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The reaction Ba + HI --t BaI (u) + H was studied under beam-gas, single-collision conditions 
with an average center-of-mass collision energy of 13 kJ mol- ‘. BaI (v) rotational 
distributions were recorded for v=O, 4, 8, 12, 16, and 18 by means of selectively detected laser- 
induced fluorescence of the BaI C 211-X 2E+ band system. Each rotational distribution 
exhibits a maximum toward its high energy end and the range of rotational states becomes 
narrower as product vibration increases. Because the kinematic constraint causes 
almost all reagent orbital angular momentum to appear in product rotation, the principle of 
angular momentum conservation provides the means for determining specific opacity 
functions from the rotational distributions and the reagent relative velocity distribution. The 
specific opacity functions are narrow functions of the impact parameter. The peak 
values decrease smoothly from approximately 4.5 A for u = 0 to 1.5 A for u = 18, indicating a 
strong correlation between impact parameter and product vibrational state such that 
Ba+HI collisions with small impact parameter produce BaI with large vibrational excitation. 

1. INTRODUCTION 

Gas-phase reactions performed under single-collision 
conditions provide an excellent environment for the study 
of simple systems in very high detail and allow the deter- 
mination of many different properties and experimental 
observables. The impact parameter is one quantity that 
cannot be measured directly and defies control in any type 
of gas-phase scattering experiments. It is defined as the 
distance of closest approach of two colliding particles in 
the hypothetical absence of any interaction between them. 
Information about it can only be inferred from the prop- 
erties of the reaction products.’ Its magnitude, b, is related 
to orbital angular momentum, L, through the expression 

ILI =P IVrellb, (1) 
where p and vreI are the reduced mass and the relative 
velocity of the colliding particles. In the reaction 

Ba+HI+BaI+H (2) 

the rotational angular momentum of the reagent HI is 
small compared to that found in the product BaI. The 
orbital angular momentum of the products is also rela- 
tively sma11.2p3 In an isolated system total angular momen- 
tum is an invariant and therefore, conservation of angular 
momentum leads to the approximation 

P Ivrellb= IJB~II, (3) 

where JBaI is the rotational angular momentum of BaI, and 
its measure is given by 

1 &I 1 = fi dm. (4) 
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Equation (3) provides a powerful link between spec- 
troscopically observable product internal states and the 
conditions preceding the reactive collision. Given that im- 
pact parameters are uncontrolled, the reaction occurs from 
a range of b values, each weighted by 2?rb, and the product 
distributions supply information on the specific opacity 
functions, i.e., the reaction probability for specific product 
vibrational levels as a function of impact parameter aver- 
aged over all collision orientations. In this kinematically 
favorable situation the distribution of impact parameters 
that lead to reaction can thus be directly determined by 
measurement of the product rotational state distribution. 

The BaI C 211-X 2Xc+ electronic transition was used in 
our study to determine rotational population distributions. 
This band system was chosen because it has been the sub- 
ject of detailed spectroscopic investigation. Nonetheless, its 
spectroscopy remains a challenge to the experimentalist, 
because of the high density of lines per branch, the small 
spacing between vibrational band origins (5.6 cm-‘), and 
the existence of six branches per spin-orbit subband. Laser 
induced-fluorescence (LIF) spectra are rotationally re- 
solved only for some branches in the (0,O) band. Selec- 
tively detected laser-induced fluorescence (SDLIF) is used 
to reduce the spectral congestion. It is accomplished by 
dispersing the fluorescence and monitoring the signal gen- 
erated by the band of choice. 

The first study to determine specific opacity functions 
was done in our lab on the Ba+HI reaction under beam- 
gas conditions using SDLIF.4 The v=8 level was chosen 
because it is near the maximum of the product vibrational 
distribution. That work showed the specific opacity func- 
tion for v=8 to be narrow (FWHM= 1 A) with a peak at 
2.6 A. Later work done under crossed beam conditions, 
which provided a narrower relative velocity distribution, 
focused on v=O because that could be studied with LIF.273 
The specific opacity function was found to be very narrow 
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(FWHM =0.3 A) and highly asymmetric with a peak near 
4.5 A. 

In this paper, we report the rotational distribution of 
BaI in vibrational levels 0, 4, 8, 12, 16, and 18 formed 
under beam-gas conditions. These data, collected using 
SDLIF, are used to extract information on the impact pa- 
rameter distributions that lead to the formation of these 
product vibrational levels. 

II. EXPERIMENT 

The experimental apparatus consists of a reaction 
chamber, a probe laser source, and a fluorescence detection 
system.’ A radiatively heated stainless steel crucible is the 
main part of the differentially pumped oven chamber; it 
contains Ba metal and is maintained at approximately 1300 
K to generate a collimated, neat Ba beam. A HI lecture 
bottle at 195 K delivers HI to the main reaction chamber 
via a needle valve; HI pressure is held between 4 and 8 
X lOA Torr to ensure single-collision conditions in the 
probe region. Studies of the pressure dependence of the BaI 
(u=O) rotational distribution did not exhibit any relax- 
ation for pressures as high as 1.0~ 10m3 Torr. The cham- 
ber temperature is 301*3 K. 

BaI product molecules are excited in the C 211--X 22+ 
band system using a single-mode cw ring dye laser pumped 
by an argon ion laser. The output beam is expanded and 
attenuated to approximately 23 mW cme2 before intersect- 
ing the Ba beam at right angles. Low excitation power is 
required to avoid saturation of the C-X transition because 
of its large transition dipole moment. BaI fluorescence is 
imaged on the 250 pm wide by 50 mm high entrance slit of 
a 1 m monochromator4V6 and detected with a photomulti- 
plier tube. The signal is accumulated by photon counting 
as a function of laser wave number and stored in the com- 
puter that controls the laser. 

The monochromator transmission spectrum is re- 
corded using the same optics to collect very low power 
laser light scattered inside the chamber. Separate tests done 
using Ba ‘&‘S LIF show that these spectra match the 
true transmission function very closely. 

Doppler-broadened spectra of the Ba 3D-1S transition 
are recorded by exciting the Ba atoms with a focused beam 
that intersects the atomic beam at 45” and collecting the 
fluorescence of the 3D-3P line through a bandpass interfer- 
ence filter.5 In all cases, the I2 B 311,,+-X ‘El spectrum7 
and the laser power are recorded simultaneously for refer- 
ence. 

Ill. ROTATIONAL STATE DISTRIBUTIONS 

Figure 1 shows the Au=0 sequence of the BaI 
C 2113,2-X 28+ excitation spectrum generated under beam- 
gas conditions.8 This spectrum reflects the vibrational dis- 
tribution of the reaction products because the Franck- 
Condon factors for the Au=0 sequence are nearly unity.’ 
This spectrum also shows the extensive overlap of the vi- 
brational bands. To isolate one band, molecules are excited 
on one branch and fluorescence from two branches sharing 
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FIG. 1. The BaI C’II,,,-X 2X’ Au=0 band sequence. BaI was produced 
in a beam-gas reaction of Ba+ HI. The spectrum shown has been highly 
averaged to enhance the broadband features. The vibrational assignment 
of each band is indicated. 

the same excited levels is selectively detected (SDLIF) by 
means of the monochromator (see Fig. 2). 

The SDLIF scheme of excitation of the R,, branch and 
collection of the fluorescence from the P2, and Q2 branches 
(R,, +P21,Q2) is preferred over the other possible scheme, 
i.e., P2-+Q21,R2. The preferred procedure requires stepwise 
recording of the rotational distribution, because one mono- 
chromator transmission spectrum cannot cover the whole 
distribution of the P21,Q2 branch members without admit- 
ting fluorescence from unwanted bands. The advantage af- 
forded by this scheme is that the inescapable co- 
observation of branches (Q2i,R2) belonging to neighboring 
vibrational bands crossing the branch of interest results in 
a sharp, almost continuous rise in the baseline and allows 
determination of the R,, line intensities. The other spin- 
orbit subband does not lend itself as efficiently to the de- 
termination of line intensities, because hyperfme splittings 
cause lines in the C211 ii2--X 2Z+(u,u) bands to be ap- 
proximately twice as wide as in the C 2113/2-X 2E+ (UJ) 
bands. lo 

Figure 2 (c) shows a representative example of a SD- 
LIF scan using the monochromator transmission spectrum 
shown on the left of Fig. 2(b). All lines are easily as- 
signed” and their intensities are measured above the local 
baseline. These intensities are converted to rotational pop- 
ulations by considering transition probabilitiesI for the ex- 
citation and emission step and the transmission probability 
through the monochromator. To facilitate this simple cal- 
culation as well as spectral simulations, monochromator 
transmission spectra are fit by the following function: 

I(o)=A(rrp,)“exp[ -(?)‘I, (5) 

where I(a) is the transmission probability at the wave 
number (+ and A, pl, p2, and p3 are adjustable parameters. 

The vibrational levels reported in this paper are 0, 4, 8, 
12, 16, and 18. All experiments were done under similar 
conditions and one rotational population distribution for 
each vibrational level is shown in Fig. 3. No error bars are 
shown, but the scatter of the population of successive ro- 
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FIG. 2. (a) Fortrat diagrams for the BaI C ‘IIsn-X ‘E+ Au=0 sequence. 
The vibrational assignment is indicated at the origin of each band. Three 
branches of the (4,4) band sharing the same upper levels are highlighted. 
In order of increasing wave number, the branch labels are Ps, Pst, Qs, Qst, 
Rl, and R,,. (b) On the right-hand side, SDLIF spectrum of BaI 
C *I18,*-X 2Z+ (4,4) R,, branch members, superimposed on the broad 
features caused by the BaI C*II,,,-X*P+ (6,6) and (7,7) Q2,, R, 
branches. On the left-hand side, monochromator transmission spectrum 
chosen to collect preferentially fluorescence from the BaI C211,,,-X 2E+ 
(4,4) P2, and Q2 branches. The optimized simulation (smooth solid line) 
is based on the fitting parameters (and lo standard deviations) pt 
=18573.39 (2) cm-‘,ps=18571.07 (11) cm-‘, andps=4.02 (2) cm-’ 
which correspond to a FWHM of 6.0 cm-‘. (c) Detailed view of the 
right-hand side of Fig. 2(b). The rotational quantum number, J, ranges 
from 177.5 to 396.5. 

tational states is indicative of the associated uncertainties. 
A clear trend can be seen from these data. The peak of the 
rotational distribution moves toward lower J values as the 
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through a fit5 in which the line profile of the two-photon Ba 
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3DZ-‘So transition is convoluted with the velocity distribu- 
tion to simulate the experimental Doppler-broadened Ba 00 

spectrum. HI is assumed to follow a thermal Maxwell- 
Boltzmann distribution with a temperature equal to that of 
the reaction chamber. The relative velocity distribution is 
then calculated by convoluting the one-dimensional Ba dis- 
tribution with the three-dimensional one of HI.13 Figure 4 
shows an example of all three distributions. 

FIG. 4. Velocity distributions for the Ba and HI reagents in a beam-gas 
experiment. The dotted, dashed, and solid lines represent the distributions 
for HI, for Ba, and for the relative velocity respectively. The latter peaks 
at590ms-‘andhasaFWHMof46Oms-‘. 
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FIG. 3. BaI(u) beam-gas rotational distributions for the vibrational levels 
shown. The solid lines correspond to best fit simulations as described in 
the text. 

Our results for u= 8 do not agree very closely with the 
earlier beam-gas work.4 The origins of this discrepancy can 
be traced to differences in the way the experiments were 
done and in the way the data were processed which arises 
from improved understanding of the spectroscopy. Noda 
et al. 4 scanned over the Pi2 branch, used considerably 
higher laser power which broadened the line profiles and 
increased overlaps, implemented a less refined measure- 
ment of the Ba beam velocity distribution, and relied on a 
limited number of measurements of the monochromator 
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TABLE I. Most populated rotational states, mean internal energy, spe- 
cific opacity function peaks and widths for the vibrational levels investi- 
gated. Values in parentheses are lo standard deviations. 

11 J Inal E,,, (kcal mol-‘) P” (A) U” (A) 

0 418 9.6 4.5 0.2 
4 286 7.1 4.23 (3) 0.36 (7) 
8 220 7.4 2.92 (3) 1.0 

12 150 7.9 2.52 (4) 1.53 (9) 
16 127 8.4 1.85 (3) 0.97 (4) 
18 106 8.9 1.2 (1) 1.3 (1) 

transmission spectrum. In addition, subsequent spectro- 
scopic studies” have improved our knowledge of the posi- 
tion of the branches used to collect the fluorescence and the 
ones that interfere with the observation. 

IV. SPECIFIC OPACITY FUNCTIONS 

The expression for the conservation of angular mo- 
mentum [viz. Eq. (3)] is central to the extraction of the 
specific opacity function, P,(b), from the rotational distri- 
bution, n,(J), for a vibrational level U. This treatment as- 
sumes that ( 1) the rotational angular momentum in the HI 
reagent, Jn,, is small relative to that in BaI (v), and (2) 
the orbital angular momentum of the products, L’, is also 
small relative to the rotational angular momentum of BaI 
(u). The first condition is readily met because at room 
temperature 92% of the HI molecules have JHI values less 
than or equal to 8. The second condition can be justified 
from energetic considerations. The Ba+HI reaction is 
slightly exoergic’ (7.3 f 2.0 kcal mol- * ), and the average 
collision energy is 3.1 kcal mol-’ with a FWHM of 4.0 
kcal mol-‘. The available energy that can appear as prod- 
uct relative translation and BaI rotation is 10.4h2.6 kcal 
mol-’ for BaI (v=O) and 1.6A2.6 kcalmol-’ for BaI 
(u= 18). As seen from Table I, almost all available energy 
is channeled into internal energy of the BaI product for the 
vibrational states investigated. Hence, condition (2) is also 
met. For example, if 3 kcal mol- ’ is channeled into relative 
translational energy of the products, and a recoil impact 
parameter of 2 A is assumed, then approximately 15 +i is 
carried away in orbital angular momentum of the prod- 
ucts. Furthermore, the omission of Jnr and L’ is expected 
to make an average projection of zero on JBaI, assuming 
that these vector quantities are uncorrelated. Thus, the ne- 
glect of these small terms only has the effect of increasing 
the uncertainty in the magnitude of the reagent orbital 
angular momentum inferred from 1 JBaI I. 

In what follows, we try to find a form of P,(b) which 
when convoluted with the relative velocity distribution, 
f( ore.), will simulate the experimental n,(J). 

cs co 
n,(J) = s s 277~~,l~“(~lf(~,,l) 

0 0 

x&J-pv,,,b/+i)db du,, . (6) 
The conditions imposed on the convolution integral arise 
from the conservation of energy and angular momentum. 
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FIG. 5. Experimental and simulated BaI (u=4) rotational distributions 
and associated specific opacity function models. (a) Step function model: 
The only adjustable parameter was optimized to #(BaI) =80.20 (6) 
kcal mol-‘. (b) Constant product recoil energy (CPR) model: The only 
adjustable parameter was optimized to @(BaI) -E,,=75.38 (6) kcal 
mol-‘. (c) Truncated Gaussian model: The adjustable parameters were 
optimized to &=4.23 (3) A and 0,=0.36 (7) A, while #(BaI) was set 
to 78.1 kcal mol-‘. (d) Truncated Gaussian model with energy barrier: 
The adjustable parameters were optimized to &=2.79 (7) A and ub=2.0 
(1) A, while @(BaI) was set to 78.1 kcal mol-’ and the energy barrier 
was set to 2.6 kcal mol-’ (allowing velocities greater than 574 m s-’ to 
be reactive). 

Tests on the sensitivity of the data on the width of the 
opacity function were performed by considering two ex- 
treme cases. These tests were done on v=4 data and the 
results are shown in Figs. 5(a) and 5(b). 

The simplest model describing collisions is the hard 
sphere model. This model has been proposed to describe 
the total opacity function.15 Its functional form is 

P(b) =~(b,,,-b), (7) 
where H(x) is the Heavyside (step) function and the lim- 
iting value for the impact parameter, b,,,, is determined 
through energy conservation calculations.3 

A nonlinear least-squares fit was performed on the BaI 
(u=4) data set with the bond dissociation energy of BaI, 
@(Bar), as the only adjustable parameter. The limitations 
of the model become apparent in Fig. 5(a). A narrower 
range of impact parameters is required to describe the data. 

Noda and Zaret6 in a theoretical approach to the same 
reaction proposed a constant product recoil energy model 
(CPR). In this model the value of the impact parameter is 
calculated based on the solution of the simultaneous equa- 
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FIG. 6. Specific opacity functions of the Ba+HI reaction for the forma- 
tion of BaI in the vibrational levels shown as derived from the data shown 
in Fig. 3 and explained in the text. 

tions for the conservation of energy and angular momen- 
tum. A fit was performed using the same data with con- 
siderable success [see Fig. 5(b)]. The fact that the 
simulated rotational distribution was narrower than the 
experimental one suggested that a small but finite spread in 
the opacity function would improve the simulation. 

A more sophisticated model was the so-called “trun- 
cated Gaussian” model which had been tried before.3 The 
general form of the opacity function was a Gaussian which 
was truncated by the energetic limitations: 

p,(b) =exp[ -i (~)2]HLb,,(u,) -61, (8) 
where 8, and o, are fitting parameters different for each 
vibrational level u. No scaling factor has been included 
because all data are relative population distributions. The 
results for u = 4 shown in Fig. 5 (c) indicate a good agree- 
ment between the experimental data and the simulation. 

A “static” energy barrier of 2.6 kcal mol-’ has been 
proposed in the past.17 In an attempt to improve the fit 
further and test the existence of an energy barrier, all col- 
lisions occurring at energies less than 2.6 kcal mol-’ were 
considered nonreactive. The results shown in Fig. 5 (d) 
indicate that no improvement was achieved with this ad- 
dition. Thus, all rotational distributions were fit by using 
the simpler model in Eq. (8). 

In an initial fitting procedure, (T, in Eq. (8) was set 
equal to 0.2 A for all v. The v=4 data gave a good fit, but 
for higher u values the simulated distributions were nar- 
rower than the experimental ones. The calculation for v=O 
could not simulate the sharply peaked experimental distri- 
bution. cr, was allowed to increase for higher u values until 
the simulations matched the data. The results are pre- 
sented in Table I and in Figs. 3 and 6. 

For high vibrational levels, the whole form of P,(b) is 
reactive, whereas for low vibrational levels a section on the 
high-b side is truncated by energy limitations. This state- 
ment is not made a priori, but is based on the trends seen 
in the rotational distributions. The decrease in rotational 
average energy is not matched by an equal increase in vi- 

brational energy as higher vibrational levels are considered 
(see Table I). Two different explanations are possible: ( 1) 
recoil energy is higher for higher product vibrational 
states; or, (2) the average energy in a reactive collision that 
leads to formation of low vibrational levels is higher than 
the collision energy that leads to formation of higher vi- 
brational levels. The latter hypothesis implies that different 
sections of the relative velocity distribution are reactive for 
different product levels. 

For the lowest vibrational level, some mechanism 
needs to be assumed that truncates a large, low-velocity 
section of the relative velocity distribution to explain the 
unexpectedly high rotational excitation observed. A static 
activation energy barrier is not confirmed by the other vi- 
brational level distributions. A centrifugal barriert3 is a 
more plausible explanation, but the fit is not very satisfac- 
tory. It is very interesting to note that the BaI (v=O) 
rotational distribution generated under beam-gas condi- 
tions is similar to that seen under crossed-beam condi- 
tions,3 where the average relative velocity was much 
higher, approximately 950 m s-l compared to 590 m s-‘. 

No satisfactory explanation can be given for the (un- 
expectedly) high rotational excitation of BaI (v=O). In 
any event, the data confirm that BaI (v=O) is formed 
under beam-gas conditions at impact parameters that are 
at least as high as those determined in the crossed-beam 
studies.3 This argument was the underlying spirit in the 
construction of Fig. 6. For v>4, the opacity functions 
shown are determined from beam-gas experimental data 
and that for v=O from crossed-beam data. 

The earlier work4 on u=8 had shown a similar trend 
for the shape and the position of Ps( 6)) although the spe- 
cific results differ for reasons outlined in the previous sec- 
tion. 

Using a LEPS potential for the BaIH surface, Zhao 
and Zare carried out quasiclassical trajectory calculations 
for this reaction.‘* Among the conclusions reached, P,(b) 
is found to be a narrow function of b and to overlap neigh- 
boring vibrational levels. Moreover, P,(b) is unimodal 
with the b value of the peak decreasing with increasing u, 
so that the P,(b) functions form a nested set. The results of 
the present study are in qualitative agreement with this 
simulation. 

V. CONCLUSIONS 

Beam-gas experiments do not provide very narrow rel- 
ative velocity distributions or product state distributions. 
Yet, rotational population distributions, n,(J), recorded 
for BaI( u=O, 4, 8, 12, 16, 18) show remarkable trends. As 
v increases, n,(J) changes from a sharply peaked function 
at very high J values (e.g., J=438) for v=O to a broad 
distribution with a maximum near J= 100 for u= 18. 

The corresponding specific opacity functions are not 
very well determined, but reflect a similar trend. PO(b) is a 
function sharply peaked at the energetic limit of the system 
with b=4.5 A. At higher vibrational levels, P,(b) becomes 
broader, more symmetric, and its peak value decreases. 
The implication is that the vibrational state in which BaI is 
formed is determined primarily by the impact parameter of 
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the collision between Ba and HI, although the collision 
velocity and the orientation angle are expected to have 
some effect. A 1: 1 mapping is found in which reactive col- 
lisions with large impact parameters correspond to BaI 
product in low states of vibrational excitation. This map- 
ping becomes less faithful for higher vibrational levels 
where the specific opacity functions overlap extensively. 

Seen from a different perspective the present study pro- 
vides a measure of atomic and molecular sizes. The appar- 
ent size of a Ba atom approached by a HI molecule is a 
function of the vibrational state BaI that will be formed. 

The impact parameter values found can be compared 
with the equilibrium bond length of BaI, viz. 3.08 A, which 
remains largely the same at the vibrational or rotational 
levels under consideration. Clearly, the reaction starts tak- 
ing place well before Ba and I have reached their final 
configuration. 

This study has exploited the extreme case of a kine- 
matically constrained system to deduce the nature of the 
specific opacity function. Additional work is needed to elu- 
cidate the character of the reaction barrier and its relation 
to product vibrational states, to provide an explanation for 
the unexpected behavior of the BaI (v=O) rotational dis- 
tributions, and reveal the dependence of the reaction prob- 
ability on the relative velocity. Such detailed information 
should become available from crossed-beam studies of the 
same reaction. The same technique should also be applica- 
ble to less kinematically constrained reactions to uncover 
the hidden role of the impact parameter in a chemical 
reaction. 
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