher
pulse energies result in the appearance of color centers and
bulk damage in all optical components in the beam path. An
increase in the power density through reduction of the laser
beam diameter creates problems with HD product flyout
and substantial background ion formation.

The probe laser is fired ~ 55 ns after the photolysis laser
to detect the nascent HD product by (2 + 1) REMPL. Fig-
ure 3 depicts the potential energy curves relevant to the de-
tection process. Absorption of two ~210 nm photons in-
duces HD to undergo a Q-branch transition from the (v, J)
rovibrational level of the HD X 'S state to the (v =0,
J' =J) rovibrational level of the E, F ' " double minimum
state. The electronically excited HD molecules are subse-
quently ionized by absorption of an additional photon from
the same laser pulse. Here, v = 0 denotes the lowest vibra-
tional level of the inner well of the E,F state (see Fig. 3).

The probe-laser system consists of a pulsed (10 Hz)
Nd:YAG-pumped dye laser (Spectra-Physics, DCR-3G,
PDL-1; dye: Exciton, R640/DCM), and frequency-dou-
bling and mixing stages (INRAD, Autotracker IT). The dye
laser light (603—-687 nm) is frequency doubled in S-barium
borate (BBO, 40° cut).” The residual dye laser light is fre-
quency mixed with the doubled light in a second BBO crystal
(70° cut) yielding 1.0-3.0 mJ per pulse of horizontally polar-
ized radiation at 201-229 nm. Two dichroic mirrors (Virgo
Optical) separate the VUV radiation from the other har-
monics and steer the beam into the reaction chamber, allow-
ing optimization of the probe laser position with respect to
the photolysis laser and the capillary nozzle. The probe
beam is focused (Esco, Suprasil B, f= 125 mm) to a spot
size of ~ 100 um, giving a power density of ~4 GW/cm?ina
5 ns pulse.
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FIG. 3. Potential energy diagram of the relevant levels for (2 + 1) REMPI
detection of molecular hydrogen.

C. lon detection

The HD™ ions are mass-selectively detected in a shut-
tered TOF/MS,”° which is located in the detection chamber.
The detection chamber is separated from the reaction
chamber by a slit and pumped by an LN, -trapped, 4 in. diffu-
sion pump (Varian, Santovac oil). The base pressure in the
detection chamber is ~ 3 10~® Torr. The reaction and de-
tection chambers are differentially pumped in order to main-
tain an adequately low pressure in the latter chamber for the
operation of the ion detector’® and to ensure collision-free
conditions in the TOF/MS. During reagent flow, the pres-
sure ratio between the two chambers is ~ 100, with the de-
tection chamber pressure increasing to ~2X 10~ Torr.

The ions are formed between two charged plates ( ~ 190
V/cm), which accelerate the ions through the slit and into
the detection chamber. The ions pass by two sets of orthogo-
nal steering plates before entering the TOF tube (14 cm
length; ~ — 330 V). The drift region is defined by two grids
held at the potential of the TOF tube. The effects of stray
fields are minimized by floating all surfaces in proximity to
the ion trajectory. The ions impinge on a CEMA detector
(multichannel plate; Galileo Corp.), which has a gain of
~2x 107 electrons/ion (operating voltage: — 2000 V) al-
lowing single ion detection. Typical arrival times with re-
spect to the probe laser pulse are ~ 1.4 us for Hy", ~1.7 us
for HD *, and ~2.0 us for D,*.

The voltage on one of the steering plates is pulsed so that

it acts as an ion shutter that is open to transmit only the ions
of interest. This pulsed plate, which effectively makes the
apparatus a tandem TOF/MS, improves the detection sensi-
tivity by more than an order of magnitude.”

The ion signal from the CEMA detector is recorded by a
computer-interfaced CAMAC system that gates (45 ns
width) and integrates the HD * ion current. The spectra are
recorded with a time constant of 2 to 10 s. The data are
processed by an IBM PC XT computer.”® Typical spectra
are shown in Fig. 4.

lll. RESULTS

As discussed in Sec. III A, several studies were per-
formed to ensure that the observed signal was from the nas-
cent HD product of the H + D, reaction. The distributions
are presented in Sec. III B.

A. Control and optimization measurements
1. Mix ratio study

No change in the HD(v = 1, J) product distribution
was observed for several HI:D, concentration ratios between
1:1 and 1:7. The HI:D, ratio of 1:3.5 gave the highest prod-
uct yield and all measurements were consequently per-
formed with this ratio.

2. Time delay study

The time delay between the photolysis and probe laser
pulses must be sufficiently long that an observable concen-
tration of HD product is formed, but short enough to avoid
product flyout and collisional relaxation of the reactants and
products. With the maximum possible speed of ~9300 m/s,
the HD molecules travel 1.3 mm (half the photolysis-laser
spot size) in ~ 140 ns; this constitutes the upper limit of the
delay time for which product flyout is negligible. Collisional
relaxation of the hot H-atom reagent and the HD product
must also be considered. For H atoms moving with a speed of
17 660 m/s (1.3 eV center-of-mass collision energy) in 10
mTorr of room temperature H, (27 A% hard-sphere collision
cross section),”’ the average time between collisions is ~ 460
ns. Under the same conditions, HD traveling at the maxi-
mum speed of 9300 m/s undergoes on average one hard-
sphere collision each ~900 ns. The delay between the lasers
must be shorter than all of these estimated maximum values,

Product rotational quantum-state distributions were re-
corded over a broad range of delay times between the photo-
lysis and probe lasers. Under our experimental conditions,
the HD ™ signal reaches a maximum magnitude at a delay of
~ 60 ns. The distribution does not change for delay times of
less than 110 ns, a fact that is in good agreement with the fly-
out time calculated above (140 ns). A 55 ns delay was gener-
ally used, ensuring that product flyout, as well as product
and H-atom collisional relaxation, is negligible.

3. Calibration of the (2+1) REMPI detection scheme

A major effort has been directed toward calibration of
the HD (2 + 1) REMPI detection process in order to deter-
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FIG. 4. Power-corrected REMPI signal for the HD product from the H + D, reaction.

mine quantitatively the relationship between ion signals and
relative quantum-state populations. This study has been
published elsewhere.”®” Briefly, an effusive, high tempera-
ture nozzle was constructed to excite HD molecules into
high rovibrational levels with a thermal population distribu-
tion. A comparison of the integrated, power-corrected ion
signals to the known Boltzmann population distribution
yields any necessary correction factors.

The results of the calibration are:

(1) There is no J dependence in v = 0 and 1; hence, all
rotational correction factors for these vibrational levels are
unity.

(2) There is a slight J dependence in v = 2; rotational
correction factors are listed in Table 1.

(3) The Q-branch transition from the X 12;’ (v=2,
J=1)statetothe E,F 'S} (vp =0,J' = 1) state is blend-
ed in the (2 4+ 1) REMPI detection scheme. Therefore, the
population of the (v = 2, J = 1) level cannot be reliably de-
termined.*

(4) There is a significant v dependence to the ion signal;
the vibrational correction factors are listed in Table II.

(5) The ionization step is saturated under the given ex-
perimental conditions.

(6) The two-photon transition is partially saturated.
While this will affect a comparison between the experimen-
tal correction factors and theoretically calculated transition

moments,” it is of no consequence for the present experi-
ment.

4. Polarization study

The reaction process can introduce an anisotropic M,
distribution, i.e., alignment, of the product molecules. As
shown by Kummel, Sitz, and Zare,*' the transition probabil-
ity of (2 + 1) REMPI is sensitive to the ground-state M,
distribution. For an aligned molecular sample, the REMPI

TABLE 1. Rotational correction factors for the transition HD E,F 'E‘* (ve
=0,J'=0)—-X"'E} (v=20).

J Multiplicative correction factor
0 [1.a7]*

1 [1.16]*

2 1.14 4+ 0.11

3 1.12 4-0.10

4 1.07 + 0.05

5 0.98 + 0.05

6 0.94 + 0.06

7 0.85 + 0.08

8 0.80 + 0.12

* Extrapolated from a least squares regression analysis based on the J = 2-8
correction factors (Ref. 78),

J. Chem. Phys., Vol. 91, No. 12, 15 December 1989



Rinnen, Kliner, and Zare: H+ D, reaction: Quantum-state distributions

TABLEII.Vibrational correction factors for the two-photon transition HD
EF'Z} (vp=0)—X'3Z} (v).

v Relative detection sensitivity
0 1.00

1 24404

2 294038

ion signal is not directly proportional to the population.
Since the above calibration determines the relationship
between ion signals and quantum-state populations for an
unaligned (thermal) HD sample, it is important to investi-
gate whether any product alignment is produced in the
H + D, reaction under the present experimental conditions.

As shown by van Veen et al.,*? the photodissociation of
HI involves transitions to four electronic surfaces. The fast
H-atom fragments correlated with the production of
ground-state I arise from an almost purely perpendicular
transition at 266 nm; the slow H atoms, produced in coinci-
dence with I*, result from a primarily parallel transition.
Since the photodissociation is prompt, there is a strong cor-
relation between the nature of the electronic transition and
the spatial distribution of the photofragments. The spatial
probability distributions of the fragments are cylindrically
symmetric about the polarization axis of the photolysis laser,
with sin’0- and cos’©-shaped lobes for the fast and slow
channels, respectively, where © is measured from the polar-
ization axis. The anisotropy of the H-atom angular distribu-
tion may be mapped into an anisotropic M, distribution of
the HD product.

As will be discussed later (Sec. I'V), the 0.55 eV channel
contributes significantly only to the HD(v = 0) product,
while the 1.3 eV channel contributes to all product vibration-
al states. Because the two channels correspond to different
H-atom spatial distributions, product alignment may vary
with v. Thus, it is necessary to check for alignment effects in
both HD(v=0) and HD(v=1o0or 2). HD(y=0and 1)
rotational distributions were recorded for vertical and hori-
zontal photolysis-laser polarizations, while leaving the po-
larization of the probe laser fixed (horizontal). The rotation
of the photolysis-laser polarization, i.e., of the axis of cylin-
drical symmetry, will cause a change of the ion signal in the
presence of nonzero alignment.

The rotational distributions for the two polarization
geometries were found to be the same to within experimental
accuracy, i.e., there are no alignment effects. Therefore, the
results of the high-temperature oven calibration can be di-
rectly applied to the reactive distributions. This is not sur-
prising in light of the saturation of the two-photon transi-
tion, which diminishes any M, dependence of the REMPI
signal,®' and the experimental geometry, which has no well-
defined initial direction for the relative velocity of the rea-
gents.

5. Prompt-reaction background

HD * ions are observed in the absence of the photolysis
laser.®® This is caused by probe-laser induced photolysis of
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HI, i.e., the probe laser both generates fast H atoms and
detects the HD product formed during a single laser pulse.
This probe-laser induced, or “prompt,” signal must be sub-
tracted from the total signal in order to obtain the 266 nm-
induced signal. It is not adequate to correct for the prompt
signal by operating the photolysis laser at 5 Hz and the probe
laser at 10 Hz and subtracting alternate shots because the
photolysis beam partially depletes the HI present within the
probe-laser volume. Such a correction scheme would over-
compensate for the prompt reaction contribution to the HD
signal.

Two methods have been used to obtain the 266 nm-in-
duced distribution. The first method involves subtracting a
fraction of the prompt reaction from the observed signal on a
shot-by-shot basis. The fractional HI depletion by the 266
nm beam (F) is determined by measuring the 266 nm-in-
duced reduction in the signal at a rotational level that is
energetically accessible only by the prompt reaction. The
spectral peaks are subsequently corrected for the prompt
product in the following manner: with the photolysis laser
operating at 5 Hz and the probe laser at 10 Hz, the signal
without photolysis multiplied by (1-F) is subtracted from
the signal with photolysis. The depletion factor F is mea-
sured prior to recording each distribution to ensure that no
drift has occurred.

The second method used to correct for the prompt reac-
tion involves switching the delay between the firing of the
photolysis and probe lasers from ~ 55 to ~15 ns on alternate
probe laser pulses. At the shorter delay, the signal contains
contributions from both the prompt and 266 nm-induced
reactions; the longer delay has the same prompt-reaction
contribution, but has a larger 266 nm-induced signal because
of product buildup. The ion signal at the short delay time is
subtracted from that at the long delay (again, on a shot-by-
shot basis); this difference contains signal exclusively from
the 266 nm-induced reaction. With this method, no assump-
tions are made concerning 266-nm depletion of the HI and
long term drifts are minimized. The results of measurements
with the two methods agree very well. The second method,
by virtue of its inherently greater reliability, was used in the
majority of the measurements.

In order to illustrate the correction process, the
HD(v =0, J = 7) spectral peak is shown in Fig. 5. Figure
5(a) shows the spectrum recorded at long delay time with
contributions from both the probe-laser and the 266-nm
photolyses. The spectrum in Fig. 5(b) recorded at short de-
lay time is subtracted to give the residual [Fig. 5(c) ], which
corresponds to the 266 nm-induced reaction product only.
As shown in the flgure, the signal-to-noise ratio decreases in
this process.

HD product from the prompt reaction is observed in
v = 0-3. Rotational distributions are reported in Ref. 80.

B. HD product distributions

The REMPI signal is a measure of the density of a given
HD rovibrational state at the temporal and spatial position
of the probe-laser focus. In the measurements of the reac-
tion, the probe-laser focus is contained within the much larg-
er photolysis beam. The time-delay study (Sec. III A 2)
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FIG. 5. Prompt-reaction correction procedure. The HD(v=0, J=17)
spectral peak is shown under different photolysis conditions: (a) measured
at a long delay time (~355 ns) between the photolysis and probe laser
pulses; (b) taken at a short delay time ( ~ 15ns); and (c) result of the shot-
by-shot subtraction of the spectrum at short delay from the spectrum at long
delay. This latter spectrum contains product only from the 266 nm-induced
reaction.

demonstrated that, under our experimental conditions,
product flyout from the detection volume is negligible. Thus,
for delay times of less than 110 ns, the detection sensitivity is
independent of the velocity of the product molecules. The
measured HD(v, J) density (ion signal) therefore corre-
sponds to the time-integrated flux of reaction product into
that quantum state. The observed product rovibrational dis-
tributions are a direct measure of the relative rates of reaction
into these states.

1. Rotational distributions

The total energy of the system ( ~1.51 eV) enables the
formation of HD product in the rovibrational states (v = 0,

J=0-15),(v=1,J=0-12), (v =2,/ =0-8),and (v=3,
J=0). HD(v = 3, J=0) is accessible only when the ther-
mal spread in the center-of-mass collision energy (~0.08
eV) is taken into account. All rotational levels are observed,
except v = 3, J = 0. For each vibrational band, we average
more than 15 independent rotational distributions in order
to obtain the final distribution. The population distributions
are given in Tables ITII-V and displayed in Figs. 7-12. For
comparison, previously published results® * 4% 33> 8 aye jn.
cluded. The effect of the correction factors on the v = 2 dis-
tribution is minor, as demonstrated in Fig. 6.

There is HD contamination ( ~0.4% ) in the room tem-
perature D, reagent. This contributes strongly to the popula-
tions in HD(v =0, J<4). The shot-by-shot correction to
remove the prompt-product contribution to the measured
distribution (Sec. III A 5, second method) simultaneously
subtracts this HD contaminant contribution. The error bars
forv = 0, J = 0-5 are relatively large because of the substan-
tial HD impurity populating these levels. Of course, there is
negligible room temperature background contribution to
HD(v=1) or HD(v = 2).

The populations of the levels HD(v =0, J=15),
HD(v=1, J=12), and HD(v = 2, J = 8) constitute the
limit of the experimental detection sensitivity. The smallest
detectable cross section is estimated to be ~5x107* A2,
based on the QCT partial cross sections.*®

2. Vibrational and internal-energy distributions

The high-temperature oven calibration has made possi-
ble the determination of vibrational branching ratios, which
are presented in Table VI. This table also lists predictions
based on QCT calculations.*® Both vibrational distributions
are normalized to unity. The complete product distribution
is plotted in a log-linear plot in Fig. 13, along with QCT and
CARS®**#* rovibrational distributions. The distributions are
normalized to the sum of the populations of the common
levels. The complete product distribution is also plotted as a
function of internal energy® of the HD product in Fig. 14.
The latter is normalized such that the sum over the popula-
tions of all rovibrational levels equals unity.

IV. DISCUSSION

We have measured the rovibrational distribution of the
nascent HD product from the reaction H 4+ D,-HD + D.
Photolysis of HI at 266 nm generates fast H atoms with cen-
ter-of-mass collision energies of 1.3 and 0.55 eV, correlated
with the formation of I(*P;,,) and I*(*P,,, ), respectively.
Quantum-state-specific detection of HD is accomplished via
(2 4+ 1) REMPI and TOF/MS. The detection scheme has
been calibrated using a high-temperature, effusive nozzle.
All energetically accessible HD levels [ (v =0, J = 0-15),
(v=1,J=0-12),and (v = 2, J = 0-8) ] from the reaction
have been observed.

The measured population distributions have contribu-
tions from two collision energies. The individual contribu-
tion of each collision energy cannot be isolated with the pres-
ent experimental configuration. However, QCT partial cross
sections*® allow an estimate to be made of the relative impor-
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TABLE III. HD rotational state populations™® for H + D,—~HD(v=0) + D.

7521

J This work GV/(Refs. 8,9, and 83) BT(Ref. 48) CS(Ref. 55) SKL(Ref. 53) BCPT(Ref. 54)
0 0.014(62) 0.018(03) 0.026 0.016 0.012
1 0.048(76) 0.041(05) 0.048(05) 0.069 0.063 0.036
2 0.075(75) 0.092(10) 0.067(06) 0.091 0.097 0.060
3 0.110(23) 0.124(13) 0.088(08) 0.094 0.127 0.082
4 0.111(20) 0.106(08) 0.082(08) 0.090 0.147 0.104
5 0.115(09) 0.116(06) 0.092¢(07) 0.096 0.153 0.125
6 0.107(08) 0.113(06) 0.098(06) 0.110 0.139 0.141
7 0.113(09) 0.098(06) 0.100(05) 0.122 0.109 0.145
8 0.105(12) 0.092(06) 0.117(05) 0.116 0.071 0.128
9 0.083(09) 0.086(06) 0.094(09) 0.083 0.036 0.092
10 0.058(06) 0.062(04) 0.083(05) 0.041 0.013 0.048
11 0.034(05) 0.061(05) 0.003 0.015
12 0.017(06) 0.013(03) 0.034(04) 0.002
13 0.006(03) 0.009(02)
14 0.003(01) 0.0002(1)
15 0.001(01)
* Numbers in parentheses represent one standard deviation in the last digits, for example, 0.014(62) means 0.014 + 0.062.
® The distributions are normalized to the sum of the (v, J) levels common with the reported distribution.
TABLE IV. HD rotational state popu]ations"" forH+D,-HD(v=1) + D.
J This work GV(Refs. 8,9, and 83) BT (Ref. 48) CS(Ref. 55) SKL(Ref. 53) BCPT(Ref. 54)
0 0.019(04) 0.022(08) 0.019 0.051 0.029
1 0.067(15) 0.088(12) 0.077(14) 0.057 0.189 0.084
2 0.100(17) 0.112(11) 0.078(13) 0.091 0.233 0.125
3 0.131(21) 0.147(23) 0.083(14) 0.114 0.202 0.150
4 0.156(18) 0.118(22) 0.148(18) 0.122 0.143 0.157
5 0.147(14) 0.141(11) 0.137(18) 0.119 0.088 0.157
6 0.130(13) 0.141(11) 0.143(18) 0.123 0.050 0.150
7 0.118(15) 0.088(11) 0.118(16) 0.135 0.024 0.120
8 0.073(15) 0.071(11) 0.106(15) 0.125 0.008 0.061
9 0.034(12) 0.049(11) 0.054(11) 0.070 0.001 0.012
10 0.014(08) 0.029(08) 0.014 0.0001
11 0.006(08) 0.004(03)
12 0.005(07) 0.0004(4)
*Numbers in parentheses represent one standard deviation in the last digits, for example, 0.019(04) means 0.019 + 0.004.
® The distributions are normalized to the sum of the (v, J) levels common with the reported distribution.
TABLE V. HD rotational state populations*® for H + D,~HD(v=2) + D.
J This work GV(Refs. 8, 9, and 83) BT (Ref. 48) CS(Ref. 55) SKL(Ref. 53) BCPT(Ref. 54)
0 0.082(14) 0.052(19) 0.021 0.063 0.061
1 0.133(31) 0.129(32) 0.064 0.240 0.173
2 0.198(18) 0.171(33) 0.143(39) 0.114 0.302 0.255
3 0.208(22) 0.186(39) 0.143(39) 0.167 0.239 0.252
4 0.193(21) 0.159(35) 0.168(39) 0.207 0.109 0.153
5 0.114(13) 0.198(35) 0.207(46) 0.202 0.025 0.035
6 0.051(11) 0.078(26) 0.145 0.002
7 0.016(12) 0.071(26) 0.081
8 0.004(07) 0.010(07) 0.00003
9 0.003(01)
10 0.001(01)

" Numbers in parentheses represent one standard deviation in the last digits, for example, 0.082(14) means 0.082 + 0.014.

® The distributions are normalized to the sum of the (v, J) levels common with the present experiment.
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FIG. 6. Comparison of calibrated and uncalibrated rotational distributions
of HD(v = 2, J) from the H + D, reaction. The dashed line connects data
points of the uncalibrated distribution, i.e., of the integrated ion signal with-
out correction factors. The solid line connects points of the distribution cor-
rected using the factors in Table I.
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FIG. 7. Rotational distributions of HD (v = 0) from the H + D, reaction.
The data of the present study (solid line) and of CARS (Refs. 8, 9, and 83)
(dashed line) are shown. Error bars represent one standard deviation. Be-
cause of HD contamination in the D, reagent, the error bars for HD(v =0,
J = 0-4) are substantially enlarged and are dashed.
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FIG. 8. Rotational distributions of HD (v = Q) from the H + D, reaction.
The data of the present study (solid line) and of BT (Ref. 48) (dashed line)
are shown. Error bars represent one standard deviation. Because of HD
contamination in the D, reagent, the error bars for HD(v =0, J = 0-4) are
substantially enlarged and are dashed.
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FIG. 9. Rotational distributions of HD(v = 1) from the H 4 D, reaction.
The data of the present study (solid line) and of CARS (Refs. 8, 9, and 83)
(dashed line) are shown. Error bars represent one standard deviation.
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FIG. 10. Rotational distributions of HD(v = 1) from the H + D, reaction.
The data of the present study (solid line) and of BT (Ref. 48) (dashed line)
are shown. Error bars represent one standard deviation.
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FIG. 11. Rotational distributions of HD(v = 2) from the H + D, reaction.
The data of the present study (solid line) and of CARS (Refs. 8,9, and 83)
(dashed line) are shown. HD(v =2, J= 1) is marked by an open circle
because the population cannot be reliably determined by REMPI as dis-
cussed in Sec. IT1 A 4. Error bars represent one standard deviation.
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FIG. 12. Rotational distributions of HD (v = 2) from the H + D, reaction.
The data of the present study (solid line) and of BT (Ref. 48) (dashed line)
areshown. HD(v = 2,J = 1) is marked by an open circle because the popu-
lation cannot be reliably determined by REMPI as discussed in Sec. 11 A 4.
Error bars represent one standard deviation.

tance of each channel to the observed distributions. The ex-
cellent agreement found between experimental and theoreti-
cal determinations of quantum-state distributions (Sec.
IV B 3), as well as total reaction cross sections,®>¢ substan-
tiates this procedure. The highest energetically accessible
HD levels for the reaction with the slow H atoms are (v =0,
J=6) and (v=1, J=3). Since the fast H-atom channel
canpopulateupto (v =0,J=15), (v=1,J=12), (v=2,
J=8), and (v = 3, J = 0), the slow channel contributes to
less than one-third of all accessible rovibronic product levels.
For v = 0, the slow H-atom reaction cross section*® is pre-
dicted to be 16% of the total cross section, while for v = 1 it
diminishes to less than 6% of the total. In addition, the pho-
tolysis branching ratio dictates that the slow channel con-
tains about one-third of the total atomic-hydrogen density.
These facts, in conjunction with the low collision frequency
that accompanies lower relative velocities, indicate that our
measured distributions are dominated by the product
formed via the 1.3 eV collision-energy channel.

A. Quantum-state distributions

From the HD product rovibrational distributions
shown in Figs. 7 through 14, three observations can be readi-
ly obtained:

TABLE VI. Vibrational branching ratios for H + D,-~HD + D.

Ratio This work QCT(Ref. 48)
[v=0/v=1] 4.1+08 48+02
[v=1/v=2] 6.9 + 1.5° 48+07
[v=0/v=2] 29 4 8° 2343

*For the calculation of the v = 2 population, the population of the level
v=2,J= lisinterpolated by linear surprisal analysis basedon J = 0, 2-6
(see Sec. IV B 1 and Table I11).

in [RELATIVE POPULATION ]

ROTATIONAL LEVEL, J

FIG. 13. Rovibrational distributions of the HD product from the H + D,
reaction. The results of the present study (solid lines) are compared to pre-
vious data sets: (a) CARS (Ref. 83) (dashed lines) and (b) QCT (Ref. 48)
(dotted lines). The rotational levels of v = O are denoted by circles, of v = 1
by squares, and of v = 2 by triangles.

(a) Most of the available energy is channeled into prod-
uct translation. More than half of the HD molecules are
formed in states that correspond to product translational
energies in excess of 75% of the total energy. The reaction is
almost thermoneutral (AH° = 0.04 eV), so that ~98 % of
the available energy originates as relative reagent transla-
tion. Thus, there is an approximate conservation of transla-
tional energy. The most probable value of the product trans-
lational energy distribution is at ~ 1. 1 eV, corresponding to
~85% of the center-of-mass collision energy.

(b) Overall, the reaction product is found to exhibit a
relatively low degree of rotational excitation (Figs. 7-12).
Rotational excitation decreases with increasing vibrational
energy, a fact that can be seen in both the peak positions of
the rotational distributions and in the first moments (Table
VII).

(c) The vibrational branching ratio is a monotonically
decreasing function of v (Table VI). For small amounts of
internal excitation, comparison of nearly degenerate rota-
tional levels in adjacent vibrational states reveals a pro-
nounced bias against vibrational excitation. For example,
the levels HD(v=0,J=29) and HD(v = 1, J=2) are al-
most energetically degenerate; the population ratio, how-
ever, favors formation of the v = 0 product by roughly a
factor of 4. This trend markedly diminishes as the internal
energy increases.

The channeling of reagent translational energy predom-
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FIG. 14. Plot of relative population versus internal energy for the HD prod-
uct from the H + D, reaction. The data shown are from (a) the present
study and (b) QCT (Ref. 48). The rotational levels of v = 0 are denoted by
circles, of v = 1 by squares, and of v = 2 by triangles.

inantly into product translation [point (a)] is a conse-
quence of two intrinsic features of the H + D, reaction sys-
tem: (1) the position of the reaction barrier, i.e., the H; PES
is symmetric about the saddle point; and (2) the particular
combination of masses, which gives a skew angle £ in the
mass-weighted coordinate system of 65.9° for H + D, (60°
for H + H,).

The low product rotational energy [point (b)] can be
anticipated from the strong preference of the H; PES'> 4=
for collinearity at the saddle point.”” The shift toward lower
rotational excitation with increasing vibrational energy is
consistent with a simple impulsive description of the reac-
tion in which the excitation of higher vibrational levels re-
sults, on average, from collisions with smaller impact pa-
rameters.*

TABLE VII. First moments {J ) of the rotational distributions for the HD
product from H + D,.

v This work QCT(Ref. 48)
0 59+08 64402
1 48403 5.1+0.3
2 29402° 3.6+ 0.4

*The population of the level v = 2, J = 1 is interpolated by linear surprisal
analysis based on J = 0, 2-6 (see Sec. IV B I and Table III).

The low propensity for vibrational excitation [point
(c) ] is also readily explained by the two features of the reac-
tion system mentioned above in connection with point (a).
In their QCT calculations, Blais and Truhlar*” noted a ten-
dency for adiabatic conservation of vibrational motion from
reagents to products in the H 4+ H, exchange reaction. This
observation is consistent with the trend observed in the pres-
ent experimental study. However, before our results can be
uniquely attributed to vibrational adiabaticity, further ex-
perimental studies are needed, e.g., the effect of vibrational
excitation of the D, reagent on the internal state distribution
of the HD product must be systematically examined.

Table VIII summarizes the partitioning of the available
energy (E) into the products of the H + D, reaction. In this
table, f; is the fraction of E partitioned into the ith degree of
freedom, with i = T, V, or R, for translation, vibration, or
rotation, respectively. In particular, we define

fR =ZP(B: J)ER/E! (1)
uJ

fv=73 P()E,/E, 2)

frzl—fn _fw (3)

where E, (Ey) is the vibrational (rotational) energy and
P(v,J) is the population of the (v, J)rovibrational quantum
state. The normalization assumed in Egs. (1)—(3) is given
by

ZZP(U, J) zzP(v) =1. (4)
v J b

Observations (a), (b), and (c) discussed above are quanti-
fied in Table VIIL.

A particularly interesting observation is that a constant
fraction (~0.2) of (E — E, ) appears in rotation (see the
(gg (v)) entries in Table VIII). This fraction (g (v)) is
defined as

(8 (0)) = l; P(v, J)Eg/(E~EV)] S P, J).
J

(5)
Therefore, conservation of energy dictates that ~80% of
(E — E,) is channeled into translation. While intriguing,
this result cannot be assumed to be general; it is most prob-
ably particular to our collision energy and mass combina-
tion.

TABLE VIII. Energy partitioning"® in the HD product from H + D,.

fr 0.73
j 2 0.09
Sr 0.18
(ga(v=0)) 0.20
(gelv=1)) 0.21
(gplv=2)) 0.17

*Definitions of f; and (gg (v)) are given in Eqgs. (1)-(5) in the text.

"The population of the level v = 2, J = 1 is interpolated by linear surprisal
analysis based on J = 0, 2-6 (see Sec. IV B 1 and Table III).
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B. Comparison with other results
1. Surprisal analysis

In previous experimental investigations®'"®® of the
H + D, reaction, the product rotational distributions were
observed to be well described by linear surprisals. Theoreti-
cal studies®*® have also documented a tendency for linear-
ity in the surprisal plots for reactions at low center-of-mass
collision energies ( <0.80 eV); however, at 1.3 eV collision
energy significant deviations from linearity have been found.
As this is the first experiment presenting complete rotational
distributions at 1.3 eV collision energy, the theoretical pre-
diction of surprisal plot curvature can be tested.

For the surprisal analysis two priors are used: (a) as in
previous studies, a prior distribution is generated based on
the constraint of conservation of total energy®” and (b) the
rotational distributions derived from a phase-space theory
(PST) calculation®®'® that includes conservation of total
energy and angular momentum are used to define the priors.
Note that only the 1.3 eV collision energy channel is consid-
ered in these analyses because the 0.55 eV channel represents
only a minor contribution to the reaction product (see begin-
ning of Sec. IV). Our surprisal results support the theoreti-
cal conjecture of deviations from linearity for high collision
energies.

For an atom—diatom collision system at total energy E,
the energy-conserving prior function,’**” P%(v, J; E), is giv-
en by

P°(v, LE)~(2 + 1)(E—E, — Eg)'". (6)

The surprisal®” I(v, J) is defined for a given product quan-
tum state as

I(v, J) = —In[P(v, J)/P°(v, J;E)]. (7)

With these energy-conserving priors, plots of the surpri-
sals versus g, the fraction of energy appearing in rotation
l[gr = Er /(E—Ey)], clearly exhibit curvature for all
three observed vibrational bands (Fig. 15). For the low rota-
tional levels (J = 0-6), it is possible to approximate the sur-
prisal plots by straight lines, which yield the rotational sur-
prisal parameters (slopes) © givenin Table IX. As higherJ
levels are included, the slope and, therefore, © increase
rapidly. Extrapolation of rotational level populations via lin-
ear surprisal analysis is unsuitable outside the range of J =~ 0-
6. This behavior is in agreement with theoretical predic-
tions,’*%® especially with the QCT data of BT (Fig. 15). In
contrast, our results contradict the previously published
analysis of GV,**# which suggested linear surprisals. How-
ever, note that Fig. 13 of GV omits the (v = 0,J = 12) point,
which would substantially deviate from the reported linear
surprisal plot.

PST may provide a more realistic method for construc-
tion of surprisal-analysis priors because of its simultaneous
conservation of total energy and total angular momentum.
Plots of I (v, J) vs g based on PST prior distributions again
exhibit curvature but of reduced magnitude when compared
with statistical prior results. The surprisal parameters de-
rived for J = 0-6 (Table IX) are similar for both the energy-
conserving and the PST priors.

] (a) v-0 1

Surprisal I (v, J)

FIG. 15. Surprisal plots for the HD product of the H + D, reaction: (a)
HD(v =0), (b) HD(v = 1), and (¢) HD(v = 2). The experimental mea-
surements are marked by solid circles (present study) and QCT results by
open circles. The lines are derived from linear surprisal analyses based on
J = 0-6data for REMPI (solid line) and for QCT (dashed line). Error bars
represent one standard deviation.

We conclude that linear surprisal analysis does not de-
scribe globally the H + D, reaction dynamics.

2. CARS

The present results are compared to the CARS distribu-
tions of GV*>® in Figs. 7, 9, and 11 for v=0, 1, and 2,
respectively. Since we measure relative populations, not ab-
solute cross sections, the distributions are normalized so that
the sum of the population of the common rotational levels is
the same. The agreement is excellent.

For v =0, the REMPI distribution (Fig. 7) extends
fromJ = OtoJ = 15, the latter being the highest energetical-
ly accessible level. The CARS experiment reports J = 1-10
and J = 12. While the REMPI distribution is complete, its
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TABLE IX. Rotational surprisal parameters for HD(J = 0-6) from H + D,.

Energy-conserving prior PST prior
v This work CARS(Ref. 8, 9, and 83) QCT(Ref. 48) This work
0 29406 31412 43+ 0.6 33406
1 21+04 314+06 1.9+09 1L.5+04
2 42404 1.44+0.7 26405 3.84+04

error bars for J<4 are much larger than those for the CARS
measurement. The shapes of the distributions are similar,
aside from the dip at J = 4 in the CARS distribution. For
v =1, the lower detection sensitivity of CARS limits the
range of reported levels to J = 1-9 (Fig. 9). In contrast, the
REMPI distribution is complete, i.e., includes all energeti-
cally accessible v = 1 levels. The REMPI distribution is
smooth and, as in v = 0, no evidence is found for the dip at
J = 4 present in the CARS data. This observation is signifi-
cant given the precedence for bimodal distributions in quan-
tum theoretical treatments of D + H, and H + H, reactive
scattering,”®'®' even at a single collision energy. Our mea-
surements indicate that the HD (v = 1) rotational distribu-
tion is definitely not bimodal. The branching ratio into
HD (v = 2) is small. Nevertheless, we again observe all lev-
els permitted by energy conservation (Fig. 11). The CARS
rotational distribution reports only the four most populated
levels, J = 2-5, with error bars of 18%-22%. Meaningful
comparison of our results with the CARS distribution is not
possible.

The CARS rovibrational distribution is compared with
our results in Fig. 13(a). It is not possible to extract relative
vibrational cross sections from the CARS data since the ro-
tational distributions are incomplete.

In conclusion, the previous discrepancy between the
GV®® and MRZ'%!"! HD(v = 1) rotational distributions,
which was largely caused by one deviant point [viz. the HD
(v =1, J = 6) population of MRZ], has been resolved. For
22 out of the 24 levels for which a comparison between
REMPI and CARS is possible, the measured populations
agree to within their experimental uncertainties.

3. Theoretical resulls

Although fully converged quantum calculations are not
yet available at the translational energy used in the present
study, the measured distributions may be quantitatively
compared to the predictions of both distorted wave and QCT
calculations. As in the previous comparison with the CARS
results, the theoretical and experimental data sets are nor-
malized to the sum of populations in the common levels.

Calculations based upon the application of the distort-
ed-wave Born approximation to the H + D, reaction were
performed by Salk, Klein, and Lutrus®® (SKL), Bowers et
al** (BCPT), and Connor and Southall** (CS). The distri-
butions obtained in this manner are listed in Tables III-V.
The results of the calculations by SKL and BCPT are gener-
ally in poor agreement with the REMPI data, except for the
HD(v = 1, J) results of BCPT. The more recent calcula-

tions by CS, using a new static distortion potential, exhibit
an improved agreement with REMPI. Note that the contri-
bution of the 0.55 eV channel is corrected for these distribu-
tions according to the scheme proposed by CS.>* The HD
(v =0, 1; J) distributions agree well but the HD(v =2, J)
distribution is significantly too hot. From this comparison,
we conclude that distorted wave calculations on the new
state distortion potential, rival QCT calculations, in de-
scribing the H + D, reaction.

Blais and Truhlar*® (BT) have performed three-dimen-
sional QCT calculations under conditions simulating those
of the present study. Their results are compared with our
measured distributions in Figs. 8, 10, 12, and 13 and are
listed in Tables III-V. For this comparison the theoretical
cross sections must be converted into reaction rates, which
constitute the experimentally determined quantity. This is
accomplished by multiplying the theoretical cross sections
for each H-atom channel by both the branching ratio for the
relative H-atom density (0.64 for the fast channel and 0.36
for the slow channel) and the relative reagent velocity. The
two distributions are subsequently summed in order to ob-
tain quantities comparable with our experimental results.
The QCT rotational distributions are in remarkably good
agreement with those derived from the REMPI measure-
ments. However, the QCT results appear to be slightly too
hot rotationally, though for v = 1 the deviation is barely at
the level of statistical significance. When the QCT distribu-
tions are shifted to lower J by roughly half a rotational quan-
tum, the overlap of the distributions improves markedly.
This trend towards slightly hot QCT distributions is con-
firmed by the first moments, which are tabulated in Table
VIL

The above trend has also been observed in compari-
sons*>'?! between quantum-mechanical (QM) and QCT
calculations. For the H + D, reaction at 0.55 eV collision
energy Schatz compared QM calculations*®*? using partial
waves J = 0-16 with QCT calculations.*® The distributions
showed overall good, but not perfect, agreement, with a ten-
dency for the QCT distributions to be slightly rotationally
hot. A recent D + H, quantum mechanical calculation by
Blais er al. '°! utilized j = 0-2 partial wave expansions for
collision energies ranging from 0.70-1.05 eV. These results
were compared to QCT distributions,'®’ which were also
limited to total angular momentum j = 0-2. The QM and
QCT distributions were found to be in rather poor agree-
ment, especially for HD(v = 1, J); again, the QCT results
were too hot rotationally. It is unclear to what extent the
source of the discrepancy in this latter comparison is the
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limited total angular momentum.

The vibrational branching ratios (Table VI and Fig. 13)
exhibit good agreement between experiment and QCT. This
observation is perhaps more unexpected than the agreement
between the rotational distributions. The same QCT and
QM calculations® for H + D, at 0.55 eV collision energy
that compared favorably in their rotational distributions
yielded rather poor agreement in the case of vibrational dis-
tributions. In particular, Schatz** found that the QCT and
QM vibrational cross sections differed by ~60% for v =0
and by several orders of magnitude for v = 1. Blais ef al.'”
observed smaller differences ( ~11% for v =0 and ~28%
for v=1) in their calculations on the D + H, system at
relative translational energies between 0.70 and 1.05 eV.
While we observe better agreement with QCT predictions
than either of the above QM calculations, the results of these
three studies are not directly comparable as they pertain to
different isotopic variants and collision energies.

The agreement between the present results and the pre-
dictions from QCT calculations is impressive. We also note
that the QCT thermal rate constants'® at 200-600 K for
D + H, are in excellent accord with experiment.'*'™ How-
ever, such close agreement is not to be expected in all cases of
the H + H, reaction family. For example, QCT thermal rate
constants'® calculated for the reaction of muonium [a light
(0.113 amu) hydrogen-like atom in which the proton is re-
placed by a positive muon] with H, are one to two orders of
magnitude larger than the experimental values. %'’

The accuracy of QCT calculations depends on the valid-
ity of neglecting quantum behavior in the reactive scattering
process. In particular, QCT calculations neglect tunneling
and changes in zero-point energy (ZPE) in going from reac-
tants to products. These two processes are of opposing na-
ture in that tunneling decreases the effective barrier to reac-
tion with respect to the classical barrier, while the change in
ZPE increases the effective barrier. The error introduced by
neglect of these effects will be most pronounced for low
translational energies with respect to the reaction barrier.
The degree to which these errors will cancel will be deter-
mined by the particular mass combination. The above argu-
ment suggests that, as the collision energy is increased, the
agreement between QCT and experiment should improve.
This prediction is confirmed by a recent modeling'® of our
prompt-reaction HD(v = 1) rotational distribution (1.5
and 2.25 eV collision energies).

It must be noted that QCT calculations also neglect the
effect of reactive scattering resonances'® in which a quasi-
bound collision complex is vibrationally excited—a topic of
active experimental'®?° and theoretical®***® investigation
for the hydrogen-atom hydrogen-molecule exchange reac-
tion. We make no attempt to address this issue here.

An additional complication inherent in the QCT meth-
od is the binning procedure, that is, the assignment of reac-
tive trajectories to specific quantum states.*”*”''° In the
QCT calculations of BT, the vibrational action j, is divided
by 7 to define the continuous vibrational quantum number
v, and the rotational action j , decreased by 1/2 4, is divided
by #i to define the continuous rotational quantum number J,.
Subsequently, quadratic-smooth sampling (QSS) is used to

assign probabilities that v, and J, are associated with neigh-
boring quantum-state bins. Truhlar ez al.""' have presented
arguments that QSS provides the most accurate correspon-
dence between v, and v and between J,. and J.

It is possible that the binning procedure is responsible
for all or part of the discrepancy between QCT and experi-
mental rotational distributions. We offer another possible
explanation: the partial cancellation of opposing quantum-
mechanical effects, tunneling and ZPE change, could cause
the QCT rotational distributions to be slightly hotter than
experimentally observed.''> The H 4+ D, reaction is de-
scribed by the well-studied H, surface.'*** This PES has a
strong preference for collinearity at the saddle point.*” The
barrier to reaction is ~0.42 eV for collinear approach and
increases to ~ 1.3 eV for an approach perpendicular to the
H-H bond axis. Most trajectories at 1.3 eV collision energy
are well above the barrier and QCT calculations are expected
to provide a reasonably accurate approximation to the forces
experienced by the particles.'"" However, the reaction bar-
rier plays a significant role for trajectories with strongly bent
collision geometries and these classical trajectories are likely
to be in error because of the neglect of tunneling and the
change in ZPE. When tunneling constitutes the smaller of
the two effects, the contribution to reaction from trajectories
close to the barrier will be too large because trajectories with
less than the zero-point energy in modes perpendicular to
the reaction coordinate will be reactive. Because such bent
configurations lead predominantly to formation of highly
rotationally excited product molecules,*® QCT calculations
overestimate the populations of high J levels under these
conditions. This is in accord with the trend observed in the
present experiment. Assuming that the binning procedure is
not responsible for the observed QCT—experiment discrep-
ancy, this suggests that the neglect of ZPE change in the
course of the H 4+ D, reaction is more important than the
neglect of tunneling at these collision energies.

Further experimental and theoretical studies are re-
quired at different collision energies and mass combinations
in order to sort out the conditions for which QCT provides
an accurate description of the H + H, reaction dynamics.

V. CONCLUSIONS

We have measured populations for all energetically
accessible HD product levels for the H + D, reaction. This
study represents the first determination of rovibrational dis-
tributions for the hydrogen-atom hydrogen-molecule ex-
change reaction that rival theory in their completeness.
There is an approximate conservation of translational ener-
gy from reagents to products; most of the available energy is
channeled directly into product translation (73%), while
18% appears in HD rotation and only 9% in HD vibration.

The CARS data of GV**# for the HD internal state
distribution are in excellent agreement with our results for
those levels where direct comparison is possible. Our distri-
butions are not described accurately by means of linear sur-
prisal theory.

Both the QCT*® rotational and vibrational distributions
are in remarkably good agreement with those derived from
the present REMPI measurements, although the QCT rota-
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tional distributions are slightly too hot. This good agreement
may reflect the fact that most trajectories cross the PES at
translational energies well in excess of the reaction barrier,
so that QM effects are negligible. The minor discrepancy
between QCT rotational distributions and the present results
may result all or in part from errors in the QCT binning
procedure and/or from the incomplete cancellation of two
opposing QM effects, tunneling and changes in ZPE along
the reaction path. Further experimental and theoretical
studies are required to determine the relative importance of
QM effects.
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