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Time-independent [Halberstadt and co-workers, J. Chem. Phys. 96, 2404 (1992); 97, 341 
( 1992)] and time-dependent quantum mechanical calculations that describe the intramolecular 
vibrational relaxation (lVR) of Ar" 'C12 are used to develop analytical models for this process. 
It is shown that time-resolved experiments should reveal an oscillatory dissociation rate. It is 
found that the oscillations will be different for different rotational levels, and may tend to wash 
out if insufficient state selection is achieved in the initial excitation step. This may explain why 
no such oscillations were observed for Ar'" 12, It is also predicted that the observed product 
state rotational distribution will change with the initially excited rotational state. 

I. INTRODUCTION 

Intramolecular vibrational relaxation (lVR) is a fun
damental radiationless process in the photophysics of iso
lated polyatomic molecules. 1.2 It takes place when a zero
order "bright" state (responsible for the photon 
absorption) is coupled to a quasidegenerate manifold of 
zero-order "dark" states in the same electronic state.3,4 
This mixing produces complicated absorption spectra and 
anomalous radiative lifetimes. Jortner and co-workers3,4 
have defined regimes of IVR as resonant, intermediate and 
statistical, depending on whether a single, several or many 
dark states couple with the bright state. They also note that 
coupling is largest when the difference between the bright 
and dark state quantum numbers is smallest. 

Usually, IVR is observed by studying the fluorescence 
of polyatomic molecules. One technique for studying IVR 
is the "chemical timing" technique5 in which only 
"prompt" fluorescence is observed due to fast collisional 
quenching. Such results were interpreted using the formal
ism of Freed and Nizan.6.7 The fluorescence intensity is 
proportional to the population of the zero-order bright 
state.6 When several eigenstates of the system are coher
ently excited, IVR in the intermediate and resonant cases 
produces an oscillatory behavior of the fluorescence as a 
function of time (quantum beats).3.4·6-11 From the analysis 
of those quantum beats it is then possible to determine 
energies and couplings of the zero-order states that are 
involved. Quantum beats in large molecule fluorescence 
were first observed by Zewail and co-workersl2 for anthra
cene and t-stilbene. They were able to observe the different 
regimes oflVR by varying the excitation energy. Similarly, 
Nathanson and McClelland used fluorescence depolariza
tion to study the role of molecular rotation in IVR. 13 

Van der Waals molecules provide particularly clear 
model systems for studying intramolecular relaxation be
cause of the natural separation between the "fast" intramo
lecular modes and the "slow" intermolecular degrees of 

freedom. Beswick and Jortner14 and EwinglS provided the 
theoretical framework for interpreting vibrational predis
sociation data. In particular, the energy gap law,14 and the 
momentum gap law1s have become common tools for the 
analysis of the dissociation rate in terms of molecular prop
erties. These laws apply to examples for which the initially 
excited quasibound state couples directly to the dissocia
tive continuum, and exponential decay of the excited state 
is observed. For van der Waals molecules in which the 
initially excited level relaxes via a sequential mechanism, 
IVR can lead to nonexponential relaxation of the excited 
level. Heppener et al. 16 first observed such a sequential de
cay in real time in their study of the Ar" 'C2N4H2 mole
cule. 

Van der Waals complexes formed by a diatomic mol
ecule Be and a rare gas atom are particularly interesting 
for studying IVR because of their simplicity for both the
oreticians and experimentalists. When the van der Waals 
interaction is larger than the spacing between two vibra
tionallevels of Be, IVR may compete with the direct cou
pling of the initial level to the dissociative continuum. For 
instance, for He'" 12, the dissociation rate changes 
smoothly with v, the 12 stretching quantum number, in the 
~v= -2 regime. 17- 19 This implies a direct coupling of the 
quasibound state to the dissociative continuum. In con
trast, the more strongly bound Ne' .. 12 molecule shows an 
erratic dependence of the resonance widths as a function of 
v, for v=28-34, due to the interaction of two "zero-order" 
quasibound levels.2o Ar'" 12 dissociates via a sequential 
~v= -3 mechanism. This has been studied in time inde
pendent experiments by Levy and co-workers,21 and in 
time-dependent experiments by Zewail and co-workers.22 

Gray23 performed time-dependent quantum mechanical 
calculations for this problem. Although nonexponential 
dissociation would be predicted on the basis of Gray's cal
culation, the experiment showed an exponential decay rate. 

It has been shown that the dissociation of Ar" 'C12 
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involves IVR in the sparse limit when it is excited to the 
V= 10 and 11 vibrational levels of the B electronic state. 1 

Highly structured product state distributions, that were 
different for each initially excited Cl2 stretching level,24 
initially provided evidence for such a process. Reference 1 
provides a time-independent quantum mechanical descrip
tion of the states and couplings which determine the dy
namics. Av= -2 dissociation of Ar" 'C12 is particularly 
well suited for studying IVR because the intermediate res
onance is well defined. In this paper we provide a time
dependent analysis of the Ar-CI2 result. In particular, we 
explore the implications of IVR for possible time
dependent experiments, and we examine the role of rota
tion in the dissociation dynamics. 

First, we examine the Ar" 'C12 dynamics in two di
mensions, where the complex is restricted to aT-shaped 
angular configuration. Time-independent and time
dependent quantum calculations are performed in this re
duced dimensional space to test the applicability of simple 
analytical models (similar to those commonly used to ex
plain IVR3,4,6-II) based on two zero-order bound states 
coupled to a continuum. Coherent excitation of the result
ing eigenstates leads to oscillations in the dissociation rate 
analogous to quantum beats in fluorescence. Second, the 
model is extended to three dimensions, and the role of 
rotational motion of the complex is explored. It is found 
that rotational excitation about the intermolecular axis has 
a pronounced effect on the product state distributions. 
However, the oscillatory behavior of the dissociation rate 
will persist if sufficient selection of the initial states is at
tained. The IVR models developed in this study should 
prove to be useful in discussing more complicated exam
ples such as Ar'" 12, 

The organization of the paper is as follows. In Sec. II 
the theory for the "exact" numerical calculations is out
lined. In Sec. III the application of analytical IVR models 
to van der Waals molecules is discussed. In Sec. IV we 
present two-dimensional time-dependent and time
independent numerical results for the dissociation of the 
Ar·· 'C12 complex frozen to its angular equilibrium geom
etry and three-dimensional time-independent numerical re
sults. The comparison with the analytical models is dis
cussed in detail. Section V is devoted to conclusions. 

II. THEORY 

A. Time-independent approach 

The formalism used in these calculations has already 
been presented elsewhere.25 It is reviewed here in order to 
facilitate the comparison with the time-dependent calcula
tions. In the framework of the first order perturbation the
ory for electric dipole transitions, the cross section for ex
citation of a system from an initial bound state \{Ii' with 
energy Ei , to a final continuum state, \{I fE' with the frag
ments in a particular state denoted by J, is given by 

4t?(E-E-) 
UI_;(E) = fzc I j(\{IIEj,A o ej\{li)j2 

(1) 

where e is the polarization vector and fur> the energy of the 
incident photon, and ,A is the transition dipole moment of 
the molecular system for the electronic transition being 
considered. \{I; is the nuclear wave function in the ground 
electronic state X of the complex, while \{I IE is the contin
uum wave function in the excited electronic state, and the 
usual Born--Oppenheimer separation is assumed. 

For triatomic systems of the type X' .. Be, \{I; and \{I IE 
are eigenfunctions of nuclear Hamiltonians of the form 

fil if 12 fil a2 f 
H = - 2m aRz+ 2mR2- 2/-l i.i?+ 2/-l?+ J7€(r,R,e), 

(2) 

where R is the vector which joins X and the center of mass 
of Be, r is the Be interatomic distance, and e is the angle 
between Rand r. In Eq. (2) I and j are the angular mo
mentum operators associated with Rand r, respectively. 
The total angular momentum is J=l+j. m=mXmBCI(mX 
+mBd and/-l=msmcl(mB+md are the reduced masses 
of the total system and of the diatomic fragment Be, re
spectively. Finally, J7€ is the interaction potential in a given 
electronic state, E. 

In the asymptotic region (R --+ (0) where the intermo
lecular interaction has vanished, the diatomic fragments 
are described by the product x~(r)ef~ (f,lh. x~ are "free" 
vibrational wave functions of Be, 

{ 
fild2 ) 

- 2/-l d?+ ~c(r) -Eu x~(r) =0 (3) 

and ef~ are rotational functions in the body-fixed frame 
with the z axis attached to R,26 

(4) 

M and 0 are the projections of the total angular momen
tum J on the z axis of the space-fixed and body-fixed 
frames, respectively. r=. (c/J,e) are the polar angles specify
ing the direction of r with respect to the triatomic body
fixed frame, while R=. (c/JR'()R) are the polar angles ofR in 
the space-fixed frame. nZo and YjO are the usual Wigner 
and spherical harmonics rotational functions.27 

The initial wave function \{I; is expanded as l ,25 

\{I;(r,R) = L L L a~jOn qJn(R)x~(r)e~~(f,R), (5) 
u jO n 

where qJn(R) is an adapted basis set to describe the R 
coordinate. Introducing Eq. (5) in the corresponding 
Schr6dinger equation and diagonalizing the resulting 
Hamiltonian matrix gives the eigenvalues E; and the coef
ficients a~jOn' 

The dissociative wave functions j \{I IE)' 
i=. (EJMOvj) , are also expanded as l ,25 

~ I E JM A A 

\{IIE(r,R;E) = £.. qJu'j'{l'(R;E)Xu,(r)ej'o,(r,R), 
v'j'fl' 

(6) 

where the coefficients qJ{, j'O' are solutions of the system of 
second order coupled differential equations 
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= - L (v"jo,v'J'o,(R) 
v'j'O' 

with the usual boundary conditions 

-ik. -.R 
e v J f JM A 

X Jk Xv,(r)ej'o,(f,R). 
V'}' 

In Eq. (7), the following notations were introduced: 

v,,}O,t" }'o,(R) =8oo'<X~ e~::-I V"(r,R,e) I e~~, X~,), 

<e~::-1121 e~~,) =8jj ,8ow [J(J+ 1) + j(j + 1) -2.0,2] 

(7) 

(8) 

-8}},8oO' ± 1 [J(J + 1) -0' (0' ± 1)] 1/2 

X [j(j + 1) -0'(0' ± 1)] 112, (9) 

The transition operator is expressed as 

vII "e= L (-1)P(e) _P D!~(<pR,eR,O)(vll)t(r,R,e,<p), 
~ (10) 

where (e) P and (vII) t are spherical components of e and 
~It referred to the space-fixed and body-fixed frames, re
spectively. 

Finally, the total cross section for photodissociation is 
given by 

(11) 

from which the final state distribution of the fragments can 
be calculated as 

(12) 

B. Time-dependent approach 

In a time dependent approach, the total cross section is 
given by28 

21T'(E-Ei) foo 
file -00 dteiEtlli(l{!(r,R;t=O) II{!(r,R;t», 

(13 ) 

where 

(14) 

I \{I(r,R;t» =e-iHtllil \{I(r,R;t=O». 

H is the nuclear Hamiltonian corresponding to the excited 
electronic state. 

The wave packet II{! (t» is expanded in the basis set 
defined in Eqs. (3) and (4) 

II{!(r,R;t»= L <p~jo(R;t) Ix~(r» le~::-(f,R» (15) 
v}O 

and the coefficients <p~jo(R;t) are solution of the system of 
first order differential equations 

( 
fila2 I 

-2m aR2+Bvj(j + 1) 'P~jo(R;t) 

+ L (8nn,Vv}O,V'j,n,(R) 
u'j'O' 

8 JJ,8vv' JM 2 JM I J 
+ 2mR2 (ejn II lej,o') 'PV'}'w(R;t). 

(16) 

The population of the different (v,j,O) channels as a 
function of time can then be expressed as 

which should go to zero as t grows infinite for closed chan
nels. The denominator in Eq. (17) is necessary because the 
wavepacket as defined in Eq. (14) is not normalized. 

c. Application to van der Waals molecules 

For van der Waals molecules the interaction potential 
in an electronic state denoted by € can be written as 

V"(r,R,e) = ~cCr) + ~(r,R,e), (18) 

where VOcCr) is the intramolecular potential of the chro
mophore and ~(r,R,e) is the intermolecular interaction. 
There is a natural separation between the fast intramolec
ular motion (in this case, the BC vibration) and the slow 
intermolecular motions (van der Waals stretch and bend). 
Therefore, the following diabatic basis set is well adapted 
to these systems. The intramolecular diatomic mode is de
scribed by X~( r) given in Eq. (3). The total Hamiltonian is 
partitioned as H=Ho+ V where 
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Ho= I Ix~) ~cr,R) (x~1 with ~=(X~IHlx~), 
v 

The eigenfunctions of Ir,; are taken as the basis set for the 
intermolecular motion. These functions are of two types: 
the discrete ones, <I>~n> corresponding to a given stretching
bending van der Waals state n, with energy ~n; and the 
continua <I>~j{lE with total energy E, corresponding to a 
final rotational state (j ,n) of the Be fragment. The diaba
tic separation is very accurate for the initial wave function 

(20) 

because the vibrational frequency for Be is usually quite 
large. 

The exact wave function for the final (dissociative) 
state [Eq. (6)] can be analyzed in terms of the diabatic 
basis set 10,29,30 

+ j~' IdE' b{,j'{l'E,(E) <I>~'j,n'E,cr,R»). 
(21) 

An important simplification is introduced to calculate the 
a{,n,(E) and b{,j'E,(E) coefficients when only the cou
plings corresponding to au= ± 1 are included. This ap
proach is based on the fact that experimentally the first 
energetically accessible u level of the final vibrational dis
tribution of the diatomic molecule Be typically accounts 
for more than 95% of the total probability.24 Also it has 
been shown 1 that when all the couplings with 1 au 1 > 1 are 
neglected, the vibrational branching ratios change by less 
than 2% as compared with the "exact" results. 

In the case of the Cl2 complexes with He, Ne, and Ar, 
the van der Waals interaction W(r,R,fJ) are very similar 
for the ground and the B excited electronic state. The van 
der Waals functions in each electronic state only differ by 
a geometric factor introduced by the different X~ functions. 
This conclusion is based on the fact that no progressions on 
the van der Waals modes are observed in the spectra. 
Hence the potentials for the van der Waals modes have 
quite similar anharmonicities and equilibrium distances, 
and the corresponding functions in the X and B states differ 
very little, i.e., 

(22) 

(<I>~n 1 <I>~: j'O' E-) zOo 

This is not always the case and very recently it has been 
shown that the van der Waals interaction changes dramat
ically for open-shell systems like Ar" ·OH.31,32 

A second major characteristic of these systems is that 
the oscillator strength is mainly carried by the diatomic 
molecule. The components of the transition dipole in the 
body fixed frame [Eq. (10)] are given by25 

(23) 

(vIt)d are the tensorial components of the electric dipole 
transition operator in the diatomic body-fixed frame. The 
transition operator in Eq. (10) takes the form 

vIt'e= I I I (-l)P(e)_pD~;(cpR,fJR'O) 
p t d 

1* X Dtd (cp,fJ,O) (vIt)d(r). (24) 

In Eq. (23), the transition is either parallel (d=O) or 
perpendicular (d= ± 1) for the diatomic molecule. How
ever, with respect to the total system the transition will 
have a mixed character given by the rotation between the 
diatomic and the triatomic body-fixed frames, as expressed 
in Eq. (23). 

In what follows we shall consider several models for 
describing the single and mUltiple resonance cases. Based 
on the preceding considerations, simplified expressions will 
be obtained for the two main quantities of interest in this 
context, i.e., the photoabsorption cross section and the 
time evolution of the popUlation of the zero order states. 

D. Direct vibrational predissociation: Isolated 
resonance 

When the van der Waals bond energy is less than the 
separation between two adjacent vibrational levels of the 
diatomic fragment, the dissociative wave function in the 
vicinity of a given zero order bound level <I>~n X~ can be 
written as29 

\{I fE(r,R) zavn(E;f) <I>~,ncr,R) x~(r) 

+ j~' I dE' b{_lj'{l' E' (E) 

X<I>~_I,j"n"E,cr,R) X~_I(r). (25) 

As expressed in Eq. (22), direct excitation of the zero
order continuum is forbidden for the Cl2 complexes and no 
Beutler-Fano profiles are observed. Defining the quanti
ties29 

a(E) = I.9' I dE' 1 ~,n,f"~' 12 
I' E-E 

r(E) = L r f'(E) = L 11' 1 ~nl' E' 1

2
, 

I' I'" , 
(26) 

~,n,f"E= (<I>~,n 1 ~v' 1 <I>~, j'n'E-)' 

where ~n,I'E is considered to be constant in the vicinity of 
the resonance, the partial cross section [Eq. (1)] near the 
energy of the resonance, Er=~n+a, takes the form 
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2 

X L (-l)P(eLp(CP~::~n'=o(f,R) I D~;(R)D::(f) I CP~n(f,R» I 
pi 

(27) 

In Eq. (27) the energy dependence is Lorentzian as given 
by the second term on the right-hand side (neglecting the 
slow linear dependence with the photon energy). This be
havior has· been confirmed in exact calculations, showing 
that the preceding approximations are generally correct. 
The third term on the right-hand side of Eq. (27) only 
depends on the vibration of the diatomic subunit and tue 
Franck-Condon approximation usually holds. The last 
term gives a selection rule: since the Wigner matrices only 
depend on the orientation of the vectors, no excitation can 
be obtained in the stretching van der Waals mode because 
of the similarity of the van der Waals potentials in the 
ground and electronically excited states. Also, only one 
rotational quantum is transfered by photon excitation. 

In this case, the time evolution of the dissociation is 
exponential 

(28) 

Each final state is populated at the same rate but with a 
fraction depending on its partial width 

r 
P~(t)=l-'; e-2ftI

". 

III. MODELS FOR IVR IN VAN DER WAALS 
MOLECULES 

(29) 

When the van der Waals bond energy is greater than 
the separation between two vibrational levels of the di
atomic subunit, the zero-order bright level, ~n=O' may be 
close to one or more zero-order dark states, Ev'n' with 
v' < v and n' >0. The dark states do not have oscillator 
strength from the ground level because of small Franck
Condon factors for the van der Waals modes. When the 
coupling between the different v channels is included, the 
bright and dark states mix and the oscillator strength is 
shared. This is the time-independent description of IVR. 
Several general formalisms have been proposed for describ
ing IVR in different situations. 3,4, 10 

For Ar" 'CI2 , V= 10 and 11, IVR occurs in the sparse 
limit.' This means that the IVR is mainly due to the inter
action of two zero-order discrete states, the (v,n = 0) bright 
state and one (v-l,n'>n) dark state. The absorption 
spectrum exhibits two peaks in the region of the (v,n = 0) 
resonance, corresponding to the resulting diagonalized 
states. Their intensities are proportional to the bright char
acter and their width to the dark character (the squared 
coefficient of the bright or dark zero-order state) of these 
quasi bound eigenstates. Since the dark level corresponds to 
high excitation in the van der Waals modes, its nodal pat
tern was too complicated to be assigned to a specific bend
stretch pair of quantum numbers. The calculated final ro-

tational distributions for the two peaks were almost 
identical, since the dissociation dynamics are determined 
by the same dark character for the two eigenstates. Since a 
different dark state will be active for each vibrational level 
of Cl2 initially excited, this explains why a different rota
tional distribution is observed for each initial Cl2 level. 
This is in contrast to the behavior for He" 'C12 and 
Ne" 'CI2 , which dissociate by direct coupling of the initial 
state with the continuum and therefore show little depen
dence of the product state distribution on the Cl2 stretch
ing level. 

An experimental signature of IVR, in the sparse and 
the intermediate regimes, is nonexponential decay of the 
initially excited state.7

,10 Zewail and co-workers have mea
sured the time evolution of dissociation for Ar'" 12 ,22 for 
which IVR is expected to be important. 23 However, only 
exponential decay was observed. This is probably due to 
either a high density of states in the dark manifold or 
rotational congestion. Ar" 'C12 is a good candidate for ob
serving nonexponential decay, since the density of dark 
states is low. One purpose of this study is to estimate the 
effect of rotational congestion, which should be less for 
Ar" 'C12 than for Ar'" 12 

A. Zero-order two-state model 

First, we consider the two zero-order bound states re
laxing to a continuum. The bright state (th= X~ cp~.n=O) 
and the dark state (tPd= X~-l CP~-l.n>O have energies Eb 
and Ea , respectively. The continuum family of states is 
represented as tPE=X~-2 CP~-2.E' It is assumed that these 
states are sufficient to describe the exact wave function, i.e., 

We consider the following coupling scheme, illustrated 
in Fig. 1: 

hw 

FIG. I. Zero·order model diagram. 
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Vbd= (lhl H I t{!d), 

VbE= (t{!bIHI t{!E) =0, 

VdE= (t{!dl HI t{!E)' 

(31) 

VdE is assumed to be constant in the vicinity of the reso
nance and all the other couplings are neglected. 

Using the Lippmann-Schwinger equation 

\f! (E) = t{!E+ G+ (E) V t{!E 

with 
lim (E+iv-H)G+(E) =1 
v~o+ 

(32) 

and introducing the closure relation of Eq. (30) the total 
wave function of the system is expressed as 

where 

r=1T I VdE I
2 

f I VdE I
2 

Ed=Ed+&' dE Ed- E 
(36) 

and &' denotes the "principal part." 
We now consider the time evolution of dissociation. 

The initial wave packet (to within a multiplicative con
stant) is approximately equal to the bright state, i.e., 
\f!(t=O)=\f!b and its time evolution is given by 
\f! (t) = e - iHtllit{! b' The fractional population of a zero-order 
state t{!a is given by the square of the matrix element of ~he 
evolution operator between t{!b and t{!a. For the evaluatIOn 
of these matrix elements we use7,II,33 

(t{!ale-iHtllilt{!/3)=~ foo dEe-iEtlli(t{!aIG+(E)It{!/3) 
21T _ 00 

(37) 

for t>O, where a and [3 can be b, d or E, as needed. 
After integration in the complex plane the probabilities 

of finding the system in a given state at time tare 

e- rtlli 
Pb(t) =~I {k 1e"';lIIi+k2 e-"';tI"-k3 cos w,tl", 41 w 

+k4 sin w,tl",}, 

e- rtl" 
Pd(t) =~ IV bdI 2{e"';tI"+e-"".fI"-2 cos w,tl",} (38) 

-rtl" 
Pc(t) = 1-: I w 12 {(k l +41 Vbd I

2
)e"';tI" 

+(k2 +41 Vbd I2 )e-"';tI"-(k3+81 Vbd1 2
) 

The coefficients beE), deE), cE,(E) depend on the matrix 
elements of the resolvent operator, G+ (E). They are ob
tained by solving the system of equations resulting from 
introducing the closure relationship 

l=(E-H)( I t{!b) (t{!b I + I t{!d) (t{!dl 

+ f dE It{!E)(t{!EI }G+(E) (34) 

into the expression of the overlaps between the zero-order 
functions. 

In addition, we assume that only the bright state car
ries oscillator strength from the ground level [i.e., 
(\f!dMoel\f!(E»:::::(\f!iIMoelt{!b)b(E)], so that the ab
sorption cross section takes the form 

(35) 

x cos w,tI",+k4 sin w,tl"'}, 

where 

(39) 

and it is assumed that wi< r.8
,10 

1· h . . 30 34 rOd If the coup mg to t e contmuum IS zero,' = an 
the populations of the bound states oscillate. The oscilla
tion frequency is w,l'" = I Eb - Edl/",. The time-dependent 
population of the zero-order states is given by 

(40) 

_2 I_V..,.-bd_1 
2 

( w,t) 
2 I-cos.l::' 

Wy " 

Note that the populations are out of phase by 1T. 

When coupling to the continuum is included, the zero
order populations, Eq. (38), include an exponential decay. 
The decay rate is that of the dark state. The dephasing 
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between the bound state populations is no longer 1T. In 
addition, the dissociation probability is not simply the sum 
of two decaying exponentials. It is modulated by oscillating 
terms which have a clear physical explanation. Since only 
the dark state is coupled to the continuum, the dissociation 
rate is directly related to the population of this state, and 
thus follows its oscillations. This is analogous to fluores
cence quantum beats as described by Freed and Nitzan.7 

While the fluorescence oscillates with the population of the 
zero-order state, the probability of dissociation at time t is 
given by the integrated probability from t=O to t. 

B. First-order two-state model 

In the zero-order model discussed above, there is no 
direct coupling between the bright state and the contin
uum. Although such coupling is small for Ar" ·eI2 , it can 
play an important role in the proper description of the 
dynamics. In this section, we consider the effects of com
petition between direct dissociation and dissociation via 
IVR. 

It is convenient to first diagonalize the discrete sub
space as 

tP1 =a tPb+/3 tPd' 

tP2= -/3 tPh+ a tPd' 
(41) 

Both tPI and tP2 absorb and they are both coupled to the 
continuum, as illustrated in Fig. 2, 

(\{Iii J(. e I tPI) =a(\{Iil J(. e I tPh), 

V1E= (tPIIHI tPE) =aVhE+/3VdE , 

(\{IilJ( - e I tP2) = -/3(\{IilJ( - e I tPh), 

V2E= (tP21 H ItPE) = -/3VhE+ a VdE . 

(42) 

For convenience, we make the following definitions which 
are analogous to the ones of Eq. (36): 

, f I VIEI
2 

E1=E1+fJJ dE EI-E' 

, J I V2E I

2 

E2=E2+9 dE E
2
-E' 

f V2EV1'E 
fJJ dE E' -E :::::0, 

r l =1T I V1E 1
2
, 

r 2 =1T I V2E 1
2
, 

r 12 = ~rlr2' 
The photoabsorption cross section is then given by 

(43) 

4~(E-E;) 2[ a 2 rl/1T{(E-E2)2+r~}+/32 r 2/1T{(E-E!)2+ri} ] 

aCE) = fzc I (\{IilJ( -e I tPh) I {(E-Ei)2+ri}{(E-E2)2+r~}+rt2-2rI2{(E-Ei)(E-E2> -rI2} 

2a/3r12 (E-ED (E-E~) +ri2{a2r 2+/32r l } 
(44) 

This will reduce to Eq. (35) when r l =/32r and r 2 =a2r, 
i.e., when no direct coupling from the bright state to the 
continuum is considered. Using a procedure analogous to 
that of the previous section, the population of the zero
order states as a function of time are given by 

e-(r t+r2)tI1l 

--:-:-~-{k eWllll+k e-wPll 
41CtJI2 hI h2 

- k h3 cos CtJ,t/fz- kb4 sin CtJ,t/fz} 

e-(r t+r2)tI1l 

Pc(t) = 1 41CtJI2 {(khl+kd)ewitlll 

where 

+ (kh2+kd)e-WPll- (kh3 + 2kd) cos CtJ,t/fz 

-kb4 sin CtJ,t/fz}, 

(45) 

khl =~+ I CtJ 1
2 + 2CtJ,-v+2CtJ,p., 

kh2=~+ ICtJI2_2CtJiV-2CtJ,p., 

kd= (2a/38)2+ [2r 12(/32 _a2) + 2a/3y] 2, 

/-L=8(a2-/32), 

and it has been assumed that CtJi < r 1+ r 2' 

(46) 

Again, the dissociation probability oscillates with time 
if the eigenstates are coherently excited. The physical in
terpretation of the oscillating dissociation probability is 
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FIG. 2. First-order model diagram. 

analogous to that of the zero-order model, except that the 
coupling between the two eigenstates occurs indirectly via 
their coupling to the same continuum. 

The origin of the oscillating dissociation probability is 
illustrated by considering the special case for which the 
width of each resonance is small compared to its distance 
from the other resonance, r 12 can be assumed to be zero 
and the spectrum is given by the sum of two Lorentzian 
functions2,3o 

4r?(E-Ei) 2{ a 2rlhr 
aCE) = lie I (\{IJ.,u oel tPb) I (E-E!)2+ri 

{:J2r2i1r } 
+ (E-ED2+r~ . 

(47) 

The populations of the two bound states again oscillate 
with a phase difference of 1T but the dissociation probability 
does not oscillate 

PbU) =a4 e-2rltl"+/p e-2r2tl" 

+2a2f32 e-(r1+r2)tl" cos(E1-E2)tlfz, 

PdU) =a2f32{e-2rltl"+e-2r2 tl" 

_2e-(r1+r2)tl" cos(E1-E2)tlfz}, 

(48) 

This is the case often applied to fluorescence quantum 
beats due to IVR6,7,22 for which the fluorescence intensity 
is proportional to the population of each zero-order state.6 

The populations Pb(t) and Pit) given by Eqs. (45) and 
( 48) are similar and either can describe the fluorescence 
intensity in the sparse limit. However, the probability of 
dissociation PeU) is not the same for the two cases. In the 
sparse limit the coherence between IVR and dissociation 
may be important and then the first-order will give a more 
accurate description. 

This model can easily be extended to the intermediate 
case, for which many dark states must be included, if it is 
assumed that the dark states are evenly spaced and each 
state has the same dissociation probability.3,4,6-11 As the 
number of dark states increases, the oscillatory behavior of 

the dissociation probability is washed out. In the statistical 
limit, IVR becomes irreversible and PeU) will decay expo
nentially as in Eq. (48). 

C. Extension to three dimensions 

For real molecules in three dimensions, there are many 
dissociative channels. Each channel corresponds to a spe
cific final rovibrational state of the fragments, To treat this 
case, we consider two prediagonalized bound states, tPI and 
tP2' coupled to N families of continua, tPjE=Xv-2 <I>~:~2 
(where j denotes the rovibrational state of the diatomic 
fragment). The continua are also prediagonalized, i.e., 

(tPjEIHI tPj'E') =EfJ(E-E')fJjj ,. 

The couplings art" defined as 

r l =1T L I (tPdHI tPjE) 1
2
, 

j 

r 2 =1T L I (tP2IHltPjE) 1
2

, 
j 

r 12 =1T L (tP2I H ltPjE)* (tPIIHltPjE)' 
j 

(49) 

(50) 

We have neglected the indirect couplings between the dif
ferent continua via the discrete states: 

(51) 

for j=!=j' and i,i' = 1,2. The absorption spectrum is given 
by Eq. (44). 

If these assumptions are made, the total dissociation 
probability will be the same as that of the first-order model, 
Eq. (45). If the couplings of Eq. (51) were added to the 
model, this would add an additional coherence between the 
dissociation channels, and the dissociation into a particular 
state of the fragments would have a more complicated in
terference pattern. 

IV. APPLICATION OF THE IVR MODELS TO Ar' ··CI2 

In this section we apply the IVR models developed 
above to the dissociation dynamics of Ar" 'C12 excited to 
V= 11 of the Cl2 stretch. First, we consider the two
dimensional case of aT-shaped complex dissociating to a 
single continuum. The two-dimensional model is useful to 
illustrate the fundamental aspects of IVR without the ad
ditional complications of bending motions in the complex 
and product rotational motion. In particular, the models 
show that the dissociation rate oscillates in time, in agree
ment with an exact time-dependent calculation. Next, the 
three-dimensional model is examined to determine if the 
oscillating dissociation rate can be observed for real mole
cules at a finite temperature. Also, the effect of rotational 
motion of the complex on the dissociation dynamics is 
investigated. Finally, the results of this study are applied to 
discuss the dissociation dynamics of Ar" . 12 , 

A. IVR in two dimensions: Zero-order model 

In order to apply the two-dimensional models to 
Ar" 'CI2(v= 11), it is necessary to determine the appro-
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FIG. 3. Ar" ·e12 absorption spectrum in the region of the transition to 
Ar···CI2(B,u=11). The origin corresponds to the Ar+CI2(B,u 
= II) ... Ar·· 'CI2(X,u=0,n=0) transition. The continuous lines corre
spond to the numerical calculations while dotted lines correspond to the 
analytical zero-order model results using the parameters given in the text. 

priate parameters. This was done by performing a time
independent spectrum calculation using the potential of 
Ref. 1, but fixing the angle between the van der Waals bond 
and the Cl2 axis to 1T/2. The basis set for the calculation 
contains three Cl2 stretching levels, v=9, 10, and 11. Equa
tion (7) was integrated between 2.5 and 15.0 A using the 
Fox-Godwin-Numerov propagator with a grid of 1000 
points. The results of this calculation are shown as the 
solid line in Fig. 3. Two resonances are observed, a sharp, 
intense one at -188.9 cm- I

, and a broad, weak one at 
-190.9 cm- I

. These correspond to the IVR eigenstates, 
and have mainly bright (-188.9 cm- I) and dark 
( -190.9 cm -I) character. 

Next, exact time-dependent calculations for this poten
tial were performed. At t=O, the wave function is taken to 
be the bright state obtained by coherent excitation of the 
two eigenstates observed in Fig. 3. Equation (16) was in
tegrated between 2 and 180 A using the split operator 
method35 with a radial grid 2048 points. The results are 
shown as a solid line in Fig. 4. The wave packet is observed 
to oscillate between the bright and the dark states, and the 
dissociation products are produced at a rate proportional 
to the dark state probability. 

The parameters of the zero-order model are then fitted 
to reproduce the numerical results shown in Fig. 3. The 
values obtained are Eb= -189.19 cm- I, Ed= -190.64 
em-I, r=0.2 em-I, and I Vbd I 2=0.5 em-I. The model 
accurately reproduces the spectrum of Fig. 3. The inter
pretation of the time-independent IVR model has been 
given in detail previously. I In brief, the intensity from the 
bright state is shared by the dark state, and the width of the 
dark state is shared by the bright state. 

As shown in Fig. 4, the zero-order IVR model is also 
able to reproduce the time-dependent populations of the 

>. 
~ :c c 
.0 
0 ... a. 

1.O-r--------~li:-n-e-s-:-nu-m-e-r-:-ic-a-:-l--, 
points : analytical 

0.75 

0.5 

0.25 

v=11 

v=9 ...-.-::;:::::. .... 
... ...: 

... ...::;::; 
.' 

0.0 -f:,l:"""""-!!-....-r...,.-,--r-..,...-,---,-.,.--..-,--r-r-...,.....,-r-/ 

a 25 50 

time (ps) 

75 100 

FIG. 4. Time evolution of the population probabilities of v=9, 10, and 
11. Lines correspond to the numerical results while dots correspond to the 
results obtained with the zero-order model. 

bright state, dark state, and dissociation products. After 
photon excitation populates the bright (v = 11) state, it is 
coupled by Vbd to the dark state (v= 10). In this zero
order picture, this coupling causes an oscillatory energy 
transfer between the Cl2 stretching mode and the Ar" 'C12 

van der Waals modes. Since the dark state is coupled to the 
continuum (v=9), the rate of dissociation is proportional 
to the dark state probability, and oscillates in time. That 
the dark state acts as the doorway state is clearly illus
trated in Fig. 4 since the build-up of dissociation products 
stops whenever the dark state probability is zero. Therefore 
the dissociation process is best described as sequential: 
from the bright state, to the dark state, to the continuum. 

The evolution of the product state wave packet, 
I 'Pv=91 2

, is shown in Fig. 5. The oscillating dissociation 
rate leads to an oscillation in the wave packet along the 
dissociative coordinate since when the dark state probabil
ity is zero no new dissociation products are produced. In 
addition, there is a high frequency oscillation of the prod
uct wave packet due to the complicated nodal pattern of 
the dark state wave function. 

B. IVR in two dimensions: First-order model 

In the first-order model, the possibility of coupling be
tween the bright state and the continuum is added. The 
parameters for the model were fitted to the time
independent calculations as above, and the results are 
shown in Figs. 6 and 7. The parameters of the fit are 
EI = -188.9104 cm-I, E2= -190.8929 cm- I, 
r l =0.0249 cm- I, r 2 =0.1814 cm-I, and a 2 =0.83. Al
though it will be shown below that the coupling between 
the bright state and the continuum will account for only 
3% of the dissociation, the fit of the first-order model to 
the exact 2D calculation is much better than that of the 
zero-order model, because the functional form of the 
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FIG. 5. Norm of the dissociative component of the wave packet [i.e., 
I tpv~9(R;t) I] for different propagation times. 

model directly reproduces the two Lorentzians of the spec
trum. Unfortunately, it is not possible to obtain directly the 
parameters for the zero-order model from those of the 
first-order model because of the energy shifts induced by 
the coupling to the continuum. 

The first-order model allows us to determine the rela
tive importance of direct vs sequential dissociation of the 
bright state. The widths of the zero-order states, r band 
r d, are obtained from r I and r 2 by rearranging Eqs. (42) 
and (43) to give 

r b=a2r l +(32r2-2a{3 ~rlr2=O.OOlO cm- I, 
(52) 

r d={32r l +a2r 2+2a{3 ~rlr2=O.2053 cm- I
. 

The rate for direct dissociation of the bright state is pro
portional to r b. The rate r s for sequential dissociation of 
the bright state is given the mixing between the bright and 
dark states times the rate of dissociation for the dark state 

(53) 

Sequential dissociation thus accounts for 97% of the total 
dissociation, direct dissociation for only 3%. 

In the first-order model, the two resonances are coher
ently excited and dissociate into the same continuum. 
Therefore, there is an indirect coupling between the two 
states via the continuum. Since the total dissociation prob-

3~--------------------'-----' 

2-

1-

-192 

lines : numerical 

points : analytical 

-I I 

-191 -190 

)\. 
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-189 

Energy (wavenumbers) 

-188 

FIG. 6. Absorption spectra obtained in the numerical calculations (lines) 
and in the analytical fit (dots) using the first order model. 

ability is given by the square of the sum of the eigenstate 
dissociation probability amplitudes, the crossed term leads 
to an interference. The width of the excitation pulse needed 
to observe this phenomenon is of the order of 
IEI -E2 1::::;1 cm- I . 

As discussed in Sec. III B, the oscillations in the dis
sociation rate for this model are due to the r 12 interference 
term. The independent Lorentzian model,6 Eqs. (47) and 
(48), which is often used to describe the oscillations of 
bright and dark states, is equivalent to this model with 
r 12 = O. The time dependence predicted by the independent 
Lorentzian model is shown in Fig. 8. The model accurately 
reproduces the oscillations of the bright and dark states, 

1.0--.---------------".--------,.,.......,--, 
lines : numerical 
points : analytical 

>. 
~ 

0.75 

:g 
.c 0.5 
o a. 

0.25 

v=11 

0.0 --F'!,.--r...,.:..r-r-r-r-T"....,.-r-T"....,.-,...,......,......,r-r-..,.--r~ 

o 25 50 

time (ps) 

75 100 

FIG. 7. Time evolution of the population probabilities on v=9, 10, and 
11. Lines correspond to the numerical results while dots correspond to the 
first order model. 
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FIG. 8. Same as Fig. 7 where dots correspond to the two noninteracting 
Lorentzian models. 

but it does not reproduce the oscillations in the dissociation 
rate. This shows why the independent Lorentzian model 
can be successfully used to interpret fluorescence quantum 
beats, but the more complete model presented here will be 
necessary when dissociation products are monitored. 

c. IVR In three dimensions 

In going to three dimensions, the van der Waals bend
ing mode is added to the description of the Ar· .. Cl2 com
plex, and Cl2 rotation is added to the description of the 
dissociation product. This adds considerable complexity to 
the exact numerical calculations, but the appropriate IVR 
model described in Sec. III C is quite similar to the two
dimensional case. The exact three-dimensional calculation 
of the spectrum for excitation of Ar·· ·C12 in the region of 
the v = 10 bright state has been described in detail else
where.' As shown in Fig. 9(a), the bright state is found to 
be mixed with a single dark state that in zero order corre
sponds to v=9 of the Cl2 stretch and the 36th even van der 
Waals level. It was found that the product rotational dis
tribution was the same for excitation of either of the two 
resonances. This was taken to be confirmation of the fact 
that the bright state mainly dissociates via a sequential 
mechanism through the dark state.' 

When the first-order IVR model is fitted to the exact 
spectrum, the following parameter values are obtained: 
E, = -177.280 77 em-I, E2= -176.6928 cm- I, 
r l =0.0288 cm- I, r 2 =0.0827 em-I, and a 2 =0.70. Using 
these parameters, the time-dependent probabilities can be 
calculated and they are shown in Fig. 10. The oscillations 
of the bright and dark state probabilities and in the disso
ciation rate are qualitatively similar to those of the two
dimensional model. 
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FIG. 9. Absorption spectra for the transition Ar·· ·CI2(v = O,E 
= X) ~ Ar·· ·Clt(v = lO,E = B) ff Ar+CI2 (v = 6,7,8,10 = B) fordif
ferent initial J values and .0.=0. Points correspond to numerical results 
while lines correspond to the fit obtained using the first order model (the 
parameters are listed in Table I). (a) J=O, .0.=0, (b) J= 1, .0.=0, (c) 
J=2, .0.=0, (d) J=3, .0.=0, (e) J=4, .0.=0, and (f) J=5, .0.=0. 

D. The role of rotation of the complex 

The calculations performed above were for J=O. Un
fortunately, it is difficult to impose this constraint on ex
perimental results. Therefore, we investigate the role of 
rotational excitation of the Ar·· 'C12 molecule on the IVR 
dynamics. In particular, we want to estimate whether it 
will be possible to observe the nonexponential production 
of dissociation products. The spectra for several values of J 
and 0 were calculated using the Coriolis decoupling ap
proximation, which has been shown to be accurate for sim
ilar molecules. 36 (0 is the quantum number for the pro
jection of J onto the Ar-C12 axis.) 

Figure 9 shows the spectra that are calculated for J=O 
to 5, 0=0. As J increases from 0 to 5, the bright state 
energy increases faster than the dark state energy and the 
two resonances pass through each other at J=3, where the 
bright and dark states are evenly mixed. This is easily un
derstood because the dark state corresponds to a high vi
brational level of the van der Waals modes so that the 
moments of inertia for the dark state are larger than those 
of the bright state. Even though the degree of mixing of the 
zero-order states is a strong function of J, this has little 
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FIG. 10. Time evolution of the population probabilities on v=8, 9, 
and 10 obtained for the process Ar" 'CI2(v = 0, £ = X, J = 0) 
~ Ar" 'Cl~(v = 10,£ = B,J = 0) a Ar+CI2 (v = 6,7,8,£ = B). 

effect on the calculated product state distributions as 
shown in Fig. 11. This shows that the dissociation dynam
ics are controlled by the dark state, and that the dark state 
does not change with J for .0.=0. Similar behavior was 
observed36 for the direct dissociation of Ne" ·eI2 • 

The spectra of Fig. 9 were fitted to the 3D IVR model, 
and the parameters are shown in Table 1. These parameters 
were used to calculate the rate of appearance of dissocia
tion products, and the results are shown in Fig. 12. Qual
itatively, the oscillations in the rate of dissociation are in
dependent of J for .0.=0. This shows that there is little 
change in the dark state character with J even though the 
extent of mixing between the bright and dark states is a 
strong function of J. 

Excitation of .0. has more profound effects. The first 
type of effect is fundamental, and is due to symmetry. Since 
odd .0. states are built from an odd parity basis and can 
only dissociate to odd values of the el2 rotational quantum 
number,j, while even .0. states are built from an even parity 
basis and dissociate to even values of j, the even and odd 
states correspond to completely independent problems. 
Another effect is a kinematic constraint that requires that 
I~.o.. Even within the even and odd manifolds of states, 
the dynamics change with .0.. This is illustrated in Figs. 
13-15. Figure 13 shows the results of numerical spectrum. 
calculations for J=5, .0.=0 through 5. There is no obvious 
trend for the positions of the resonances as a function of .0.. 
There is a second dark state apparent in the spectra for 
.0.=3 and 5. For .0.=4, there is very little IVR mixing, and 
the bright state resonance is extremely narrow as expected 
for a direct au = - 2 process. 

The rotational distributions for excitation of the two 
strongest resonances for each value of J and .0. are shown 
in Fig. 14. Again, it is clear that different .0. states undergo 
quite different behavior. For J=5, .0.=0, the two rota-
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FIG. 11. Final rotational distribution of the Cl2 fragments for different J, 
11 values. Open circles correspond to EI while closed circles correspond to 
E2 • (a) J=O, 11=0, (b) J=I, 11=0, (c) J=2, 11=0, (d) J=3, 11=0, 
(e) J=4, 11=0, and (f) J=5, 11=0. 

tional distributions are almost the same, indicating that the 
dynamics are governed by the dark state as before. For the 
other values of .0., the two distributions are different in 
varying degrees. This is in contrast to the behavior of 
Ne" ·e12 and He" ·e12 which dissociate by a direct mech
anism36 and for which the rotational distributions were 
independent of both J and .0., except for the symmetry and 
kinematic constraints discussed above. The dramatic vari
ation with .0. of the product rotational distribution for dis
sociation of Ar" ·e12 indicates the varying importance of 
direct dissociation and contributions of a second dark state 
to the IVR dynamics. Also, the variation of the rotational 
distributions with .0. for J = 5 is in contrast to the lack of 
variation with J for .0.=0. This indicates that for different 
values of .0. the nature of the dark state is changing. As 
discussed above, the differences for odd versus even values 
of.o. are due to symmetry. However, there are also signif
icant differences within each parity symmetry. 

The dramatic effects of rotational excitation about the 
Ar-C12 bond, i.e., changing .0., are also apparent in Fig. 15, 
which shows the time dependence of dissociation. Both the 
total dissociation rate and the oscillations of the rate with 
time are different for each value of .0.. Clearly, if the non
exponential appearance of dissociation products is to be 
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TABLE I. First-order model parameters for the resonances found for Ar" 'CI2 when it is excited to the B electronic state, V= 10 as a function of J,O 
values. Energies (with respect to C12( B,v= 10) asymptote) and widths are given in em-I. The energies of the transition (Ef - E;'ound) are given with 
respect to the CI2(X,v=0) -CI2( B,v= 10). 

.c:round Ef r 1 

J=O, 0=0 -179.2976 -177.2808 2.8789( -2) 
J=I,O=O -179.2077 -177.1987 3.2538( -2) 
J=2,O=0 -179.0280 -177.0352 3.9052(-2) 
J=3,O=0 -178.7583 -176.7998 4.9753( -2) 
J=4,O=0 -178.3989 -175.9584 3.5904( -2) 
J=5,O=0 -177.9496 -175.5404 2.3767( -2) 
J=5, 0= I -177.7477 -175.5734 5.9999( -3) 
J=5,O=2 -177.1420 -175.2787 8.8159( -3) 
J=5,O=3 -176.1325 -174.9795 J.J 198( -2) 
J=5,O=4 -174.7194 -174.3643 1. 1025 ( -3) 
J=5,0=5 -172.9027 -173.5378 3.6667(-2) 

observed in the laboratory, then one needs to limit the 
number of.o. values that contribute to the data. However, 
in order to achieve coherent excitation of the two eigen
states for each value of J and .0., the laser bandwidth must 
be of the order of I cm -1. Therefore the distribution in .0. 
can only be controlled by keeping the rotational tempera
ture of the supersonic expansion as low as possible. This 
will also be true for high resolution experiments to observe 
the IVR splittings. Experiments performed to date24 on 
Ar" 'C12 employed an effective rotational temperature of 
1.3 K, yielding a distribution peaking at .0. = 2. This may be 
low enough to observe the oscillations in the dissociation 
rate. Also, it should be possible to change the experimental 
conditions to achieve a lower rotational temperature. An
other possible technique to achieve more complete state 
selection to emphasize the oscillatory behavior of the dis
sociation rate would be to employ double resonance exci
tation. Although this may be difficult for Ar" 'CI2 , it may 
be possible for other van der Waals molecules for which 
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FIG. 12. Time evolution of dissociation for J=O, 1, 2, 3, 4, and 5 and 
1"1=0. 

Ef r 2 Ef-E;'ound Ef-Ef a2 

-176.6928 8.2684(-2) +2.0168 -0.588 0.70 
-176.6235 6.5534( -2) +2.0090 -0.5752 0.70 
-176.4883 7.4398( -2) + 1.9928 -0.5469 0.60 
-176.2655 6.9721( -2) + 1.9585 -0.5343 0.48 
-176.5023 6.8837( -2) +2.4405 -0.5439 0.60 
-176.1698 9.2553( -2) +2.4092 -0.6294 0.75 
-176.0181 7.6208 ( -2) +2.1743 -0.4447 0.85 
-176.0812 1.0861 (-I) + 1.8633 -0.8025 0.90 
-174.7500 6.8503( -2) + J.J530 -0.2295 ~0.80 

-173.1077 4.9836( -2) +2.7956 -1.2566 0.98 
-173.8722 4.6937( -2) -0.6351 0.3344 0.58 

infrared excitation in the ground electronic state is possi
ble. 

E. Comparison to Ar" "2 

Gray23 has performed three-dimensional time
dependent calculations for the vibrational predissociation 
of Ar'" 12 , and Zewail22 has measured the time-dependent 
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FIG. 13. Same as Fig. 9 but for (a) J=5, 0=0, (b) J=5, 0=1, (c) 
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appearance of the 12 product for this process. For the levels 
studied, Ar' .. 12 dissociates via a av = - 3 mechanism. In 
the time-dependent calculation,23 the populations of the 
bright state and the intermediate av= -1 level were found 
to oscillate quite similarly to the behavior of Ar·· ·CI2. The 
oscillations are less pronounced in the av = - 2 population, 
and the period of any oscillations in the appearance of 
dissociation products, av= -3, is longer than 100 ps. This 
compares to a period of SO ps for the oscillations of the 
bright state. In the IVR language, this illustrates that the 
initially excited state couples to a single dark state in the 
!:J.v= - I manifold, which couples to a quasi-continuum in 
the !:J.v= -2 manifold before dissociation. 

Even though the oscillations in the decay rate for 
Ar· .. 12 are less closely related to those of the initially 
excited level than for Ar·· ·CI2, it still appears that they 
should be observable. However, no oscillations were ob
served by Zewail et al .. Rotational congestion will be more 
important for Ar·· .12 than for Ar···CI2 • This could ex
plain why no oscillations were observed in the dissociation 
rate. Another possible reason could be that the duration of 
the pump and probe pulses which overlap is of the order of 
SO em - 1 in Zewail's experiments.22 
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FIG. 15. Time evolution of dissociation for !1=0, I, 2, 3, 4, and 5 and 
J=5. 

V. SUMMARY AND CONCLUSIONS 

In this paper we have described three models for IVR 
that can be applied to vibrational predissociation of van der 
Waals molecules. The ability of the models to reproduce 
the qualitative phenomena predicted by exact time
dependent and time-independent calculations for Ar·· ·C12 

was tested. The models accurately reproduce the spectrum 
and time-dependent populations for dynamics in two di
mensions. The three-dimensional model was fitted to the 
spectrum calculation and used to predict the dissociation 
rate versus time. The dissociation rate was found to oscil
late with time since it is proportional to the oscillating 
population of the dark state. 

The IVR models facilitate a physical interpretation of 
the dynamics. Coherent excitation of the Ar·· ·C12 complex 
with a laser bandwidth of the order of 1 cm - 1 prepares the 
linear combination of the eigenstates corresponding to the 
bright state. In the zero-order model, the bright state cou
ples to the dark state leading to oscillatory energy transfer 
between the Cl2 stretching vibration and the van der Waals 
modes. The dark state couples to the continuum leading to 
vibrational predissociation. For high resolution excitation, 
two resonances should be observed: a narrow, intense one 
that has mainly bright state character; and a wider, less 
intense one that has mainly dark state character. Excita
tion of either of the two resonances leads to the same prod
uct rotational distribution because the dissociation dynam
ics are controlled by the dark state character of each 
eigenstate. The first-order model adds the possibility of 
direct coupling of the bright state to the continuum. For 
the two-dimensional case it is found that direct dissociation 
accounts for 3% of the total. 

The qualitative behavior of the three-dimensional 
model was quite similar to that of the two-dimensional 
model. In particular, the oscillations of the rate of vibra
tional predissociation are not affected by the presence of 
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many product continuum channels. In addition, the effects 
of rotation of the initially excited state on the dissociation 
dynamics were examined. Since the bright and dark states 
have different moments of inertia, the degree of mixing will 
vary with J and O. In the case of J = 3, 0 = 0, the mixing 
is complete and neither of the eigenstates is mainly a bright 
or dark state. 

For 0 = 0, the different extent of mixing as a function 
of J between the bright and dark states has little effect on 
the dissociation dynamics. This shows that there is little 
change in the nature of the dark state with J for 0=0. In 
contrast, both the oscillations in the dissociation rate and 
the observed product state distributions are found to vary 
dramatically as 0 is changed for J=5. This can be attrib
uted to two types of effects. First, the character of the dark 
state is a function of 0 for both symmetry and kinematic 
reasons. Second, in some cases a second dark state couples 
with the bright state. J = 5, 0 = 4 is a particularly interest
ing case in that the IVR coupling is very small and the 
bright state mainly dissociates by a direct av= -2 mech
anism. 

Since the oscillations in the decay rate vary with 0, 
rotational congestion will tend to mask these effects in ex
perimental results. Particular care should be taken to 
achieve the greatest possible state selection in the laser 
excitation step. This could be achieved either by lowering 
the rotational temperature of the supersonic expansion or 
by double resonance excitation. 

For experimental results on Ar'" 12, no oscillations in 
the dissociation rate were observed22 even though such os
cillations would be expected on the basis of time-dependent 
calculations by Gray.23 The oscillations expected for 
Ar· .. 12 are less pronounced than those predicted for 
Ar" 'C12 due to the presence of a quasicontinuum in the 
av= -2 manifold of states for the av= -3 dissociation 
process. Also, rotational congestion will be even more dif
ficult to eliminate for Ar" '12 than for Ar" ·Cl2 • 
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