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Energy and angular momentum control of the specific opacity functions
in the Ba +HI—Bal+H reaction
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Crossed-beam and beam-gas experiments on the reactioHIBaBal+H have been performed, in
which the most probable collision energy ranges from 3 to 17 kcal/mol. The results, combined with
previous experimental studies on this reaction system, show a remarkable collision energy
dependence. Between low and high collision energies, a transition occurs in the intensity, width, and
peak location of the product vibrational and rotational population distributions. The onset of this
transition is estimated to occur at approximately 5 kcal/mol. For collision energies smaller than 5
kcal/mol, the product vibrational distribution is bell shaped and peaks=dat2. For collision
energies larger than 5 kcal/mol, a second maximum appears @in the vibrational distribution.

The rotational distributions of the crossed-beam experiments are extremely narrow but broaden at
lower collision energies. As the collision energy is increased above 5 kcal/mol, the Bal rotational
excitation is very near the energetic limit, and the maximum for thé&uBa0) rotational population
distribution moves frond=415.5 toJ=538.5. In contrast, below the transition onset, the maximum
remains unchanged aroude-420.5. Moreover, the peaks of the Ra=1) and Balv =2) rotational
distributions appear at successively lowérvalues, as expected from energy conservation
arguments. The nature of the kinematic constraints for this reaction allows the determination of the
opacity functions for the production of the Bal product in a specific vibrational lev®etailed
analysis of the collision energy dependence of the specific opacity functions offers insight into the
role of conservation of energy and angular momentum in influencing this reaction. At low collision
energies, the maximum reactive impact paramdigg,, is determined by an angular momentum
(centrifuga) barrier. At collision energies larger than 5 kcal/mol, conservation of energy dictates the
value of b, These two processes are identified as the mechanisms that control el Ba
reaction cross section. The transition between the two mechanisms provides an interpretation for the
bimodal character of the Bal product internal-state distribution. 1996 American Institute of
Physics[S0021-960806)01419-7

I. INTRODUCTION tween reactant and product reduced masses largely dictates
) . . the fate of the reactant angular momentum. The kinematic
The reactions of alkaline earth metal atoms with hydro- 554 constraint results in efficient channeling of the reac-
gen halide molecules, (Be, Mg, Ca, Sr, BarHX(X=F, Cl, (a0t orhital angular momentum into product rotatfdhAs

Br, )—MX+H, havc .beer.1 S,tUd'e_d exten5|vely over thc ,paStthe mass of the metal and halogen atoms increases, the con-
25 years- The reactivity within this reaction family exhibits straint on angular momentum conversion becomes more pro-

a particularly interesting behgwor. Alkaline ear'Fh atoms havenounced. The BaHI reaction system appears to be the most
anns® valence-shell electronic structure. Species of the typ

H—M—X. which result from insertion of the metal atom into ?(lnematlcally constrained system amenable to experimental

. - _study (without the handling of radioactive samples
the hydrogen halide bond, are stable and could be parﬂupaf’ Competition between two distinctly different reaction

ing in a complex-mediated reaction mechanism. In other

words, the divalent character of alkaline earth atoms manipathwgys, if present, W_OUId lead to, mterest.mg dynamical
fests itself in the presence of a deep well in the potentiapehav'or and could provide valuable information on the fac-

energy surface of these reactions. Two possibilities appe&PrS that affect the microscopic details of a chemical rea.ctio.n.
for the transformation from reactants to products: a direcO" the other hand, the requirements of the mass combination
halogen abstraction pathway, which involves a harpoorfonstrain the role of the potential energy surface. An inter-
mechanism, and an insertion pathway, in whichitheM—X  €sting question arises: to what extent is the behavior of these
potential well is sampled. In some reactions of this family, asSystems dictated by the mass combination with respect to the
in the CatHF reaction, the insertion pathway has beenfeatures of the potential energy surface?

shown to be dominarftwhereas in others, such as the Ba The kinematically constrained nature of this reaction
+HBr and Bat+HCI reactions, the reactions appear to pro-System can be exploited to deduce its specific opacity func-
ceed through a direct abstraction pathvidy. tions, which are the impact parameter distributions that give

The M+HX reaction family is also characterized by a rise to product in a specific vibrational levil. Conse-

special mass combination, namely, that of “heavy atomquently, a very detailed picture of the impact parameter de-
+heavy-light diatomic molecule.” The large difference be- pendence of this reaction can be acquired. The reagent im-
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pact parameter of a bimolecular reaction cannot bdreeze—pump—thaw degassing cycles using liquid Glon-
experimentally controlled, except in a few isolated cases thatamination by residual,lis minimized by keeping the HI
involve photoinitiated reactions in van der Waals lecture bottle at 0 °C while preparing the HI and carrier gas
complexe$ Better understanding of the behavior of the spe-mixture.
cific opacity functions sheds light on the microscopic details A ground-state barium atom beam is generated by heat-
of the relation between the reagent approach geometry, thag barium in a stainless steel crucible. The crucible has an
transition-state region, and the reaction products. orifice of 0.8 mm in diameter and is radiatively heated to
The experimental results for this reaction system demonapproximately 1000 °C. The beam is collimated by a skim-
strate a bimodal character, which will be presented in detailmer and a series of apertures. In the crossed-beam configu-
Based on the well-established chemical reactivity trends anghtion, the barium beam and the supersonic HI beam inter-
patterns within this reaction family, we previously suggestedsect each other at right angles.
the possibility of a competition between two reaction mecha-  The laser system consists of a single-mode continuous-
nisms, namely, an abstraction and an insertion patiway. wave (cw) ring dye laser (Coherent 699-29 optically
the present paper, the determination of the collision energpumped by an argon ion laséBpectra Physics 171-D9
dependence of the reaction is used to demonstrate that tfRhodamine 560 perchlorate dissolved in ethylene glycol is
two reaction modes we observe correspond to two mechahe dye solution of choice. The output laser beam is spatially
nisms that control the specific opacity functions. The twofiltered and expanded to approximately 0.8 cm in diameter
mechanisms are identified &5 an angular momentum bar- ysing a Keplerian telescope, and its intensity is actively sta-
rier that must be surmounted at low collision energies angjlized. The beam is introduced into the scattering chamber
(2) conservation of energy, which, at high collision energiesat a right angle with respect to the plane of the Ba and HI
cuts off the maximum range of reactive impact parametergeam axes. The reaction product is probed by detecting the
that yield Bal product in a given vibrational level. The tran- |aser-induced fluorescen€elF) of the BalC—X transition.
sition between these two mechanisms as the collision energyhe narrow bandwidth of the laser makes possib|e h|gh-
is varied provides an interpretation for the experimentallyresolution spectroscopic studies of the heavy Bal reaction
observed blmodallty in the Bal product vibrational and rOta-product_ The excitation power varies between 2 and 35
tional population distributions. mWi/cn?, depending upon the type of measurement. In each
case, the power is set to be as low as possible to minimize
Il. EXPERIMENTAL TECHNIQUES AND saturation of the transition. . .
METHODOLOGY The Iase_r source is .also being used to characterize the Ba
beam velocity distribution by Doppler spectroscopy of the
The experimental apparatus is described in detaitwo-photon atomic transitioD,—'S, at 36 200.42 cm'. In
elsewheré. It consists of a scattering chamber, a laser systhis case, the maximum attainable excitation power is used,
tem, and a fluorescence detection assembly. The reactants amed the beam is tightly focused. A sub-Doppler and a
generated in differentially pumped compartments of the scatboppler-limited spectrum are recorded with the laser beam at
tering chamber. A laser beam probes the nascent Bal produat 90° and at 45° with respect to the barium beam, respec-
in the reaction region, and the emitted fluorescence is coltively. From these data, the velocity distribution can be de-
lected and recorded by the detection system. termined by employing a least-squares convolution-fit proce-
The reactant Hl is prepared in its ground state either as dure.
beam or as residual gas in the chamber. For the crossed- Light from the reaction region is collected by a set of
beam experiments, a seeded supersonic beam is generatedtbsee lenses that minimize aberration. It is detected either
expansion through a 100m nozzle with backing pressures directly by a photomultiplier tube or after being dispersed by
of approximately 200 kPa. Different carrier gases and seeda 1 m monochromator. The almost identical vibrational con-
ing conditions are used to vary the attained kinetic energystants for the BalC and X states and the very small rota-
The beam is skimmed and collimated, and it enters the scational constant of Bal produce extremely congested spectra.
tering region after propagation through two differentially A scheme of selectively detected LISDLIF) is employed
pumped compartments. An appropriately positioned meto simplify the spectrd® The emitted light is detected with a
chanical chopper in the second chamber can be rotated so psoton-counting system for SDLIF and with a lock-in ampli-
to intersect the beam. The HI beam velocity distribution carfier when collected as total fluorescence. The SDLIF scheme
then be characterized by time-of-flight measurements using fallows the approach of previous work in our laboratdty?
mass spectrometer. In the beam-gas experiments, the HI g&sr each vibrational band under study, tRg, branch is
is allowed to leak into the main chamber through a micromeexcited and the emitted fluorescence is collected from the
ter needle valve. Typical pressures in the scattering regioR,; andQ, branches. The monochromator transmission win-
are 710 4 Torr for beam-gas and>610 ' Torr for crossed- dow for crossed-beam experiments differs from that of
beam experiments. Under these conditions, the nascent prodeam-gas experiments; it typically has a FWHM of 7 ¢m
uct is probed before it undergoes any appreciable secondafyr the former and 30 to 60 cnf for the latter. The adjust-
collisions. The carrier and the HI gases are mixed and thoment of the transmission width for each experiment is the
oughly stirred in a specially designed gas-handling manifoldresult of a compromise between loss of signal and loss of
In all experiments, the HI gas is purified from residugll}y ~ spectral resolution. Figure 1 demonstrates implementation of
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C—X transition has been well established by extensive stud-

> 600F ies in our laboratory®~'" The rotational spectra are con-
é 5001 ’/ verted into relative population distributions by taking into
Z 400} , ‘(/é(/é((/é((z account the excitation and emission probabilities and the
g aook i\\i\\i‘\w/g\\‘d‘\\'@ monochromator transmission spectrum.
g 200k ’\&@,’@},’@}/@ Crossed-beam experiments are conducted with collision
3 100l (a) DAY energies between 5 and 17 kcal/mol. A beam-gas configura-
. , ‘ X tion is used to study the reaction product at collision energies
0 18540 18560 ©0 18580 4 18600 less than 5 kcal/mol. The variation of experimental condi-
tions within this range is sufficiently large to ensure a more
§ 10} (b) comprehensive observation of the reaction system. Total un-
g 0.8} dispersed fluorescence measurements provide low-resolution
2 06 spectra that contain information on the product vibrational
F 04F distributions. The SDLIF scheme is employed in the collec-
& 02F tion of spectra with rotational resolution from the three low-
00 18540 18560 18580 18600 est vibrational levels =0, 1, and 2.
The crossed-beam experiments extend the previous
fz 10k (c) study of Vaccaroet al,'® who measured product rotational
£ o8} distributions and determined specific opacity functions for
8 osf ‘ Bal(v =0) in the range of 5 to 8 kcal/mol. Their experiments
% 0.4 ! were performed in a crossed-beam configuration that de-
g 02/ ‘ ‘ tected total fluorescence from the Bal product. The nonselec-
w 00 : : : : ' tive total fluorescence detection scheme restricts the range of
18594 18595 18596 18597 18598 g

experimental conditions. Only the narrow, isolated region to
the low-frequency side of the Fortrat diagram of Fig. 1 could
. . ~provide useful spectra resulting from emission via the
FIG. 1. The quorespence selective detection scheme employed in tth-branch members of the,0), (1,1), and (2,2) bands. At
crossed-beam experiments. Pafa&lpresents a Fortrat diagram for the Bal . . . . .

C 2M1,,-X 25 Ap=0 sequence. The branches of ted) member of the collision energies higher than 8 kcal/mol, the reaction popu-
sequence are labeled on the corresponding curves. The origins of selectk@tes product Bab =0) rotational states that lead to forma-

members of thelv =0 sequence are also indicated below the abscissa. Irtion of a bandhead. Thus, the recorded total fluorescence
panel(b), a typical transmission spectrum of the monochromator is shownspectra cannot be used for the determination of rotational
In this example, the location of the transmission window is selected in such . s .. .
a way that the monochromator transmission is maximum for emission neaPOpu'anon distributions. At collision energies lower than 5.5
the bandheads of th@,, and Q, branches of th€0,0) band. The laser is  kcal/mol, the product rotational distributions are significantly
scanned in a region of frequencies outside the monochromator transmissiqtolder, so that theP, branches could be populated in the

window, in which transitions of th&;; branch of the0,0) band are excited.  egign where extensive overlaps occur with branches from
Fluorescence from such transitions can be emitted either in resonance or via

the P,,- andQ,-branch members of th®,0) band, which share a common N€ighboring vibrational levels. As was shown in Fig. 1,
upper state with th&,, (0,0) transition. Therefore, a fraction of the emitted SDLIF removes many of the problems that arise from the

quorZS(:bencE is ielectiv:a.lyl'transgitteg throu(jgh tlhe monochromlatorfand d‘tomplexity of the spectroscopic transitions in this system.
faiccti?atioz ;pic‘t)ru?ao:gléc?rzlleec; \:\zthe.thea;;(r?serlwstg;‘ ﬁoﬁgcﬁﬁgmgtgr?raigmis':-pr a Iong tlme’_ however, the use of a monochromator to
sion. disperse the emitted fluorescence has been a luxury afforded
only by the strong signal of beam-gas experiments. Optimi-
zation of the experimental conditions has led to crossed-
the SDLIF scheme for a crossed-beam experiment. Ranel beam experiments with a selective fluorescence detection
presents a section of the Fortrat diagram for the=0 se- scheme. This capability has enabled us to perform measure-
quence of the BalC %II;,—X 23 band, in which the ments and determine product rotational distributions and spe-
branches of th€0,0) transition are labeled. Pan@) shows cific opacity functions over a wide range of collision ener-
the monochromator transmission spectrum and pa@mehe  gies.
recorded excitation spectrum for this configuration. Without ~ Figure 2 presents reagent velocity distributions in the
dispersion of the fluorescence, the overlaps are so extensiVa@boratory frame and relative velocity distributions in the
that an excitation spectrum in the same region would be&enter-of-mass frame for three different experimental condi-
impossible to analyze. The transmission spectrum of théions. Panelg¢a) and(b) correspond to crossed-beam experi-
monochromator is recorded for each experiment. In all meamental conditions, whereas par(e) presents a comparison
surements involving Bal or Ba, excitation spectra are rewith the relative velocity attained in a typical beam-gas ex-
corded of the studied transitions. The laser power is moniperiment. The width of the relative velocity distribution is, as
tored continuously, and iodine absorption spectra arexpected, larger in the beam-gas configuration. Under
obtained concurrently as a frequency reference. crossed-beam conditions, the relative velocity width is re-
The recorded Bal spectra can be analyzed to yield prodduced with collision energy. This behavior is a result of the
uct rotational distributions. The spectroscopy of the Ballarge difference in width between the barium atom beam and

Wavenumber (cm™)
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FIG. 3. Smoothed spectra covering the B&l 2I,,—X 25" Bal

C 2IT4,-X 23" Av=0 sequences. The spectra are recorded under crossed-
beam conditions at two different collision energies. The laser is scanned

over a wide frequency range with low resolution, and the LIF is detected by

a photomultiplier tube without being dispersed by the monochromator. The

Av =0 sequence assignments that are mainly contributing to selected fea-
tures in the spectrum are indicated. The upper spectrum is reproduced from
Ref. 4 and the lower from Ref. 18.

the supersonic hydrogen iodide beam. When a light carrier

gas is used for the supersonic HI beam, the HI velocity is

much higher than the Ba velocities in the barium beam, an€—X transition is diagonal, the spectra provide a measure of

the relative velocity distribution resembles more closely thathe Bal product vibrational distribution and its collision en-

of the HI beam. In contrast, in a beam-gas or in a less eneergy dependence.

getic crossed-beam experiment, the velocities of the two re- Figure 3a) shows the result of the crossed-beam study

agents are of similar magnitude and, consequently, the feamploying LIF techniques of Cruse, Dagdigian, and Zare in

tures of the broader barium velocity distribution dominate.1973% The Bal@) distribution is bell shaped, and the maxi-

Figure 2 demonstrates that a broad range of reagent relativaum of the distribution is located at=12. The same bell-

velocities is experimentally accessible. In addition, undershaped distribution has emerged from numerous beam-gas

different experimental conditions the reaction can be studie@xperiments in which an analysis is made of both BalX

with distinctly different reagent relative velocity distribu- spin—orbit subbands-%

tions. Figure 3b) shows a contrasting result from the more

energetic crossed-beam experiments of Vaceaa,'® who

performed measurements with similar results in both spin—

orbit subbands. In this spectrum, the dominant feature is

found in the lowest vibrational levels. Moreover, the high
The product vibrational distribution shows unexpectedlyrotational excitation of Bal for these lowest vibrational levels

different behavior between experiments conducted at higimanifests itself in the pronounced appearance ofRh@;,

and low collision energies. Two results from previous studiesandQ;R;, bandheads. Vaccaet al. extracted product rota-

in our laboratory are presented in Fig. 3. They are low-tional distributions for Bal =0) from the low wave-number

resolution excitation spectra covering the =0 sequence of region to the left of th€0,0) P, bandhead. This region cor-

the BalC °I1;,—X 23" and BalC °II;,—X 237 bands in  responds to the isolatell;,-branch members of thé),0),

a crossed-beam configuration. In both spectra, the LIF signdll,1), and(2,2) bands. Because no overlaps exist between the

was collected nonselectively as total fluorescence. Extensiveeighboring P,, branches of this region, the trend in the

overlap exists between the different branches of neighboringelative vibrational population can be established with confi-

members in the\v =0 sequence. Nevertheless, because thelence. Cruset al* estimated the most probable velocity in

FIG. 2. Reagent velocity distributions in the laboratory frame and relative,
velocity distributions in the center-of-mass frame for experiments at differ-
ent collision energies. Panela) and (b) correspond to crossed-beam con-
ditions, whereas panét) represents a typical beam-gas experiment.

Ill. VARIATION OF VIBRATIONAL AND ROTATIONAL
DISTRIBUTIONS WITH COLLISION ENERGY

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996
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TABLE I. The most probable relative velocity,, (m/s), the most probable

center-of-mass collision energg,, (kcal/mo), and the FWHM,Egym
(kcal/mo), values corresponding to the energy distributions for the experi-
ments presented in Sec. Ill. The experimental configuration is indicated in -
the first column.
- 2L
Experiment Epp (kcal/mo) Ump (MfS) Erwnm (kcal/mol §
beam-gas 24 555 4.5 '§ R
beam-gas 3.8 691 4.7 &
crossed-beam 5.1 805 3.6
crossed-beam 6.1 876 3.3 B
crossed-beam 7.0 937 3.2
crossed-beam 7.8 995 3.2 e ) 1
0 500 1000 1500

Relative Velocity {(m/s)

their expe_rlment to be I_n th_e region of 2.2 kcal/mol, WhereaﬁzlG. 4. Reagent relative velocity distributions for beam-gas conditions at
the experiment shown in Fig(l3 had a most probable col- |ow (dashed ling and high (solid line) barium oven temperatures. The
lision energy of 7.6 kcal/mol. Thus, at the higher energies, ahaded area corresponds to the increase in relative velocity caused by chang-
significant portion of the reaction product appears in the lowing the oven temperature. Th|§ dnfference in the relative velocity causes the

. . . . . change in the spectra shown in Fig. 5.
est vibrational levels with the relative population order
=0>v=1>v=2. This trend is exactly the reverse of that

encountered in the bell-shaped distribution of the experifor 3 slow and a fast beam-gas experiment with most prob-
ments at lower collision energi¢8ig. 3a)]. __able collision energies of 2.4 and 3.8 kcal/mol, respectively.
Extensive efforts were made to observe the transition inoyerall, both distributions appear rather similar. The wide
the behavior of the reaction by systematically varying thega|, =0) product rotational distributions have maxima
collision energy. In the crossed-beam configuration, the IoWxqund rotational quantum numb&=425.5 and a long tail
est collision energy that could be achieved in our apparatughat extends toward lower quantum numbers. The signal-to-
is approximately 5 kcal/mol, at which energy the behavior ishgise ratio is better for the fast experiment, for which the

similar to that described previously for the crossed-beamyaximum is clearly defined. Despite the presence of some
conditions. An alternative possibility was to vary the colli-

sion energy of the beam-gas experiments. The broad width
of the barium velocity distribution and the relatively narrow
range for oven temperature variations, however, limit the L (a) _ Beam-Gas
resolution of this approach. The temperature of the barium Emp = 24 kealimol
oven could range from 850 °C to 1200 °C. Thus, we could
achieve a most probable collision energy as high as 3.8 kcal/
mol with a 4.5 kcal/mol widt{FWHM). Experiments at low
oven temperature had a most probable collision energy of 2.4
kcal/mol and a width comparable to that at the higher tem-
peratures. The latter experimental conditions compare
closely with those of previous beam-gas studfeFable |
contains information on the reagent velocity distributions of
the experiments presented in this section.

The difference in the relative velocity distributions be-
tween the low and high oven temperature experiments,
which is shown in Fig. 4, is rather small. Nevertheless, the
change between the beam-gas spectra of Fig. 5 at low and at
high oven temperatures is dramatic. Quite remarkably, the
small increase in collision energy causes the observed tran-
sition in the behavior of the reaction. This behavior is con-
sistent with the crossed-beam results of Fig. 3. The shaded
narrow band of the faster velocity distribution of Fig. 4 gives ! , ! , . , ,
rise to the pronounced features in the low vibrational level 18560 18600 18640 18680
portion of the spectrum in Fig.(B). Henceforth, we refer to Wavenumber (cm™')
the beam-gas experiments with low and high barium oven
temperatures as “slow” and “fast,” respectively. FIG. 5. Smoothed spectra covering the BalPIly,—X 25" Av=0 se-

As a next step, rotationally resolved measurements wer uence from reaction und_er beam_—gas conditions. The LIF is coIIe_cted un-

. . . ispersed. The spectrum in paria) is taken from Ref. 11. The only differ-
performed to observe the behavior of the lower vibrationalnce petween the two experiments is the barium oven temperature, which is
levels in more detail. Figures® and {a) show the results higher by approximately 300 °C in the experiment shown in pénel

=
=3
=

L (b} Beam-Gas
Eqp = 3.8 keal/mol

0.0

(10,10}

(5.5)
(15,15)

Relative Fluorescence Intensity (a. u.)

(20,20)
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FIG. 6. Balv =0) rotational distributions(a) from a beam-gas experiment FIG. 8. Balv=0) rotational distributions from crossed-beam experiments

with En,=2.4 kcal/mol; and(b) from a crossed-beam experiment with with (a) Emp="7.0 kcal/mol andb) E,=6.1 kcal/mol. The insert presents

Emp="7.8 kcal/mol. The insert presents the reagent relative velocities for thehe reagent relative velocities for the two experiments. The shaded region is

two experiments. The overlap region of the two velocity distributions is the low velocity band that is not common in the two distributions and is

shaded. responsible for the observed difference in the corresponding product rota-
tional distributions.

noise in the measurements, careful observation of Rig. 7
reveals a telltale sign of bimodality. Product rotational dis-
tributions recorded for vibrational levels=1 andv =2 also
suggest a bimodal character.

energy requires that the highportion of the distributions be
produced from the high-energy fraction of the collision en-
ergy distribution. Tsekourast al!! also made this observa-

The rotational distributions for Bal=0) in a beam-gas _ °’. . X . :
configuration reveal a remarkable behavior, as shown in Fi fion in comparing their slow beam-gas experiments W.'th the
’ al(v=0) crossed-beam study of Vaccaeval® Two dis-

6, which presents a comparison between a beam-gas and.a .
" ; L tinct processes must be present that contribute to the ob-
crossed-beam B@&l=0) rotational distribution, both re- ) o
; served results, as foreshadowed by the bimodality in the
corded using SDLIF. Even though the overlap of the tWOS ectra of Figs. ®) and 5b) and the shape of the beam-gas
relative velocity distributions is limited, both product distri- >~ gs. P 9

butions peak at similad values. The peak in the Bal=0) spectrum of Fig. @). A comparison of the two distributions

Co ] . shown in Figs. 6) and @b) indicates that the process which
distribution from beam-gas experiments does not result from. o ; o
ields Bal product with high rotational excitation is charac-

the most probable reagent relative velocity. Conservation O%{erized by an energy threshold. The magnitude of this thresh-

old coincides with the collision energies for which a transi-
tion was observed in the behavior of the vibrational
N distributions.
i Em‘ieaf‘;‘};f,‘};ol N @ Another comparison that attempts to deepen the under-
S standing of the transition region is that shown in Fig. 8,
which presents B& =0) rotational distributions from
crossed-beam experiments at most probable collision ener-
gies of 7.0 and 6.1 kcal/mol. Both distributions are very nar-
L ' ' ' ' ' ' ' row, in agreement with previous observatidig.he shoul-
Crossed—Beam ®) der that appears to the lodside of the distribution in panel
Eay=5:1 koal/mol s (b) results from a narrow range of relative velocities, as
%@%& shown in the insert. This shoulder grows gradually as the
%% %, collision energy of the crossed-beam experiments is de-
3 ® creased below 6.5 kcal/mol, and, in the collision energy
| ; . . , , ) | range of the beam-gas experiments, it represents a significant
150 200 250 300 350 400 450 500 portion of the rotational distribution, as demonstrated in Fig.
6(a). This shoulder appears to be the signature of the second
process, a process that becomes important at low collision
FIG. 7. Balv=0) rotational distributions{a) from a beam-gas experiment energies.
with Ep,,=3.8 kcal/molz and(b) from a crossed—beam_experim_e_nt with The comparisons presented thus far show that the
Emp=5.1 kcal/mol. The insert presents the reagent relative velocities for theBa—l—HI reaction exhibits a bimodal character as the collision

two experiments. The overlap region of the two velocity distributions is _ - )
shaded. energy is varied. The appearance of a new maximuor~al

Relative Population

"o 500 1000 1500
| Relative Velocity (m/s)

Relative Population
(o)

Rotational Quantum Number, J
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FIG. 9. Excitation spectrum of the B& 2I1;,—X 25" R,-branch mem- g 1 | L |
bers of the(0,0), (1,1), and (2,2) bands from reaction in an experiment =
conducted under crossed-beam conditions and ijth=7.8 kcal/mol. The .fg 11.1 11.8
LIF is selectively detected. The insert displays selected individual rotational g2 - ) — '
lines in more detail. —
o - —
]
> L
& -
'3
in the vibrational population distribution of Bal and the m - -

changes in width and peak location of the rotational popula- L 1 1 ! L1
tion distributions are all manifestations of a transition in re-
action mode that occurs between low and high collision en- 145 | 168 %
ergies. From the experimental results, the energy threshold
for the transition behavior is estimated to be in the region of
5 kcal/mol. In addition, the fact that the peak of the beam-gas
Bal(v =0) rotational distribution remains at high-alues, B I
even when the most probable collision energy is well below S !
the energetic requirements, reveals a difference in the rela- 350 450 550 350
tive probability of the two processes; the probability of pro-
ducing Balv=0), once above the energetic threshold, ap-

pears significantly higher than that at lower collision FIG. 10. Balv=0) experimental and simulated rotational distributions from
energies crossed-beam experiments at different collision energies.

450 550

Rotational Quantum Number, J

IV. Bal(v=0,1,2) ROTATIONAL DISTRIBUTIONS FROM

Bal(v=0), E,y, as a function of the most probable collision
CROSSED-BEAM EXPERIMENTS

energy,En,. The trend in the peak location of the distribu-
Figure 9 shows a representative SDLIF spectrum from dions is very glear in this figure, asis thgz fact that most of the

crossed-beam experiment with a most probable collision er£XC€ss collision energy is channeled into product rotational

ergy of 7.8 kcal/mol. Three discrete distributions can be dis€N€ray-

tinguished that correspond to emission from the 80, 1,

and 2 vibrational levels. The spectrum also clearly shows

that in this region of collision energies, the relative order of

the rotational populations is=0>v=1>v=2. The same E 22 o
relative order is found in all crossed-beam experiments. 3 Bal(v=0)
Figure 10 presents product rotational distributions for EARTYS u|
Bal(v =0). The simulated rotational distributions presented 3 a
in the same figure will be discussed in Sec. V. In all experi- ': 16 - o
ments, the product rotational distributions are extremely nar- g o
row and peak at very largd. At low collision energies, a & gt
shoulder appears to the lodvside of the rotational distribu- g 1Br oo
tions and grows as the collision energy is decreased further. %
This shoulder continues to grow even more at the lower col- 2 1o | | \ |
lision energies of the beam-gas experiménté/e also ob- 0 3 12 15 18

serve a trend in the behavior of the peak locations of the
rotational population distributions; the peaks appear at

Collision Energy, E,,, (kcal/mol)

gradua"y IargerJ values as the collision energy is increased.pig. 11. The most probable Bal=0) rotational energyE,;, as a function
Figure 11 displays the most probable rotational energy 0bf the most probable collision energs,,,, for crossed-beam experiments.
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TABLE II. Information on product Bab =0) rotational distributions from crossed-beam experiments, in which the collision energy distribution has the most
probable valueE,, and a width that is represented by the FWHM value. The(iBa0) rotational distribution is characterized by its pedk,, and its
FWHM. The product vibrationalE,;,), rotational(E,.), and recoil(E,.) energies that correspond to the peak of the rotational distribution are also shown.
Implicit is the assumption that the maximum of the collision energy distribution gives rise to the maximum of the product rotational distribution.

Collision energy Balg =0, J) distribution Energy partitioning
Emp FWHM ‘]mp FWHM Evib Erot (mp) Erec (mp)a
(kcal/mo) (kcal/mol) (h) (kcal/mol)) (kcal/mo) (kcal/mo) (kcal/mol))
6.1 3.3 416.5 34 0.2173 12.99 0.19
7.0 3.2 4245 31 0.2173 13.49 0.59
7.8 3.2 429.5 3.2 0.2173 13.80 11
9.5 3.2 452.5 3.2 0.2173 15.28 1.3
111 3.4 476.5 4.0 0.2173 16.89 1.3
11.8 43 484.5 4.2 0.2173 17.45 14
145 3.1 510.5 4.1 0.2173 19.31 2.3
16.6 3.9 538.5 5.1 0.2173 21.40 2.3

@AssumingDg(Bal)=77.7 kcal/mol.

Table Il presents the widths and most probable values o¥. Bal(v=0,1,2) SPECIFIC OPACITY FUNCTIONS
the rotational and collision energy distributions in each ex- The kinematic constraints of the Badl reaction pro-

periment, as well as information on the partitioning of thevide a special opportunity to elucidate the influence of the

ayallable energy f_or the Bai=0) reaction produc@. The approach geometry on the outcome of the reaction. The large
widths of the collision energy and the product rotational en-

ergy distributions are very similar, foreshadowing that nar-
row specific opacity functions should be expected. In addi-
tion, this observation justifies the treatment, presented in
Table IlI, that extracts information on the partitioning of
product energy by assuming a one-to-one correspondence
between the most probable values of the reagent collision
and product rotational distributions. Inspection of the last
column of Table Il indicates a trend in the product recoil
energy, which increases with increasing collision energy. In
all experiments, the rotational excitation observed for(Bal
=0) is very near the energetic limit; almost all the available
energy for reaction appears as rotational excitation. This last
observation will prove useful in our presentation later in this
paper of the assumptions used for the determination of the
specific opacity functions and in our discussion of the
mechanisms that determine the reaction cross section. 350 450 550
Figure 12 shows results for Bal=1) and Balv =2), in
which the observed trends are similar to those presented pre-
viously for Balv =0). The signal forv =1 andv =2 is sub-
stantially lower. Only the unambiguous stronger lines near
the peak of the distributions were considered for the extrac-
tion of the product rotational distribution points. As shown in
Table lll, the peaks of the rotational distributions appear at
lower rotational quantum numbers as the vibrational energy
is increased. This result is in agreement with conservation of
energy arguments, provided that the product recoil does not
decrease with vibrational excitation. Tables IV and V pro-
vide similar information for Bab=1,2) as did Table Il for
Bal(v =0). The two tables indicate that for Bal=1,2), most
of the available energy is channeled into rotation. Moreover,
the product recoil energy appears to increase with increasing 350 450 550 3%0 450 550
vibrational excitation. Therefore, the decrease in rotational Rotational Quantum Number, J
excitation for h.Igher Vlbre}tlonal levels of Bal is Igrger than FIG. 12. Experimental and simulated rotational distributions for product
that expected if the recoil energy were to remain constaniga, —1) and Baly=2) from crossed-beam experiments at different colli
independent of the Bab(J) level produced by the reaction. sion energies.

| Enp=5.1 kcal/mol 7.0
o

Bal(v=1) Rotational Population

Bal(v=2) Rotational Population
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TABLE Ill. The most probable rotational quantum numbeks,, for prod- TABLE V. Information on product Bab =2) rotational distributions from
uct distributions in vibrational levels =0, v=1, andv=2, for crossed- crossed-beam experiments, presented in a similar manner as in Table II.
beam experiments conducted at different collision energies.

Collision energy Balp=2, J) Energy partitioning
E Bal(v=0) J Bal(v=1) J Bal(v=2) J al(v =2,
(kcallmo) ( (h)) i ( (h)) " ( (ﬁ)) " Emp  FWHM I Evo  Erot (MP)  Epee (MP?
(kcal/mo)  (kcal/mo) (h) (kcal/mo) (kcal/mo) (kcal/mo)
51 415.5 384.5 378.5
55 418.5 393.5 384.5 51 3.6 378.5 1.083 10.72 0.60
7.0 424.5 412.5 404.5 55 3.6 384.5 1.083 11.05 0.67
95 452.5 4435 422.5 7.0 3.2 404.5 1.083 12.21 1.0
11.1 476.5 468.5 452.5 9.5 3.2 422.5 1.083 13.29 2.4
11.1 3.4 452.5 1.083 15.20 2.1

#AssumingDg(Bal)=77.7 kcal/mol.

difference between reagent and product reduced masses re-
sults in almost exclusive channeling of the reagent orbital

angular momenturl .,into product rotational angular mo- Vaccaroet al® have rigorously examined the validity of
mentumJ,og. The magnitude of .,4is given by the equa- the approximations of Eq(2) under the conditions of a
tion crossed-beam experiment. They concluded that this reaction
system provides a prototypical example of a kinematically
|Lread = m|Vrelb, (1) constrained reaction system that is suitable for the experi-

where u is the reagent reduced ma$g,| is the magnitude ment'a.l determination of. specific opacity functions. More
of the reagent relative velocity in the center-of-mass frame$Pecifically, the electronic and the rotational angular mo-
and b is the impact parameter for the reactive encountermenta of the reagents are negligible, as is the electronic or-

Thus, for this reaction we can write the approximation bital angular momentum of the hydrogen atom. Finally, the
orbital angular momentum that arises from the recoil of the

1| Vie D~ Jgal, 2 products is very small compared with the Bal rotational an-
where|Jg,| represents the magnitude of the product Bal ro-gular momentum and thus can be ignored. Consequently,
tational angular momentum vector. This second equation segpplication of the law of angular momentum conservation
the stage for experiments that provide indirect informationleads to Eq.(2). The experimental conditions of our study
on the distribution of reactive impact parameters that causare similar to those of Vaccaet al, so that all of the above
the formation of the Bal product in a specific vibrational approximations are equally justifiable.
level. Experimental determination of the product rotational ~ Noda et al'? performed experiments on the specific
distribution in a specific vibrational level and characteriza-opacity function for Balv =8) in a beam-gas configuration.
tion of the reagent relative velocity distribution provides suf-In this study, the specific opacity function was expanded in
ficient information to deduce the specific opacity functionsterms of Dirac delta functions and the expansion coefficients
by means of Eq(2). Variation of the reagent relative veloc- were determined using a least-squares fitting method. Their
ity over a wide range can reveal the effect of the collisionstudy examined the influence of various models accounting
energy on the specific opacity functions. In all cases, thdor the relative velocity dependence of the reaction probabil-
determined specific opacity functions represent an averagéy. Analysis of the data did not necessitate the incorporation
over the angle of relative reagent orientation. Evidence fron®f any specific velocity dependence scheme, and they deter-
quasiclassical trajectory calculatichshowever, indicates mined that only a relatively narrow range of impact param-
that the effect of reagent orientation for this mass combinagters contributes to the formation of the Bat8) product.
tion is not expected to be significant. The small moment of ~ Vaccaroet al*® studied the reaction product Bak0)
inertia of the hydrogen halide makes possible its fast reoriin a crossed-beam apparatus. The narrow relative velocity
entation during the reactive encounter. distribution of their crossed-beam experiments provided in-
formation that was not averaged over a wide range of veloci-
ties. Comparison of their results with those of Naztaal 2
TABLE IV. Information on product Bab =1) rotational distributions from  showed that the width of the relative velocity distribution
crossed-beam experiments, presented in a similar manner as in Table I1. plays a substantial role in shaping the product rotational dis-
— I tributions; the velocity-independent scheme of Nazteal.
Collision energy Energy partitioning . - . . .
Bal(w=1,J) for modeling the specific opacity functions predicted rota-

Emp FWHM Jmp Evib Et (MP)  Eec (MP*  tional distributions much broader than the distributions ob-
(keal/mo) - (keal/mo) (#) (keal/mo) ~ (kcal/mo) ~ (kcallmo)  garyeq under crossed-beam conditions. Vacedral. real-

5.1 3.6 384.5 0.6507 11.08 0.67 ized that modeling of the results for Ba=0) requires a

55 36 3935 0.6507 11.60 055  rigorous application of both angular momentum and energy

7.0 3.2 412.5 0.6507  12.72 093 conservation. As was also predicted by the studies of Siegel

95 3.2 4435 0.6507 14.69 15 and Schult?, the total cross section for kinematically con-

11.1 3.4 468.5 0.6507 16.35 1.4 . - o X : .

strained reactions decreases with increasing relative velocity.

3AssumingD3(Bal)=77.7 kcal/mol. Energy conservation sets an upper bound on the product ro-
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tational excitation for a given product vibrational level that TABLE VL. Numerical values for the adjustable parameters that describe
depends on the relative velocity. For each value of the refh® Balv=0) specific opacity functions, as determined from the

lati loci . | f h convolution-fit procedure. Theosluncertainties for the last quoted digit of
age_nt _re ative velocity, a ma_‘X|m_um_ value occurs for t e "'€he optimized values are indicated in parentheses. The simulated product
active impact parameter, which is dictated by conservation Ofotational distributions are shown in Fig. 10.

energy. Reaction at larger impact parameters would lead to

product with more rotational energy than the total available Bal(v=0)
energy for reaction and hence cannot occur. Emp B oo AES
Vaccaroet al® determined the specific opacity function (kcal/mo) A) A) (kcal/mo)
for Bal(v=0), which is denoted byPy(b). The model spe- 6.1 59 0.652) 79.00(3)
cific opacity function was convoluted with the relative veloc- 7.0 5.2 0.582) 78.65(3)
ity distribution, f (v ), and the simulated rotational distribu- 7.8 5.2 0.622) 78.09(2)
tion, ny(J), was optimized to fit the the experimentally 9.5 5.2 0.66(2) 77.65(4)
observed one. The convolution integral that yields the rota- 111 52 0.702) 77713
. ; o AR 11.8 5.2 0.532) 77.86(4)
tional population distributionn,(J), in vibrational levelv 145 50 0.81(4) 77.07(8)
can be written as 16.6 5.2 0.76(6) 77.6(2)
n,(J)=C fo bP,(B)f (vye)dv e, (3 b DYBaI-Elv=0)

whereC is a constant different for each experiméhtz>The , , - _
constraint of angular momentum conservation, as expressdf€ refative velocity dependence of the specific opacity func-
in Eq. (1), has been incorporated in the derivation of E3). tions for different vibrational levels. The data analysis is
A hard-sphere model representing the specific opacity fund?@seéd on the previous models. None of them, however, can
tion as a step function was found inadequate. Another moddirovide reasonable simulations over the entire range of col-
investigated by Vaccaret al. was based on a theoretical lision energies studied. The reason for this behavior can be
study of Noda and Zar&,who proposed a constant product attributed to a change qf the_product reC(_)iI energy as the
recoil energy for all collision energies and product vibra-'€agent collision energy is varied. As mentioned previously,
tional levels. This model, which corresponds to a reactivel 20!€s II, IV, and V indicate a trend in which the product
impact parameter distribution that is a Dirac delta function,/€cCil €nergy increases with collision energy. Including such
provided a much better description of the experimental re@ degree of freedom provides a significant improvement in
sults and indicated that a small finite width in the form of thethe simulations, as demonstrated in the following discussion.
specific opacity function would improve the quality of the fit. FOr the fits that will be“presented, we employed”a sla;%htly
The best agreement between simulation and experiment wigodified version of the “fixed truncated Gaussian” model.
obtained with fixed and moving Gaussian functions that werd e functional form of the specific opacity function is iden-
truncated at the energetic limit of the reaction. In the “fixed tical to that presented in E¢4). The adjustable parameters

truncated Gaussian” model, the specific opacity function@'€ B, anda, , which are identical to the previous treatment,
P,(b,v,.) is given by the equation and AE, , which is the difference betweedg(Bal) and the
v 1

product recoil energyk .., at the maximum reactive impact
1/b-p,
P.(b)=exg = 2\ o

2 parameter. The value &, represents the minimum recoil
v

H[Bmax(vrel) — b1, (4) energy at a given relative velocity. Because the specific
] ) opacity functions are sharply peaked, a limited range of re-
whereg, represents the peak location of the Gaussiana@nd | energies greater than or equalBg, is allowed for each
is proportional to its Wldth: The qqantltyl[bma{vra)—b] relative velocity. The value oE. is representative of this
corresponds to the Heavyside function, narrow range. Th&AE, parameter is optimized for each ex-
1. b<b periment and not globally. Because the range of relative col-
' max .. . . . .
H[bma)(vreo—b]:[O b=b. (5) lision energies is narrow and well defined in each crossed-
' max beam experiment, this approach is tantamount to treating the
which incorporates the truncation of the gaussian functiorproduct recoil energy as an additional degree of freedom.
necessitated by energy conservation. For the convolution fit, Figure 10 presents simulated product rotational distribu-
the adjustable parameters ag, o, , andDg(Bal), the dis- tions for Balv=0). The agreement with the experimental
sociation energy of Bal, which is necessary for the applicadistributions is very satisfactory. The fits reproduce consis-
tion of energy conservation and the subsequent determingently the behavior of the rotational population distributions
tion of the maximum allowed impact parameter. This modelover the range of collision energies studied. Table VI pre-
has also been used successfully by Tsekoatad!! to de- sents the numerical results for the fits of the Bat0) dis-
termine specific opacity functions for BaF0-18 in a  tributions. Allowing all adjustable parameters to vary in the
beam-gas configuration. fitting routine led to instabilities. Therefore, the location of
The present experimental results cover a range of collithe Gaussian was optimized independently for the different
sion energies that is significantly wider than that of previouscollision energies by fixing the width at various values. The
studies. Consequently, we can investigate more extensivelyptimized value for the location of the peak of the Gaussian
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constant product recoil modéland the constant product or-
bital angular momentum mod&i.

AE, = 79.4(4) - 0.14(4)E,,, A similar treatment has been carried out for @at1)

and Balv =2). The results are shown in Fig. 12. The fits are
again very satisfactory. The adjustable parameters, which

o]
-
T

@
o
T

g 7o . were optimized as in the case 0f=0, are shown in Table

§ S VII. We note that the location of the peak in the specific
w8 - . . opacity function moves successively to lower impact param-
h - » eters by 0.3 A as the vibrational level changes from0 to

v=1 andv=2. The change of the parametex&, andAE,
. as the collision energy is varied exhibits the same trend as in
1 1 L 1 1 I I L —N)- H : e H H
T e 5 o 2 4 5 s _Bal(v—O),_ their decrease Wlth collision energy |nd|cate_s an
Collision Energy, Ey, (kcalimol) increase in the product recoil as the collision energy is in-
creased. In addition, comparison of the resultsder0, 1,
FIG. 13. The deduced E, parameters plotted as a function of the most and 2 .hlntS anOt_her trenq: the prOdU(_:t r.econ appears_ to
probable collision energy,,,,. A linear fit is also shown along with the ~ Slowly increase with Bal vibrational excitation, by approxi-
regression coefficients and their correspondiagigviations in parentheses. mately 0.2 kcal/mol forv=1 and 0.7 kcal/mol forv=2.
These differences happen to be similar to the vibrational en-
ergy differences between the corresponding levels.

is 5.2 A, and this value was kept fixed for all the simulations.
This result agrees within error bars with the 5(84 A that
Vaccaroet al8 found in their study. Similarly the optimized
o, values are also in good agreement with the value of 0.59 The reactions of alkaline earth metal atoms with hydro-
(3) A found by Vaccarcet al® In other words, the specific gen halides have been studied extensively over the past 25
opacity functions for Bgb =0) are extremely narrow over years. A unifying theme for the reactivity within this reaction
this broad energy range. This result is consistent with théamily has emerged from these studies: A competition exists
observation of comparable widths for the rotational and colbetween a direct harpoon mechanism, which involves ab-
lision energy distributions, and justifies the assumption usedtraction of the halogen atom by the alkaline earth metal, and
in Table Il to extract information on the energy partitioning an insertion mechanism, in which the alkaline earth atom
of the reaction. The only substantial difference between ouinserts in the hydrogen halide bond to form a short-lived
results and those of Vaccaet al. is in the parameteAE,.  intermediaté. The reaction exothermicity, the hydrogen ha-
Vaccaroet al® used the value ob$(Bal) as an adjustable lide vibrational excitation, and the reagent collision energy
parameter and assumed that the truncation of the Gaussikmlave been suggested as factors that influence the extent to
occurs at the energetic limit, in which all the available en-which each reaction pathway is presém. correlation ap-
ergy appears as product rotation. In contrast, this analysigears to exist within this reaction family, in which the exo-
incorporates a variable product recoil energy, which is thehermic members tend to proceed through direct abstraction,
key feature leading to the presented fits. From Table VI wenvhereas the endothermic ones exhibit a propensity for the
can observe a change of approximately 1.5 kcal/mol for thénsertion pathway. The presence of a substantial energetic
parameterAE, under the conditions studied. This changebarrier also appears to promote the formation of the interme-
corresponds to a change in recoil energy and is consistediate complex. Direct halogen abstraction is dominant for
with the variation in the product recoil indicated in Table II. Ba+HCI(AH§=—9.2 kcal/mo)} and Ba+rHBr(AH§=—-12.2
In addition, the value ofAE,=78.65 (3) kcal/mol, deter- kcal/mo).® Experimental and theoretical studies of the en-
mined at a relative collision energy of 7.0 kcal/mol, is simi- dothermic(AH§=+14.8 kcal/mo] Ca+HF reaction have re-
lar to the value of 78.481) kcal/mol that Vacarrcet al®  vealed the importance of the long-lived H—Ca—F complex
found for their corresponding adjustable param&g(Bal). and indicated that the insertion pathway plays a dominant
Figure 13 displays thAE, values as a function of col- role for this reactiorf°~2® Based on theoretical calculations
lision energy and a linear interpolation that succeeds in defor the exothermic Bé HF reaction systefl 3¢ (AH3=-6
scribing the variation of the product recoil with collision kcal/mo), which has a barrier height estimated at 19
energy. The regression coefficients and their associated lkcal/mol®® a substantial number of reactive trajectories
coefficients are shown in the figure. A clear trend is indi-sample the deep potential well, thereby indicating the impor-
cated, in which the product recoil energy increases with intance of the insertion mechanism. Other theoretical studies
creasing collision energy. The possibility that the recoil en-have extensively investigated this reaction mechanism dual-
ergy should be expanded to higher order than zeroth waisy for the endothermic reaction system MgFS’~42
suggested by Noda and Zafebut before this study no rea- (AH3=+30 kcal/mo). In addition, the behavior of the less
son existed for this more complicated treatment. ConseendothermidAHS=+6.4 kcal/mo)Sr+HF reactioy”-2843-46
quently, the results of the present experiments provide thevas interpreted as a manifestation of the competition be-
incentive to extend existing models put forth to describe théween insertion and direct abstractihincrease of the re-
dynamics of kinematically constrained reactions, such as thagent vibrational excitation was suggested to favor the inser-

VI. DISCUSSION
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tion mechanism, whereas the reagent rotational excitatiohABLE VII. Numerical values for the adjustable parameters that describe
7 28,45 the Balv =1) and Balv =2) specific opacity functions, as determined from

appeared to promOte_ halogen abstracffot. . the convolution-fit procedure. Therluncertainties for the last quoted digit

) Th_e BatHI reaction demons_tratles a bimodal CharaCte_rof the optimized values are indicated in parentheses. The simulated product

in the internal-state population distributions, as presented ifotational distributions are shown in Fig. 12.

detail in Sec. lll of the present paper. Based on available

experience with the alkaline earth metal plus hydrogen ha- Ballw=1) Ballb=2)

lide reaction family, we previously attempted to interpretthe g, B oy AE, B5 oy AES
observed bimodality as a competition between the insertiorfkcal/mo) (&) A (kcal/mo)  (A) R) (kcal/mo)
and abstraction pathwaysTo verify this hypothesis, how- 5.1 49 082 791(1) 46 052  78.7(1)

ever, the following questions need to be addressed in some 7.0 49 0791 785(1) 46 05(1) 77.8 (1)
detail: What makes this exothermic reaction—otherwise so 9.5 49 0424 7745(6) 46 032(5 76.8(1
similar to Ba+HCI and Ba+ HBr—behave in such a distinct 111~ 49 0885 7804(7) 46 05(1)  77.4(1
way? Does the kinematically constrained nature of this reaca 4
tion system play a substantial role in shaping, or even dictatAg, =Dg(Bal)—E, (v =1).
ing, the features of the observed bimodality? In the preserf®E;=Dg(Bal) —Erdv=2).
paper, detailed analysis of the specific opacity functions is
employed as a tool to answer these questions. Our analysis
indicates that the experimentally observed bimodality for thetion, we note that the maximum allowed impact parameter
Ba+HI reaction system is not a manifestation of competitionfor Bal(v=0) moves from 4.6 A for a relative velocity of
between an insertion and an abstraction mechanism. In co®40 m/s to 3.7 A for 1500 m/s.
trast, it reveals the role of the centrifugal barrier and the  The specific opacity functions are found to be centered
conservation of energy in controlling the reaction cross secaround smaller impact parameters as the vibrational excita-
tion and determining the relative velocity dependence of théion is increased. Such behavior has been predicted for kine-
specific opacity functions for this kinematically constrainedmatically constrained systems and is consistent with an im-
reaction system. The bimodal behavior is shown to aris@ulsive model, in which a negative correlation exists
from the transition between these two mechanisms that didsetween the reactive impact parameter and the product vibra-
tate the value of the maximum impact parameter: a centrifutional excitatior?®?* Tsekourat al! confirmed this corre-
gal barrier at low collision energies and conservation of endation between impact parameter and product vibrational
ergy at high collision energies. state in an extensive beam-gas study of this reaction. The
Because of the extremity of its mass combination, thepeak locations of the specific opacity functions were found to
Ba+HI reaction system does not lend itself favorably tovary monotonically from 4.1 A fop =4 to 1.2 A forv=18.
theoretical calculations. Zhao and ZHrgerformed quasi- The information on the energy partitioning and the varia-
classical trajectory simulations for this system using a barrition of the adjustable parametA, as a function ofg,;,
erless London—Eyring—Polanyi—Sato potential energy surpresented in Tables II, and IV-VII, demonstrate that the
face that favored a collinear approach. The results were iproduct recoil increases with collision energy. The change in
gualitative agreement with trends observed in the experithe magnitude of the recoil for Bal=0) is approximately
ments, but they did not reveal any signs of bimodality. Thesel.5 kcal/mol for a change of approximately 10 kcal/mol in
simulations, however, were performed to provide a comparicollision energy. Still, owing to its light mass, the departing
son with the crossed-beam work of Vaccatal!®and, con- H atom has a velocity of a few thousand meters per second
sequently, no emphasis was placed on the low collision enfor such a recoil energy.
ergy regime. A recent quasiclassical trajectory calculation  The product recoil also appears to increase with increas-
study by Alberti et al*® investigated angular momentum ing product vibration. Therefore, as the vibrational level is
vector correlations for this reaction system and focused iténcreased, the shift in the peak location of the product rota-
attention on the channeling of reagent rotational angular motonal distributions appears at lower rotational quantum num-
mentum into product orbital angular momentum. These rebers than those predicted simply by conservation of energy.
sults, however, cannot be directly compared with our experiThe same behavior was observed in the beam-gas experi-
mental findings forv=0,1,2, which involve much larger ments of Tsekourast al,! who suggested as possible ex-
impact parameters. Extension of the theoretical studies tplanations either an increase in product recoil with vibra-
simulate the currently available experimental results wouldional excitation or a strong velocity dependence in the
further deepen the understanding of this reaction system. selection of product vibrational level. Our results indicate a
In Sec. V, we presented a model for the specific opacityclear trend in the variation of the recoil energy. Because the
functions that succeeds in simulating the experimentally obpresent study contains information from only the three low-
served rotational distributions and accounting for the relativeest vibrational levels, we are not in a position to extend with
velocity dependence of the Bak0,1,2 specific opacity confidence the trend to higher vibrational levels.
functions. This model employs a fixed Gaussian function that The AE, values we find correspond to the difference
is subjected to the constraint of energy conservation and abetween the Bal bond dissociation energy and the product
lows for a variable product recoil energy. As an example ofrecoil energy. The dissociation energy for Bal has been
the effect of the relative velocity on the specific opacity func-found to beDg(Bal)=77.7+2 kcal/mol® Consequently, an
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associated uncertainty would exist if we were to use the
value of D§(Bal) to extract the product recoil energy. Our
results, while within the error limits of the previous determi-
nation, indicate that the estimate of 77.7 kcal/mol is rather
too small. Moreover, our findings are much closer to the
upper limit of 78.5:0.5 kcal/mol determined by Johnson
et al*° This observation is also consistent with the results of
the crossed-beam experiments by Vacaatral 18

As mentioned, the relative velocity plays a central role in
controlling the maximum energetically allowed impact pa-
rameter. This result is, in essence, the velocity dependence of
the specific opacity function confirmed in our experiments. 200 1
Such a picture, however, is not complete at very low relative 0 T
velocities. As the collision energy is decreased, the maxi- 400 800 1200 1600 2000
mum impact parameter that conservation of energy dictates Relative velocity, v,y (M/s)
increases. Beyond a certain limiting value, impact param- _
eters should cease being reactive. The value of the maximufﬂG- 14. The maximum allowebly, for each value ob as governed by

. . .. . the centrifugal barriefthick solid line and energy conservatiofashed

reactive impact parameter at very low collision energies deI'|ne). The thin solid lines represent combinations that have constant angular
pends on the attractive part of the two-body potential and i$Snomentum, as indicated. The space is partitioned into reactive and nonre-
determined by an angular momentum barrier, also known a&ctive combinations ob andv . At approximately 800 m/s, a transition
a centrifugal barrief. Thus, a transition must occur in the °SCU's in the mechanism that dictatgs,
mechanism that determinds,,,; at low collision energies
this mechanism is the centrifugal barrier, whereas at suffi-
ciently high collision energies it is the law of conservation of in particular, the lowest ones. The centrifugal barrier at low
energy. These are the two mechanisms that determine ttollision energies does not discriminate between different
reaction cross section. A necessary condition for the crosssbrational levels. In this collision energy regimé,,.,
over to an energy-controllet,,,, is the sufficiently large shows a relative velocity dependence, but its value is the
magnitude of the reactive impact parameter. Therefore, theame regardless of product vibrational level. In contrast, the
interplay of these two mechanisms that control the cross seenaximum impact parameter, as determined by conservation
tion becomes important for a wide class of reactions thabf energy, not only decreases with collision energy, but is
exhibit large cross sections, such as stripping or iondifferentfor different vibrational levels. At a relative velocity
molecule reactions. of 940 m/s, for example, the impact parameter cutoff is 4.60,

In their theoretical investigation of the effects of kine- 4.53, and 4.46 A for Bal product in=0, 1, and 2, respec-
matic constraints, Siegel and Schéilidentified these two tively. In the high collision energy limitb,, is largest for
processes and predicted their effects by performing quasproduct inv =0 and becomes smaller as the vibrational ex-
classical trajectory calculations on various types of potentiatitation of the Bal is increased. Thus, a narrow range of
surfaces. The available experimental results for the reactiorismpact parameter with a width of approximately 0.06 A
of Ba with HCI and HBr indicated thdi,,,, was determined leadsexclusivelyto formation of Ba{v =0), the narrow range
by a centrifugal barrier at all studied collision energies. Inof b adjacent to it can producenly Bal(v=1) and Bal(v
contrast, the reaction of BaHI provides an example of the =0), and so forth. Consequently, a local maximum should
interplay between these two mechanisms that determine thappear atv=0 in the vibrational population distribution,
cross section. which is the signature of a reaction cross section controlled

A simple estimate of the range of relative velocities atby energy conservation.
which the transition in mechanism occurs would be of inter-  To our knowledge, no experimental observation of such
est. In simulations of the reaction of Ba with HCI at 2.5 behavior has been reported before. Siegel and Schitz,
kcal/mol, the centrifugal barrier was found to set a limit of their thorough three-dimensional trajectory study on the re-
5.15 A for the maximum allowed impact parametefor  action of Ba with HCI using various potential energy sur-
Ba+HI, use of an exp-six potentif}®lyields a value of 5 A faces, encountered such behavior for a hyperbolic map func-
at 5 kcal/mol. For this estimate, elastic scattering data werdon surface. The trajectories indicated three features as
used for the potential parameters that were obtained in studignatures of the transition from low collision energies to the
ies of the reaction of K with Ht? as well as the value of 4.5 regime whereb,,, is defined by conservation of energy at
A for the crossing of the ionic Ba-HI~ and the covalent large enough collision energies. First, almost all the available
Ba—HI potential curved’ Figure 14 shows the constraints of energy appears as product rotational energy. Such behavior
the angular momentum barrier and energy conservation ois a manifestation of the kinematics and is, in essence, the
the b, ando ¢ values of the reactive encounters. reason for which the conservation of energy determines

The transition from energy conservation-controlled tob,,,,: As the relative velocity is increased, the mass combi-
angular momentum-controllda, ., has a significant effect in nation increasingly constrains the available energy to appear
the specific opacity functions for different vibrational levels, as product rotation until a limit is reached, past which reac-

Impact Parameter, b (A)
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tion would lead to product with rotational energy greater
than the total energy available. This limit is the very point at
which conservation of energy controls the cross section. Sec-
ond, a local maximum appears at vibrational leveiQ of
the previously bell-shaped product vibrational distribution.
The origin of this second peak was discussed in the preced-
ing paragraph. The third indication for the change in mecha-
nism is a breakdown of thg;,od =|L read Propensity rule that
the kinematic constraints dictate. At high collision energies,
the calculations of Siegel and Schultz revealed such a devia-
tion, in which the product rotational angular momentum in
the most highly excited states gradually becomes smaller
than the reagent orbital angular momentum. The larger the
magnitude of the angular momentum, the more significant is
this deviation. Experiments for BaHCI in the range of col-
lision energies between 2.5 and 6.9 kcal/mol, however, did
not reproduce the aforementioned behavior and showed
product vibrational distributions independent of the collision
energy’

The reaction of Ba with HI appears to exhibit all three
features, indicating a transition in the mechanism determin-

Reaction Probability, P,(b; v,y (a.u.)
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ing the cross section. Under the conditions of the crossed-
beam experiments, the reaction product was found to have
rotational excitation very close to the energetic limit. Results
from studies in crossed-beam and beam-gas conditions re-

. FIG. 15. Specific opacity functions for vibrational levels-0, 1, and 2 are
vealed the appearance of pronounced features in the lowegt P pacty

) ; . . = A own as well as the truncation B, owing to an angular momentum
vibrational levels of the product vibrational distribution in barrier and conservation of energy, at low and high collision energies, re-
the range of 5 kcal/mol. In addition, the previously observedspectively. See text for detailed explanation.
trend, in which the product recoil energy increases with col-
lision energy, is an indication of a deviation from the
IJorod=|Lread Propensity rule. The greater the collision en-ing into account any energy or angular momentum con-
ergy, the larger the product recoil and orbital angular mo-=traints. Figure 1) displays the truncation of the specific
mentum and, consequently, the more significant the brealepacity functions 85 A for v =0, 1, and 2 by the presence of
down of the kinematic constraint. Therefore, the observed centrifugal barrier. In contrast, Fig. (B shows the trun-
behavior for this reaction system indicates that the two preeation of the specific opacity functions as controlled by con-
viously described mechanisms are present and a transitigervation of energy at a collision energy of 6.1 kcal/mol, i.e.,
occurs between them as a function of the collision energy. right after the transition is expected to have occurred. In
The appearance of the second local maximum merits furFigs. 15c¢) and 15f), the corresponding normalized specific
ther discussion. Because we were able to extract informatioapacity functions are shown. For each value of the impact
on the reactive impact parameters, we can investigatparameteb, the values of the specific opacity function for
whether the specific opacity functions we have determined =0, 1, and 2 are each divided by their sum. The normal-
are consistent with the observed bimodality in the vibrationaization is motivated by the fact that the total reaction prob-
population distributions. Figure 15 presents a comparison o&bility has been calculated for similar kinematically con-
the effects of the two mechanisms on the specific opacitygtrained systems to have the form of a step function with a
functions for Balv=0), Bal(v=1), and Ba(v=2). As a unit probability at each reactive impact paramé&tén. all
starting point, we used the deduced specific opacity functionpanels of Fig. 15, the units of the abscissa have been kept the
for the three lowest vibrational levels=0, 1, and 2. The same to display explicitly the effect of the normalization.
width parameter was chosen to be 0.7 A, a value representa- The difference in the appearance of the specific opacity
tive of the determined width parameters from our simula-functions between the two energy regimes is remarkable.
tions. The peak locations far=0, 1, and 2 also correspond Figure 15c) displays the normalized specific opacity func-
to the values determined in the preceding analysis. For thgons forv =0, 1, and 2 as truncated by the centrifugal bar-
comparison we can assume that the relative heights of theer. They are rather broad and, as expected, the reaction
specific opacity functions are the same for these neighboringrobability is shared between the overlapping specific opac-
levels. Such an assumption does not affect the validity of théty functions. The relative order of the integrated reaction
comparison. The left panels represent the energy regime juptrobabilities of Fig. 1&) is v=0<v=1<v =2, in agree-
below the transition, whereas the situation in the high colli-ment with the trend observed in FiggaBand 5a). Because
sion energy regime is presented in the right panels. Figuregbrational levels higher than=2 were not included in the
15(a) and 1%d) show specific opacity functions without tak- comparison, the tails of the specific opacity functions at

Impact Parameter, b (A)
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small impact parameters are overestimated to some extent.
For the higher collision energies, where the maximum im-
pact parameter is dictated by conservation of energy, the
truncation of the specific opacity functions depends on the
product vibrational level and results in sharp peaks, as shown
in Fig. 15f). These sharp reaction probability peaks have a
width of approximately 0.06 A. For this reason, the specific
opacity functions in the crossed-beam experiments are nar-
row and sharply peaked. In fact, as first noted by Vaccaro
et al,'® a Dirac delta function as specific opacity function for
Bal(v=0) can yield simulated rotational distributions that
reproduce the main features of the experimentally observed
ones. This observation was further investigated and found to
hold for the collision energy range and the vibrational levels
studied in our experiments. Finally, we note that the relative
probability for the sharp peaks of the specific opacity func-
tions at high collision energy is much larger than the maxi-
mum of the reaction probability for the same vibrational
level at low collision energy. This effect is the source of the
additional peak that appears in the lowest levels of the prod-
uct vibrational distribution at high collision energies. Again,
because vibrational states higher them2 are not included,
the specific opacity functions shown are overestimated for
low impact parameters. Moreover, had a specific opacityic. 16. Smoothed spectra covering the B&IZ2Il,,—X 25" Bal
function been included for Ba&l=3), a sharp peak would §2H3'2_Xd-2t-2+ Avt=7065|:9q1|1/<%n6|68- ghe SPEC_tratarle ;echrdﬁd urtgé;hgéossed-
have appeared in the specific opacity function for(Bai2). eam conditions at 7.6 kcalimol and approximately -2 kcalmol.
We no{)ep that the normpalizationp of the truncated Gaussiants"flken from Ref. 20 and panéb) is taken from Ref. 18.
with respect to each other does not contradict the simulations
of the experimental resultévhere unnormalized functions
were usell because this treatment does not alter their overalielative velocity distribution. Consideration of the picture
features; even in the high collision energy regime, where th@rovided by the interplay between the two mechanisms that
change in the shape of the specific opacity functions betweetletermine the cross section seems to provide the interpreta-
Figs. 18e) and 1%f) appears to be dramatic, the specific tion to the observed behavior. When these two mechanisms,
opacity functions remain narrow, sharply peaked functions.whose effect on the specific opacity function was displayed
Furthermore, we could expect that at very large collisionin Fig. 15, are combined, the product Bs+0) rotational
energies the truncation of the specific opacity functions ofistribution under beam-gas conditions can be successfully
the lowest vibrational levels is so extensive that only a smalkimulated in a qualitative manner. Such a simulation is pre-
fraction of the tail of the gaussian function is reactive. Thensented in Fig. 17.
the effect of the appearance of a second maximum in the The specific opacity function model employed for the
vibrational population distribution as collision energies risesimulation of Fig. 17 consists of two functions: a Gaussian
from low to high should not be so pronounced. Such arfunction that is truncated as that in Fig. (&b for relative
observation is consistent with the previous crossed-beam reelocities below 800 m/s, and a second one that is truncated
sults of Vaccaroet al1®> at 7.6 kcal/mol and at approxi- by conservation of energy for relative velocities above 800
mately 12 kcal/mol, as shown in Fig. 16. When comparedm/s. The former function models the specific opacity func-
with the intensity of the higher vibrational levels, the inten-tion at relative velocities in which it is controlled by a cen-
sity of the three lowest vibrational levels at 12 kcal/mol is trifugal barrier, whereas in the latter, conservation of energy
substantially lower than that at 7.6 kcal/mol. Therefore, weplays the controlling role. In other words, the specific opacity
can conclude that the overall behavior appears consistefiinction that corresponds to the tail in the fast side of the
with a transition between the two mechanisms that controtelative velocity distribution gives rise to the product rota-
the cross section. tional states of Bal near the energetic limit. The values of the
In light of this information, we reexamine the specific deduced parameters for the two functions used in the fit are
opacity function for Balv =0) under beam-gas conditions. presented in the caption of Fig. 17.
The product rotational distribution for B@l=0) appears bi- The large reaction probability for the sharply peaked
modal and has a peak aroude-420.5' Tsekouraset al*  specific opacity functions in the high collision energy regime
were not able to determine a specific opacity function foris responsible for the location of the rotational distribution
Bal(v=0) produced under beam-gas conditions and noteanaximum. The intensities of this maximum and of the sec-
that application of conservation of energy indicates that thend peak at approximately=365.5, which corresponds to
peak of the distribution be produced by the “fast” tail of the the maximum of the relative velocity distribution, are simi-
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Beam-Gas
Ep = 3.8 kcal/mol

Fo(b, Veg))

Bal(v=0) Relative Population
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Rotational Quantum Number, J

FIG. 17. Simulation of the beam-gas data of Fi@)7For relative velocities . ) .
below 800 m/s, the specific opacity function is modeled by a Gaussiar |G- 18- The deduced specific opacity function surface fo®aD). The
function that(1) is truncated ab>5 A and(2) has the parametety,=5.2  Plotted function has the parameters;=5.2 A 0,=05 A, and
A, 5,=0.4 A, andAE,=79.0 kcal/mol. The resulting product distribution is 2Fo=79.4-0.14 E;, whereE is the center-of-mass collision energy.

represented by the dotted line. For relative velocities above 800 m/s thEor relative velocities between 500 and 800 m/s, the centrifugal barrier does
specific opacity function is modeled by a Gaussian function (e trun- not allow the reaction to occur for impact parameters greater than approxi-

cated at the energetic limit ari@) has the parametety=5.2 A, 5,=0.5 A, mately 5 A Above 800 m/s, the spe_cific opac_ity _function is truncate_d by
and AE,=79.6 kcal/mol(dashed ling The sum of the two contributions is conservation of energy. As the relative velocity increases, the maximum

represented by the solid line. The two functions were independently scale@i!loWed value of the impact parameter becomes smaller.
to best fit the experimental distribution.

excitation!®* Thus, significant rotational excitation exists,

lar; the “fast” tail represents only a fraction of the relative even in the highest product vibrational states. Such behavior
velocity distribution, but this fact is counterbalanced by thecan also explain why we find that the Bal bond dissociation
sharply peaked specific opacity function, once it is controllecenergy is larger than the previous determination of Z2.7
by conservation of energy. Having shown the changes thdcal/mol, for which the highest vibrational levels were as-
occur in the shape of the specific opacity functions as thesumed rotationless.
collision energy is changed, we note that the use in the simu- Why has a bimodality similar to that of the B&ll re-
lation of a truncated Gaussian function for both mechanismaction not been observed for B&Cl and Ba+HBr? The
is rather simplistic. Nevertheless, the simulation succeeds ianswer might be that the BaHCl and Bat+HBr studies were
confirming the expected behavior from the transition in thenot carried out at large enough collision energies. Neither the
mechanism that controls the form of the specific opacityexoergicity nor the kinematic constraints are the same for
functions. these reactions. Moreover, the location of the centrifugal bar-

We combine the acquired information on the behavior ofrier depends on the long-range attractive part of the interac-
the specific opacity function and present a detailed picturgéion potential and can vary between the different reaction
that includes its relative velocity dependence over a widesystems. The quasiclassical trajectory study of Siegel and
range of collision energies. Such an example is presented iBichult? indicated that the mechanism that controls the maxi-
Fig. 18, in which the “specific opacity surface” for Bal mum allowed impact parameter is sensitive to the features of
=0) is shown. In this figure, the reaction probability for Bal the potential energy surface.
product in vibrational levet =0 is plotted as a function of Is the BatHI reaction sensitive to the form of the po-
impact parameter and reagent relative velocity. Similar betential energy surface? Our data cannot be inverted simply to
havior is found for the specific opacity functions of productfind the form of the potential, but the results we have ob-
Bal in v=1 andv =2. For higher vibrational levels, the ef- tained contain more information than solely what is pre-
fect of energy conservation, as well as the importance of thelicted from this special mass combination. Our study shows
angular momentum barrier, become gradually less importarthat the observed behavior for the exothermic reaction of Ba
because these specific opacity functions are mapped intwith HI is consistent with a direct abstraction mechanism
smaller and smaller impact parameters. In fact, an interestinthat involves an electron jump at the curve crossing between
situation arises for the very large vibrational levels. Underthe covalent Ba—HI potential and the ionic BaHI~ poten-
crossed-beam conditions, vibrational levels up te34 have tial. The possibility that some trajectories sample the deep
been reported.Owing to the weighting factor 2b, all the H-—Ba—I insertion well cannot be excluded, although we
very high vibrational levels are expected to have weightedhave no evidence for their existence. The attractive character
specific opacity functions that peak at similar impact param-of the surface is attributed to the sudden change in bonding
eters. This prediction is supported by beam-gas results fanature from covalent to ionic and is manifest by substantial
v=18-28, for which the peak of the rotational distribution product vibrational excitation. In addition, the long-range at-
was found near 100%, regardless of the vibrational tractive part of the potential appears to be shallow and bar-
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rierless. The long-range attractive potential, the location ofstablished correlation that associates smaller impact param-
the avoided crossing for the Ba—HI and BaHI™ curves eters with larger vibrational excitation.

(estimated to occur at 4.5)Aand the kinematic constraints Analysis of the specific opacity functions reveals that
of the mass combination cause the crossover in the mechéwo mechanisms operate to control the maximum allowed
nism that controls the maximum allowed impact parameterreactive impact parameter: a centrifugal barrier at low colli-
Our experimental observations show the reaction of Ba wittsion energies and conservation of energy at high collision
HI to exhibit primarily the direct behavior that Cruse, Dag- energies. A transition is observed between the two mecha-
digian, and Zartobserved for the reactions of barium atomsnisms that occurs at a collision energy of approximately 5
with hydrogen halide molecules. In addition, we observe &ecal/mol. This transition results in a dramatic change in the
transition between the two mechanisms that determine thshape of both the product vibrational and rotational distribu-
reaction cross section when the collision energy is variedions. The effect is expected to be more pronounced for the
below and above 5 kcal/mol: At low relative velocities, the lowest vibrational levels. Understanding of the competition
maximum reactive impact parameter is defined by an anguldsetween these two mechanisms that determine the cross sec-
momentum barrier, whereas at high relative velocities, it igion provides an interpretation for the behavior of thetB#
determined by conservation of energy. reaction derived from the present study that is consistent
with the results of extensive studies over the past 25 years. In
addition, this interpretation clarifies the origin of the ob-
served bimodality. Moreover, such a crossover is expected to
be general for reactions that have large cross sections.

Recent and previous experiments in crossed-beam and In conclusion, we note that the modeling of the Bal spe-
beam-gas configurations indicate a bimodality in the BalCific opacity functions over a broad collision energy range
product vibrational and rotational distributions. For collision has provided an extremely detailed picture for this kinemati-
energies smaller than 5 kcal/mol, the product vibrational discally constrained reaction system and has proven to be a
tribution is bell shaped and peaks @t12. For collision —powerful tool for elucidating microscopic details of the rela-
energies larger than 5 kcal/mol, a second maximum appeaf9n between reagent approach geometry and reaction out-
in the vibrational distribution ab=0. The rotational distri- come, as well as for revealing the mechanisms by which the
butions also reveal a telltale sign of bimodality and havemagnitudes of reactive cross sections are determined.
maxima at unexpectedly large rotational quantum numbers.

For the crossed-beam experiments, we exploited the ca&sckNOWLEDGMENTS
pabilities of a scheme for the selective detection of the LIF
from the reaction product Bal. Consequently, well- K.S.K. wishes to thank A. A. Tsekouras and J. Cai for
characterized experiments produced high-resolution resulf§€ir help in some of the presented experiments and B. Gi-
for Bal(v=0,1,2 in a broad range of collision energies. The fard, S. Falcinelli, and F. Ferndez-Alonso for helpful com-
recorded spectra were converted into product rotational dighents and discussions. Financial support from the U.S. Na-
tributions. These results showed a trend in which the peak dfonal Science Foundation under Grant No. CHE-93-22690 is
the rotational distribution shifts to higher rotational quantumgratefully acknowledged.
number with collision energy. In addition, the peaks for the
product rotational distributions for Bai=1) and Balv =2) 'R. N. Zare and K. S. Kalogeraki§he R. A. Welch Foundation 38th
appear at lower rotational excitation as the vibrational energy Conference on Chemical Resear¢fouston, TX, 1994 p. 45.
is increased. Fina”y, the product recoil energy appears toZR. L. Jaffe, M. D. Pattengill, F. G. Mascarello, and R. N. Zare, J. Chem.

: . 2 : o Phys.86, 6150(1987).
increase with collision energy in a similar manner for all 5, Siegel and A. Schultz, J. Chem. Phy, 6227 (1980

vibrational levels we studied. “H. W. Cruse, P. J. Dagdigian, and R. N. Zare, Faraday Discuss. Chem.

The kinematically constrained nature of this reaction Soc.55, 277(1973.

. . . . . 5 0
system allows the extraction of information on its impact 62- g,- Helfsczb:‘?hs' l;arl?daJy gﬁcussﬁ)ﬁ;‘é% fgfllgg’z(l%a-
. . . . . olegel an . Scnultz, J. em. .

parameter dependencc_a. A Gaussian function of Ifea.Ctlye Im7R. D. Levine and R. B. BernsteiriVlolecular Reaction Dynamics and
pact parameters that) is truncated at the energetic limit at  chemical ReactivityOxford U.P., Oxford, 1987
high collision energies(2) is subject to a centrifugal barrier °B. Soep, C. J. Whitham, A. Keller, and J. P. Visticot, Faraday Discuss.
at low collision energies, an@®) accounts for the increase of ,Chem. Soc91, 191 (1991
the product recoil energy as the collision energy is increased P. H. vaccaro, D. Zhao, A. A Tsekouras, C. A. Leach, W. E. Emst, and

P gy € _ ay! 'R. N. Zare, J. Chem. Phy83, 8544 (1990.
successfully models the specific opacity functions of thewc. Linton, J. Mol. Spectros®9, 351 (1978.
three lowest vibrational levels. This model simulates the ob3'A. A. Tsekouras, C. A. Leach, K. S. Kalogerakis, and R. N. Zare, J. Chem.
served product rotational distributions for the broad range of,P"s-97. 7220(1992.

. P . . e 9 . tzC. Noda, J. S. McKillop, M. A. Johnson, J. R. Waldeck, and R. N. Zare,
collls_lon energies of our experiments. The specific OpaCity ;' chem. Physs5, 856 (1986.
functions we have deduced are sharply peaked and confirfAD. zhao, P. H. Vaccaro, A. A. Tsekouras, C. A. Leach, and R. N. Zare, J.
the aforementioned trend in product recoil energy. Conse; Mol. Spectrosc148 226 (1991).
quently, the result is a direct mapping of reactive impact C. A. Leach, A. A. Tsekouras, and R. N. Zare, J. Mol. SpectrbS8,. 59
parameters to product rotational states for each product visc ,'_each’ J. R. Waldeck, C. Noda, J. S. McKillop, and R. N. Zare, J.

brational level. Our results are also consistent with the well- Mol. Spectrosc146 465 (1991).

VIl. SUMMARY AND CONCLUSIONS

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996



7964

6M. A. Johnson, C. Noda, J. S. McKillop, and R. N. Zare, Can. J. P8gs.
1467 (1984).

M. A. Johnson, C. R. Webster, and R. N. Zare, J. Chem. PHys5575
(1981.

K. S. Kalogerakis and R. N. Zare: The Ba+HI—Bal+H reaction

35X. Liu and J. N. Murrell, J. Chem. Soc. Faraday Tra®®. 435 (1997).

36X, Liu, J. Chem. Soc. Faraday Trar@0, 249 (1994.

STA. Lagana M. Paniagua, and J. M. Alvarin Chem. Phys. Lettl68, 441
(1990.

'8P H. Vaccaro, A. A. Tsekouras, D. Zhao, C. A. Leach, and R. N. Zare, J®a_ | agana M. Dini, and E. Garcia, J. Phys. Che®5, 8379(1991).

Chem. Phys96, 2786(1992.

19D, Zhao, Ph.D. thesis, Stanford University, 1991.

205, A. Tsekouras, Ph.D. thesis, Stanford University, 1992.

21C. Noda, Ph.D. thesis, Stanford University, 1987.

223, S. McKillop, Ph.D. thesis, Stanford University, 1987.

22M. A. Johnson, Ph.D. thesis, Stanford University, 1983.

24C. Noda and R. N. Zare, J. Chem. Phgs, 3968(1987).

BW. S. Hartree, J. P. Simons, and A. Gonzalez-ldreh Chem. Soc. Far-
aday Trans86, 17 (1990.

26R. Altkorn, F. E. Bartoszek, J. Dehaven, G. Hancock, D. S. Perry, and R

N. Zare, Chem. Phys. Let88, 212(1983.
277. Karny, R. C. Estler, and R. N. Zare, J. Chem. P188.5199(1978.

28R, Zhang, D. J. Rakestraw, K. G. McKendrick, and R. N. Zare, J. Chem

Phys.89, 6283(1988.

294, Schor, S. Chapman, S. Green, and R. N. Zare, J. Phys. G81920
(1979.

30H, Schor, S. Chapman, S. Green, and R. N. Zare, J. Chem. 6y&790
(1978.

313, M. Alvarifo and A. LaganaChem. Phys. Lett144, 558 (1988.

323, M. Alvarifio and A. LaganaChem. Phys. Lett168 448 (1990.

333. M. Alvarifo, M. L. Hernadez, J. Margarido, and A. Laggna Chem.
Phys.93, 1082(1990.

343, Chapman, J. Chem. Phyad, 262 (1984.

393, M. Alvarino and A. LaganaJ. Chem. Phys95, 998 (1991).

403, M. Alvarino and A. LaganaJ. Phys. Chen96, 3587 (1992.

413, M. Alvarifo, L. Cuadrado, and A. Lagand. Chem. Phys98, 5102
(1993.

423, M. Alvarito, L. Cuadrado, M. L. Herrmadez, and A. LaganaChem.
Phys. Lett.241, 408(1995.

43C. K. Man and R. C. Estler, J. Chem. Phys, 2779(1982).

44H. J. Loesch and F. Stienkemeier, J. Chem. Ptg§, 741 (1994.

457. Karny and R. N. Zare, J. Chem. Ph8, 3360(1978.

“A. Gupta, D. S. Perry, and R. N. Zare, J. Chem. Pi¥s.6250(1980.

47D. Zhao and R. N. Zare, J. Chem. Ph93, 6208(1992.

48M. Alberti, X. Gimenez, A. Aguilar, and A. G. Uréa Mol. Phys 85, 949
(1995.

“M. A. Johnson, J. Allison, and R. N. Zare, J. Chem. Pi85. 5723
(1986.

50E. A. Mason, J. Chem. Phy&2, 169 (1954.

51E. A. Mason, J. Chem. Phy86, 667 (1957).

52M. Ackerman, E. F. Greene, A. L. Moursund, and J. Ross, J. Chem. Phys.

25, 389(1964.

53p. H. Vaccaro, A. A. Tsekouras, D. Zhao, C. A. Leach, and R. N. Zare

(unpublishegl
SA. A. Tsekouras, K. S. Kalogerakis, and R. N. Zafenpublishesl

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996



