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ABSTRACT

Wave packet calculations modeling vibrational predissociation in X2BC(v") van der Waals clusters are discussed. A
model involving three active degrees of freedom is used. Cluster lifetimes-and BC vibrational product distributions are
obtained, and compared with available experimental results for He2Cl2, and NepCly. Some preliminary results for Heal2
and Neal are also discussed. Mechanistic issues, including the role of direct versus sequential mechanisms in leading to
the production of 2X + BC are addressed, as well as the role of intramolecular vibrational relaxation (IVR). Higher
dimension extensions of the model are suggested.

1. INTRODUCTION

The spectroscopy and dynamics of XBC van der Waals (vdW) complexes, where X is a noble gas atom and BC
denotes a halogen molecule, have been extensively studied experimentally with the aid of supersonic jets and modern laser
technology.l'7 Often pairwise interactions are an adequate description of the potential energy, and relatively few BC
internal vibrational states are involved in the dynamics. Therefore reasonable empirical potential surfaces can be devised,
and accurate quantum dynamics calculations can be performed. It is extremely rare in chemistry for this to be the case!
Thus XBC systems offer unique opportunities for comparison of theory and experiment, and for studying certain dynamical
effects, such as interference effects,2=+> and the role of intramolecular vibrational relaxation (TVR).1:6.7 Such effects are
important in dynamics of covalently bonded systems, but are often difficult to isolate or study in any unambiguous manner.
The larger vdW clusters X,BC, withn > 1, have also been of interest.8-18 Even for small n, the X,BC systems can offer
a much richer dynamics than XBC systems. Unfortunately, theoretical calculations become significantly more difficult
when four or more atoms are involved. In this paper I review recent wave packet calculations!8 that model vibrational
predissociation of the n = 2 clusters,

X2BC(v) — 2X +BC(vg<V) , (¢Y)

corresponding to HeaCly and NeyClz , and also present some preliminary results for Heplp and Neply . The theoretical
results are contrasted with available experimenta! results.3-11:17 Experiments typically involve creation of ground
electronic and vibrational state complexes in a supersonic jet and optical laser excitation to "pump” an electronically
excited state (the "B" state) . The pump frequency is chosen such that X2BC on the B state has, effectively, v' quanta of
excitation in BC, and zero-point energy in the vdW modes. The fragmentation dynamics is determined exclusively by
motion on the B state, although it is common to probe this dynamics via absorption and or emission to other electronic
states. Early experimental work relied on spontaneous emission,3.9 whereas more recent work10.11,17 has employed
stimulated emission and absorption via application of a second "probe" laser pulse. Real-time experiments, wherein
pump-probe techniques are used to map out product populations as a function of time have also been performed on some
XBC and X2BC systems. 417

It is worthwhile to outline dynamical issues that arise in the Xp,BC systems of interest. The initial vibrational
excitations v' in BC are usually sufficiently large, and the dynamics is generally dominated by relatively small vibrational
quantum number differences V' - vg. This means that no appreciable amounts of X + XBC(v) products can occur, because
the triatomic complexes XBC(v) are all metastable and eventually decay to X + BC. Itis possible to form X3 + BC
products, although experimental and theoretical evidence suggest that this channel is not extremely important. Levi's
group has carried out pioneering work®9 on the Hegl2 and Ne2lz systems, among many others. In the case of
Hesla(v'=22), the vg = v'-1 product channel is most likely open, i.e. the energy difference between v' and v'-1 BC
vibrational states is greater than the energy required to expel both He atoms, but the primary I2 products observed are in Vg
= v'-2. This and other e+ ‘ence led Levi and co-workers to suggest that a sequential mechanism
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X9BC(v) = X + XBC(v-1) = 2X +BC(v'-2) )

is operative, and that there is little correlation between departure of each X = He atom. They observed a different situation
for Nealy(v'=21 or 22), with significant amounts of v'-3 product being present in addition to v'-2 products. (The v = v'-1
channel is closed for Nesl, at these levels of v' excitation.) This suggested a more complex dynamics occurs with Ne2ly,
with more correlation between the two Ne atoms. Recent real-time experiments from Zewail's group!” have in fact
suggested that IVR effects may be present in Nel , e.g. that certain internally excited intermediates may have to be
invoked to fully understand the dynamics. Janda's group has carried out experimental studies!®11 on He2Cly and Ne2Cly.
It was shown that He2Cly is extremely floppy and perhaps already in a kind of "quantum liquid” limit. Some aspects of
the HepCl7 vibrational predissociation dynamics were also revealed: as with the earlier Heal2 work, almost all the BC
products corresponded to vE = v'- 2, consistent with a sequential fragmentation mechanism in the excitation range 8<v <
13 studied. A similar excitation range was studied in NeaCly, and for the lower v' excitations both v' 1 and v'-2 products
were observed, consistent with competition between direct and sequential mechanisms. As v'increases, the v'-1 channel
closes, and only v'-2 products are seen. These results again point to X = Ne systemns being more dynamically complex than
the X = He case, although in Ne;Cly, at least for the v' excitations examined, there were no signs of IVR effects.

Section 2 below presents the theoretical model and computational details. Sec. 3 discusses results obtained by Le Quere
and Gray!8 for HepCly and NeaClp, and Sec. 4 presents preliminary results for Hepl2 and Neglp. Sec. 5 summarizes.

2. THE MODEL AND COMPUTATIONAL DETAILS

2.1 A three degrees of freedom model

It is not practical, for the cases of interest here, to carry out full dimensional wave packet calculations. Instead, a
reduced dimension model involving three degrees of freedom is employed, as schematically outlined in Fig. 1. The active
degrees of freedom are Ry = distance of one noble gas atom to the center of mass of BC, R = distance of the other noble
gas atom to the center of mass of BC, and r, the BC internuclear distance. The X atoms are restricted to motion within a
plane perpendicular to and passing through the BC center of mass and the angle 8 between the Ry and Ry vdW bonds is
taken to be fixed. The main advantage of this model is that 2X + BC ard X + XBC continua are easily identified and treated.
Thus, mechanistic issues involving direct and sequential mechanisms can be addressed. Similar models (but with less
restrictions) have been used by Villarreal and co-workers in approximate quantum and quasiclassical trajectory work.13-15

Fig. 1 Schematic diagram of the model. The active variables are R,
R and r, with @ held fixed at an appropriate equilibrium value.

A reascnable Hamiltonian to employ is:
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with masses |l = my(mg+mc)/(my +mg+mc), m = mgme /(mg+me). Py, Py, and p are momentum operators
associated with the coordinates Ry, Ry, and r, respectively. Eq. (3) is a simple generalization of the local mode
Hamiltonian employed in studies of triatomic molecules 19

The potential (associated with the B electronic state) is assumed tc be a sum of atom-atom Morse interactions,
VR,Rz.1) = Y Vi Ry (42)
ab
V(R,,) =Dy, [22 = 22], z = exp[-a,, (R, —RH)] (4b)
with the R,, being functions of Ry, Ry, r (and depending parametrically on 8) as determined in a straightforward manner

by the geometry of the model. The equilibrium value 8 =~ 50° is used for all four X;BC systems. The relevant Morse
parameters are presented in Table 1.

Table 1. Atom-atom Morse potential interactions(®)

ab Dap/cm’l o /a.u. c/a.u.
Clp 3145 1.245 4.5612
I 4600. 0.9583 5.6955
HeCl 14 0.8467 6.8030
NeCl 39 0.9525 6.9920
Hel 18. 0.6033 7.5589
Nel 425 0.8100 7.5589
Hej 7.61 1.1250 5.5993
Nej 294 1.1049 5.8412

(@) Cly and XCl parameters from Ref. [5]; Iz parameters from Ref. [7];
He; parameters from Ref. [14]; Nez parameters from Ref. [15]; Hel
parameters from Ref. [20]). The Nel parameters have been chosen
to describe the spectroscopy and dynamics* of Nely .

2.2 Metastable states, propagation, and absorption

The coordinate space represeniation of the Hamiltonian operator Eg. (1) is obtained with the replacements
P,=-ihd/0dR, and p=—ikd/dr, and the time-dependent Schrodinger equation is given by

-Q-\P(erRZ’rst) = _}E\{I(RHRZ’rtt) ) (5)
at R

with ¥(R,,R,,T, 2 dR,dR, dr being interpreted as the probability the system is within the volume element
(dR,, dR,, dr) about (R,, R,, r) at time t. It is necessary to specify an initial condition ¥(t=0) and to solve Eq. (5)
subject to this condition, i.e. to propagate ¥(0) in time.
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The initial conditions are chosen to be metastable states obtained by carrying out a small diagonalization of H in a

bound state basis. A similar procedure has been employed in XBC wave packet work.57 Let <r|v> = %y (1) denote a set
of BC Morse oscillator vibration states, and <Rj,R21n1,n2> = @, (R;)®,, (R;) denote a set of zero-order vdW stretching
states. (Harmonic oscillator states are used for the vdW stretches in these calculations.) Diagonalization of the vibrationally
adiabatic Hamiltonian Hy' = <v=v' | H 1 v=v'> in the In1,n2> basis, i.e. diagonalization of <nj,n2 | Hy' I ny,ny> leads to a
set of vdW stretching states associated with v=v'. The metastable state that corresponds to v = v' quanta of excitation in
BC and zero-point in the vdW stretches, the lowest vdW state in the v' manifold, is the particular metastable state that is
propagated, since it corresponds to the kind of state assessed in experiments. Small Hamiltonian matrices, typically of
dimension 25 by 25 are suitable for the determination of this metastable state.

Propagation is carried out in a stepwise fashion, and may be denoted as:
Y[kt] =exp(-iHt/R)P[(k-D1] , k=1,2,..., (6)

with T being a suitable time step. The major computational effort lies in evaluating the exponential operator in Eq. (6). A
Lanczos procedure is used.2! This can be thought of as involving, per time step, M acts of the Hamiltonian operator on the
current wave packet, which effectively allows an accurate representation of the exponential operator (over the time interval
of interest) to be constructed.  Actually, I employ two iterative equations for the real and imaginary parts of the wave
packet that are completely equivalent to Eq. (6), and use the Lanczos procedure to evaluate the operator actions in these two
equations. This procedure is twice as efficient as applying the Lanczos method directly to Eq. (6). See Ref. [21] for details.
Typically, t = 10 fs, and M = 15 in this work, and propagations of duration not more than 30 ps are adequate for inferring
all relevant quantities. The structure of the problem is such that the wave packet is most conveniently expanded as

YRy Rynt) = D Cy(R, Ry, 0 % (0) W)

where the sum is restricted to a small number of BC vibrational states. Three vibrational states (v = V', v'-1, v'-2,v v'-3) are
found to be adequate when relatively low initial excitations v' < 13 are studied, and four (v = v', v-1, v'-2, v'-3, v'-4)
vibrational states are suitable for calculations in the range 14 < v' < 21. An evenly spaced square grid in Ry and Ry is
employed, with each vdW bond vector being given by Ro + (i-1) AR, i= 1,2, .., NR. Typical grid parameters are those
employed in the NeaClj calculations: AR = 0.25 a.u.,, NR = 128, and R, = 4 a.u. Depending on the X2BC system studied,
slightly different Ry and AR values must be employed owing to small differences in potential ranges.

Unfortunately, wave packet amplitude can approach the borders of the (Rj, Ry) grid. When this happens, it can be
reflected back into the interaction region and thus lead to errors. To minimize such artificial reflection effects it is necessary
to absorb wave packet amplitude. A convenient approach, which has proved adequate in earlier studies of XBC vdW
systems,>’ is to absorb the Cy amplitudes according to :

C*(R;.R,,)=2(R,)a(R,)C, (R,,R,.t) , (8a)

with
a(R;) = exp[-a(R;-R,)?] , R,<R;<R,
= 1 , Ri < Rl . (8b)

Rm =Rp + (NR-1) AR is the maximum Ry or R3 grid point, and Eq. (8) corresponds to reducing wave packet amplitude
between R, and Ry, along both vdW bonds. It is not necessary to absorb every time step T. A natural time scale to absorb
is provided by the classical vibrational period 7.;,(v") of a BC molecule in vibrational state v'. Typically, T, (V') ranges
between 0.2 to 0.4 ps. Thus, Eq. (8) is applied every 1,,(v')/ T = 30 time steps. It is necessary to verify that the
parameters used to define absorption ( R, and o) do not significantly alter the observed dynamics (e.g., calculated lifetimes
and product distributions). Typical absorption parameters are those used for Ne;Cly , R;=20a.u. and ¢ =0.2 a.u.



2.3 Resonance energies, lifetimes, and product distributions

The wave packet correlation function, S(t) = (‘P(0)I'¥(t)), can easily be computed, and when properly analyzed

leads to the resonance energies and lifetimes of interest. In fact, even if the duration of the propagation is less than a typical
lifetime, it can sometimes be possible to extract out the relevant information. The basic idea is to fit S(t) to resonance form,

Sea() = D Doy OXP[-i(Epey =il /DL/AY ©

where bres , Eres , and I', are considered to be fitting parameters. Actually, as stated this is a very difficuit nonlinear
least squares problem. However, I have recently shown?! that a rather old method of spectral analysis known as Prony's
method is ideally suited to this problem. Prony's method reduces the nonlinear least squares problem to two (sub-optimal)
least squares problems, and leads to stable results. When metastable states are employed as initial conditions so that one, or
at most a few resonances dominate the correlation function, excellent estimates of the resonance parameters resuit. In the
present calculations, for example, propagations of duration one quarter or less of a typical lifetime (# /T ) have been
found to be adequate.

In XBC vibrational predissociation problems, the groduct distributions associated with internal BC product states can
be computed in a relatively straightforward manner.° Unfortunately, difficulties arise with the corresponding X7,BC
problem. For simplicity, I restrict attention to the overall wave packet probability distribution, i.e. no attempt to construct
energy resolved probabilities is made. Actually, because of the relatively narrow spreads of the wave packets, typically
much less than resonance energy spacings, there is not much difference between these probabilities and energy-resoived
ones. Imagine dividing the (R,R7) configuration space up into the regions I, P and C as indicated in Fig. 2. Regionlisa
general interaction region associated with XoBC complexes; region C corresponds to configurations more appropriately
termed X + XBC complexes, with one vdW bond significantly larger than the other; region P corresponds to the 2X + BC
product region. The parameters R, , Ry, and R, are defined by the grid and absorption properties discussed in Sec. 2.2.
The parameter R is taken to be about 2 a.u. greater than the last classical outer turning point associated with the highest
lying XBC vdW stretching state. For NeoCly, R. = 15 a.u.

R

C
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Ro Ra R-m
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Fig. 2. Schematic diagram of the grids used to define the interaction region (I),
X + XBC complex region (C), and 2X + BC product region (P).
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It is relatively easy to define vibrational state probabilities PD associated with the D regions. One coulid imagine

integrating the wave packet flux that crosses the relevant boundaries indicated in Fig. 2. Alternatively, one could explicitly
accumulate vibrational state probability inside the D regions, allowing for the fact that some probability is absorbed every

T,(V) time units. As shown in Ref. [22], a suitable expression for PD (t) is:

PP (ty) = (Cy(t,)ICY(t,))p +

> {eap-aap

where D =1, P, or C, and t; = jt,;. The Dirac bra-kets on the right-hand side of Eq. (10) are understood to be

integrations over R and R that are limited in range to region D. The terms in the sum in Eq. (10) keep a quantum
mechanically correct tabulation of probability lost due to absorption.

cv(t,-)—-c:(t,.))D+2Re(C:(:j)|cv(:j)-c:(:j))D} , (10)

Consider a propagation of a metastable state corresponding to X2BC(v') , and assume that asymptotic (t — oo)
product distributions have been estimated. A caiculation with finite grids and absorption yields, in addition to finite
P? (), finite asymptotic probabilities PS (o) associated with X + XBC(v). This occurs because XBC lifetimes are
typically twice as long as X2BC lifetimes, i.e. in practical calculations some X + XBC density will be absorbed before it has
had time to reach the 2X + BC limit. If a hypothetical infinite time calculation could be performed with infinite grids, and
no absorption in the X + XBC channels, then all amplitude will eventually go into some appropriately extended form of
region P, because XBC is not stable for the accessible vibrational states. Let P, be the "true" asymptotic probabilities in

region P associated with this hypothetical calculation. The calculated probabilities PP (es) must be underestimates of the

P,, owing to the fact that the PC () are non-zero. Wave packet density in region C corresponds to X + XBC(v).
Neglecting interference effects between the regions, reasonable estimates of the P, can be made on the basis of the

dynamical properties of XBC (v)— X + BC . Consider wave packet density in region C corresponding to X + XBC(v =
v). Actually, due to the relatively narrow energetic spreads of the wave packets and energy conservation arguments there is

generally only a very small amount this. ~ Suppose one could estimate the fraction QS of this density associated with

quasibound XBC(v') complexes, i.e. complexes also associated with quantized vdW stretching motion. Separate 2D
quantum calculations have been performed to show that ail possible v' quasibound triatomic complexes decay

predominantly (with probabilities > 90 %) to X + BC(v'-1). Thus QS Pf,:- (e0) is a contribution to Py'_;. The remaining (1
- QS) fraction in the v' channel can be associated with direct scattering , i.e. processes that do not change v and lead to X

+ BC(v). Thus, (1- Q%) PS (oo) represents a contribution to P,_;. The above arguments may be repeated for wave

packet density in region C corresponding to XBC(v'-1) and XBC(v'-2). Assuming the wave packet is expanded in terms of
just three vibrational states (v', v'-1, v'-2) one then has the following estimates for P, :

P, = P}(e) + (1-Q5)PS ()

P, = P_j(e)+ Q¥ PG () + (1-Q5_1) PG ()

P, = PL_y(e)+ Q5 PS_ (e0)+ (1-QF ) PG _; (o)

Py = QUPS (). (1)

Notice this procedure provides an estimate of probability associated with the v'-3 channel, although this channel is not
explicitly included in the propagation imagined. A straightforward generalization of Eq. (11) is used for calculations that
explicitly include four vibrational states in the wave packet expansion.

The Q¢ can be estimated by carrying out metastable state calculations on the 2D T-shaped problem, obtaining the
various triatomic metastable states and then projecting them onto the wave packet near region C. For our purposes, the

S F)



triatomic metastable states may adequately be approximated by y,(R)%, (r), where (y,(R) , s = 0,1,..} is a (finite) set of
Morse oscillator functions corresponding to a Morse oscillator fit to the triatomic T-shaped potential for XBC. Let
¥,(R,,R,) denote a normalized cut of the full wave packet corresponding to vibrational component v near region C. For
example, at some suitable timet, Cy(R1,R2,t) , with R] between R¢ and Ra , and R7 between Ro and R¢ , could be taken
as being proportionate to ¥, (R,,R,). Then

Ra R¢
Qs gzs R¢ dR‘|JROdRzW’(Rl)\Pv(RIsz)I2 . (12)

Since my concern is with obtaining rough (e.g., within 10 %) estimates of the product distributions, the approximate
approach outlined has proven to be satisfactory.!8

An additional difficulty in estimating the product distributions is encountered for cases with long lifetimes owing to
computational difficulties in propagating the wave packets to an eifective t — oo limit. One can, however, take advantage
of the fact that, as in XBC vdW systems,’ it is essentially short-time dynamics that determines the form of the product
distributions. This is easily seen in practice by noting that the re-normalized asymptotic region probabilities for regions P
and C, PE(t)/N(t) and PS(t)/N(t) with N(t) = £y [PF(t)+PS(t)], onverge to at least two significant figures by times
significantly less than the lifetime, e.g., typically by one quarter of the lifetime.

3. RESULTS

3.1 HezCly and Ne2Clp

Le Quere and Gray!8 have carried out extensive calculations for the HezClz and NezClp systems in the vibrational
excitation range 7 < V' < 13 with the model outlined above. I will therefore discuss just a few representative results.
Table 2. lists resonance properties and product distributions for several v' excitations in HezClp. Rather than report the
resonance energies Eres, Table 2 displays the vdW bond energy Do = Ey' - Eres, where Ey' is the energy of an isolated
BC(v") molecule.

Table 2. Wave packet results for HeaCla(v')

v' Do/ cm-! T /DS Py vl v'-2 v'-3

8 325 45.0 0.04 [0.08] 0.91[0.92] 0.02
10 32.5 22.6 0.04 0.90 0.03
12 324 11.9 0.04 0.89 0.05

(a) Results in square brackets correspond to experimental estimates from Ref. [10].
(Due to energetic spreads in the wave packets, there is also a small probability of
forming v' products, which I do not list.)

D, is the energy required to break both vdW bonds. Unfortunately, there is no experimental information available for
either D, or the lifetimes. Since the amount of energy available from just a one vibrational quantum change in BC, Ev' -
Ey.1 = 140 cm1, there is more than enough energy to break both bonds and thus form vg = v'-1 products. However,
Table 2 shows that = 90 % of the products correspond t0 a two quantum change in BC. These results are thus consistent

with experiment.10 One may analyze the contributions to Py.2 in Eq. (11) and deduce that theQ$._, P§_; () term is



largely responsible for the large magnitudes of v'-2 products, which points to the sequential mechanism Eq. (2) being
dominant.

Inspection of the wave packet also shows this clearly, i.e. one sees almost no wave packet amplitude associated with a
direct fragmentation process. For example, Fig. 3 below displays contours of the reduced wave packet density

p(R,,R,.t) = fdr I¥(R,,R,,r, ), (13)

3.0 8.0 13.0 18.0 23.0
R1 /a.u.

Fig. 3. Contours of the reduced density for HeaClp(v'=12) at t = 2 ps.

att =2 ps for the v' = 12 propagation. Wave packet density is strongly peaked in the interaction region consistent with the
initially prepared HepCly(v'=12) metastable state. Contour levels corresponding to small amounts of wave packet density
are evident in the two X + XBC channels. There is some density in the 2X + BC limit as well, although it is quite small
(less than one percent of the total density) at this time. It is possible to analyze the density and discover that almost ail
density in the X + XBC channels corresponds to XBC(v'-1) triatomic metastable states with zero-point energy in the vdW
stretch. These states (eventually) decay with almost unit probability to v'-2 states and so Fig. 3 is the quantum mechanical
representation of the sequential dynamics mechanism Eq. (2).

Table 3 presents some results obtained for NepClp, and contrasts them with available experimental information. The
vdW bond energy and lifetimes are in surprisingly good accord with experiment, given the obvious limitations of the
model. The product distributions for v' = 10 and 12 are also in good accord with experiment. However, in this case it is
clear that the vdW bond energy is such that the v'-1 product channel is closed for v’ > 10. This means that if energy-
resolved probabilities were determined corresponding to the resonance energy, there would be no probability of forming v'-1
products. There is a small amount of v'-1 probability in Table 3 only because the wave packets have a small energetic
spread. Therefore, the fact that v'-2 products dominate for v' = 10 and 12 is not too surprising. In this regime, there is also
good agreement with experiment. However, the v' = 8 product distribution inferred from the model is very similar to the v'



=10 and 12 results (émd the He,Cly results above). The model predicts a sequential mechanism is operative even when the
v'-1 channel is open.

Table 3. Wave packet results for NeClp(v')(a)

v Do/ cm! To/PS? Py V-1 v'-2 v-3

8 152 139 [124] 0.04 [0.5*1 0.91[0.5%] 0.02{0.0]
10 151 50 [62%] 0.04[00] 090(1.0] 0.03[0.0]
12 151 19 [21*] 0.04 [0.0] 0.89 [1.0] 0.05 [0.0]

(a) Results in square brackets correspond to experimental estimates from Ref. [11].
An asterisk (*) indicates that I interpolated the result on the basis of the data in
Ref. [11]. An experimental estimate!! of =~ 147 cm-1 has been reported for D,

Experiment in this limit, however, yields a different result, with at v' = 8 roughly equal amounts of v'-1 and v'-2 being
present. (The v' =8 "experimental” distribution in Table 3 is an interpolation of results given in Ref. {11] forv'=7and9.)
Furthermore, if v' =7 is considered (not shown in Table 3) one finds still = 90 % of the products are predicted to be in v'-
2 with the model, whereas experiment shows only = 20% are in v'-2, with =80% being in v'-1 instead. The failure of the
model for low levels of vibrational excitation in Ne2Cly has been attributed to neglect of  variation (see Fig. 1).18 It was
shown that just slightly smaller 9values than equilibrium can enhance the v'-1 product channel. This happens through
increased Ne..Ne interactions and thus an enhancement of a direct fragmentation mechanism involving essentially a
simultaneous departure of both Ne atoms with only a one quantum loss from Clp. This effect is less important in He,Cly
because of the generally weaker He...He interactions (see Table 1).

3.2 Hezlz and Nezh

I have just started to analyze these systems, and will outline here a few preliminary results. Wave packet calculations
for He,lp(v'=22) have been performed. As with all previous X = He results, the dynamics was found to be sequential with
Py.1 = 0.01, Py'g = 0.93 and Py+.3 = 0.06. These results compare surprisingly well with experimental results from Levi's
group:8 Pyr.q =0.015, Py.2 = 0.94, and Py' 3 = 0.044 | This excellent agreement must be a partly fortuitous but nonetheless
is encouraging. The lifetime for Hepla(v'=22) was determined to be 19 ps. No experimental result is available for
comparison. A calculation was performed for HezI2(v'=12), which led to a longer lifetime of 65 ps, but a similar product
distribution.

The Neglp(v') system proved to be more interesting. A wave packet propagation of a Neylp(v'=21) initial state led to
significant amounts of vg = v'-3 products. The largest vibrational state probabilities were estimated to be: Py2 = 0.1,
Py.3 =0.8,and Py4 =0.1. Ina quantitative sense, these results do not compare favorably with experimental results from
Levi's group? that indicate the v'-2 and v'-3 channels are about equally populated for v' = 21 predissociation: Py'.2 = 0.55,
Py.3 =041 and Py'4 =0.04. However, qualitatively the model is correctly predicting significant amounts of v'-3 products,
which is inconsistent with the sequential mechanism Eq. (2) that might be expected to be operative. Another important
feature (that may partly explain the quantitative discrepancies between theory and experiment) to note is that the dynamics
is now strongly dependenton v'. A wave packet calculation for v' = 16 did yield v'-2 and v'-3 products in nearly a 50:50
ratio and a calculation for v' = 12 led to the old picture of sequential dynamics, with over 90% of the products being in v'-2.
The trend towards a sequential mechanism with decreasing v' is also indicated by the (limited) available experimental data.?
Therefore it may be that small variations in potential parameters and/or inclusion of certain zero-point effects due to
bending motion may shift the theoretical results into better accord with experiment. I should also note that Levi's group
determined a lifetime of 99 ps for the v' = 12 case, which compares well with my theoretical estimate of 90 ps based on
Prony analysis of the v' = 12 correlation function.
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What makes NealIa(v") behave so interestingly in the v' =21 range? Analysis of the wave packet correlation functions
shows that the wave packets actually contain contributions from at least two resonances in this range. Plots of the
vibrational state probabilities also show that the v' and v'-1 total probabilities (i.e., summed over all regions D in Fig. 2)
oscillate in a correlated manner. This all points to an IVR phenomenon, akin to that seen in ArCl; 6 and Arl;.7 Individual
resonances that normally contain zero-point motion in the vdW degrees of freedom and v' quanta of excitaticn in the BC
part turn out to become more mixed when v' =21 and contain noticeable amounts of v'-1 character too. This arises from
certain zero-order degeneracies between excited vdW states in the v' - 1 manifold and the usual metastable state
corresponding to zero-point vdW excitation in the v' manifold. The result is at least two resonances that are close to one
another in energy, with one being mostly (but not entirely) v' in character and another being mostly (but not entirely) v'-1 in
character. The initial metastable state, which is entirely v' in character, then overlaps with both resonances. Such
accidental degeneracies will also be very sensitive to v'. Interestingly, recent real-time experiments from Zewail's group!7
have also pointed to such possibilities. They have suggested the potential importance of Neqlo(v'-1) intermediates that
contain significant amounts of vdW symmetric stretching excitation. Such intermediates (via a sequential mechanism like
Eq. (2) but with all quantum numbers decreased by one) could yield the v'-3 products. It should be possible to analyze the
wave packets and ascertain the presence of intermediates of this type, and work is in progress along these lines. One aspect
that is clear from my analysis so far is that most of the v'-3 products do indeed arise from Ne + Nely(v'-2) type states, which
is consistent with the IVR picture,

4. CONCLUDING REMARKS

I have presented a three degrees of freedom model for X2BC vibrational predissociation, and outlined how to perform
wave packet calculations on this odel . The results of Le Quere and Gray!® on He;Cl and NexCl, were discussed, and
I also presented some preliminary sesults for Healz and Nejlp.

Despite HeaBC molecules being very floppy, their vibrational predissociation dynamics is adequately described by the
simple model that freezes the angle between 0 the two helium atoms and the center of mass of BC. A sequential
fragmentation mechanism is always operative. The relative weakness of He...He potential interactions is responsible for
these features.

Ne2BC systems offer a more complex dynamics experimentally. The NeyCly theoretical model results were not an
adequate description of the low v' excitation (v' < 10) experimental dynamics, although the v' > 10 dynamics was properly
described. The model severely underestimated the amount of v'-1 products consistent with a direct fragmentation of both Ne
atoms in the low v' limit. Le Quere and Gray!® have shown that small variations in © can lead to increased Ne...Ne
interactions and an enhancement of the direct mechanism product v'-1 channel. Clearly, these results suggest a four
dimensional model, explicitly including 8 as a dynamical variable should be developed and studied.

The NejIj results were interesting because of the occurrence of IVR resonances near v' =21. It is necessary to
characterize these resonances in greater detail, and work is in progress towards this end. The classical analogue of the IVR
resonances is a nonlinear classical resonance zone in phase space,20 so classical trajectory studies may also prove to be
interesteing. It may also be possible to find these resonances in Ne2Cly, but at slightly higher vibradonal excitations than
those studied here and in the experiments,!! Some preliminary calculations, in fact, suggest that similar resonances can
occur in NeoCly when v' = 15,
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