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From the sparse to the statistical limit of intramolecular vibrational
redistribution in vibrational predissociation: ArCl > as an example
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The dynamics of intramolecular vibrational relaxatidWR) for ArCl, are examined for a wide

range of vibrational and rotational excitation. In order to describe the IVR more efficiently, and
characterize it more quantitatively, we propose a refinement of the traditional Bixon-Jortner
description in which the active states are prediagonalized to simplify the coupling scheme that must
be considered. This allows for an explicit determination of the average density of states and average
coupling strength for each initial excitation. We find that the IVR dynamics proceed from the sparse
regime forv=11, for which the first open dissociation channel corresponds to the loss of two
Cl, quanta, to the intermediate-dense regimeufer25 which dissociates by the loss of 4 quanta.

We find that over this range the increase in the density of states is less important than the increase
in the coupling strength. Far = 18 we examine the effect of rotation in considerable detail. Initial
states that coupleia a manifold of 6000 channels can be considered since the calculation is
performed on a parallel computer. The effect of increasingthe total angular momentum
excitation, is found to be less than that of increadigthe degree of rotation about the van der
Waals bond. This means that the main effect is not simply an increase of the available density of
states due to Coriolis coupling. Understanding the details of IVR in a relatively simple system like
ArCl, should help us understand the dynamics of more complicated molecules. In particular, the
case of Ar} is discussed. ©1997 American Institute of Physid$§0021-96067)02829-§

I. INTRODUCTION This bright state first couples to a “dark” state that corre-
sponds to a highly excited van der Waals level associated
van der Waals clusters provide interesting model syswith the chlorinev — 1 state. This dark state then couples to
tems for characterizing intramolecular vibrational redistribu-the v —2 continuum of dissociative states. Since a different
tion (IVR). The molecule can be excited to a well defineddark state couples to each possible bright state, due to the
state, which undergoes IVR and this eventually leads to dischlorine anharmonicity, the final rotational state distribution
sociation of the weak van der Waals bond. Triatomic mol-is different for each initial bright state. Similar IVR dynam-
ecules are especially interesting because the IVR dynamidgs have recently been observed for very high vibrational
can be completely characterized by both experiment anevels of HeBs which decay by sequentialo = —2 when
theory. For rare gas-halogen species, for example, the dyhe Av=—1 channel is closed. The erratic dependence of
namics can be experimentally studied in both thethe measured lifetime on the initial vibrational quantum
frequency~*and timé® domains. The fact that IVR dynam- numbet® has been reproduced by recent calculatidns.
ics could occur in such a simple molecule was first demon-  For Arl, vibrational predissociation competes with elec-
strated for ArC},” for which vibrational predissociatiotVP)  tronic predissociation in the=16 to 24 vibrational excita-
occurs through sequential loss of two quanta of the chloringion range''®°>* From intensity measurements it has been
stretch to the van der Waals manifold. Since the result of theleduced that VP rates increase monotonically with vibra-
first vibrational transfer is the production of a highly vibra- tional excitation?° Recent measuremefitaave confirmed
tionally excited van der Waals mode, the final dissociationthis smooth variation of the VP rate with based on a very
step leads to a very complicated product rotational distribusimilar linewidth for the ground and the first excited van der
tion. This is in contrast to the dynamics of HgChnd Waals states. In this vibrational range VP occurs via the
NeClh (Refs. 8—1] for which Av=—2 dissociation occurs transfer of three quanta from the $tretch to the van der
by direct coupling to the continuum manifold of states andwaals degrees of freedom and the IVR model is
for which the product rotational distribution were much sim- appropriaté=23For the VP dynamics to have the monotonic
pler. Quantum calculatioh& *>for ArCl, confirmed that the dependence on energy observed by Klempeteai. the VR
IVR model of sequential coupling is correct. Optical excita-dynamics must occur in the statistical limit for which a large
tion prepares a “bright” state corresponding to the groundnumber of doorway states are coupled to the bright state. If
van der Waals level of a given chlorine vibrational state only a few dark states were coupled to the bright state, i.e.,

1406 J. Chem. Phys. 107 (5), 1 August 1997 0021-9606/97/107(5)/1406/14/$10.00 © 1997 American Institute of Physics
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Roncero et al.: Redistribution in vibrational predissociation 1407

inthe sparse IVR regime, then erratic dynamics such as thatrocesses. Particular attention is paid to the case of indepen-
observed for ArCl and HeBp would also have been ob- dent resonances. This case is valid when many resonances
served for Arb. The statistical limit of IVR has been tradi- participate in the dynamics. Next, simplifications are pre-
tionally attributed only to large moleculé$?® so the possi- sented which yield a simple model for classifying different
bility that it applies to Ar} is quite surprising. IVR regimes. This model is analogous to previous

In this paper we explore the possibility that the statisticalmodels?*2>3233yith the advantage of being completely ana-
limit of IVR can occur for a triatomic van der Waals mol- lytical. In section Il the details of the quantum mechanical
ecule. We focus on ArGlsince it is more amenable to exact time-dependent calculations are presented. The angular coor-
guantum calculations. This also allows us to check the validdinates are described using a combination of a Discrete Vari-
ity of statistical models such as the Bixon-Jortner m&tlel able RepresentatiofDVR) and a Finite Basis representation
and could also be compared with the random matrix(FBR). In section IV numerical results are presented and
model?®~2|n the former model, the levels and widths of the analyzed in terms of the analytical models described in sec-
dark states are assumed to be uniform, while in the latter cag®n Il. Finally, section V is devoted to conclusions.
they are chosen at random from a distribution function. Ap-
plicable distribution functions have been discussed for mo-
lecular, atomié® and nuclear problem¥. Il. CHARACTERIZATION OF IVR REGIMES

We examine how vibrational and rotational excitation
cause the dynamics to shift from the sparse to the statistica&l1
limit. The density of doorway states of ArCincreases rap- the
idly with rotationaf® and vibrational excitation. The density “°Y _ . ! ©)
of states is proportional to (2+ 1) for rotational excitation tonian. The e(:)gi]enstates bf, can be either discrete)(®’, or
because of Coriolis coupling. In this respect the behavior ofONtinuuM,¢,, ¢ states, and provide a complete basis for the
ArCl, and Arl, should be quite similar. The change in the description of the system. The continuum states can corre-
dynamics with vibrational excitation is faster for Agthan ~ SPond to photon emission or to dissociation: the subscript
for Arl, because of the larger anharmonicity. One conse IS @ collective index which describes the_ asymp?otlc,j states
quence of this large anharmonicity is that the number ofof the system. 'For the case under study, dissociation is much
chlorine vibrational quanta needed to dissociate the van ddpSter than emission and hereafter we shall only refer to the
Waals bond changes rapidly with We study the VP dy- p053|blllty of _dl_ssomatlon W|th0ut_ Ios_s of generality. Also,
namics for initial excitation t@ =18, 22 and 25, for which 3, fo_r_th|s case it is a good approximation to assume tha_t the
4 and 5 vibrational quanta, respectively, are required for disinitial state, o, created by photo-excitation can be described
sociation. Fom =18 we examine the effect of rotational ex- Using only the zero-order discrete stafes
citation up toJ=15. For several values df we also exam-

Radiationless transitions are often described in terms of
eigenstates of a zero-order Hamiltonibdy, which are
coupled byV=H-H, where H is the complete Hamil-

ine the effect of changing the orientation of rotation with ¢O:Ek al ¢ . (1)
respect to the molecular axes. Although these dynamical pro-
cesses have not been observed in this regime for A€} The absorption spectrum can then be express%?d as

cause of competition from electronic predissociation, these
calculations serve as a model system for understanding the cr(E)ocZ

2 a2 (416E)4”)

dynamics of Ary. Comparable calculations for Arbre quite “
difficult. Only recently have J>0 calculations been o o 2
performed® However, without including the effect of orien- ({2 IV[p Dk 2

tation, the statistical limit was not reached.
The organization of the paper is as follows. Section II<¢f<°)|G(E)|¢J(°)) are the resolvent operator matrix elements
gives a brief review of the usual treatment for radiationlesgyiven by

GR(E) GRE) | (E-EP-APHINY  —v@-a@eirg o

GE(E) GH(E) - | [ -V —AR+iIrs) E-EY-AL+irg

I =m( OV V| QL) * and ALY are indirect couplings between the zero-order bound states due to their disso-
ciation to the same contin#4®14To invert the matrix on the right-handside of B).it is convenient to first diagonalize it

by an orthogonal transformatiof, yielding thew eigenvalues. The population of the initial state as a function of time is then
given by®

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997
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2 Ty |ay|?

Pp(t)= 2k 2 a<k°>*a}°>2 (T He (T, . o(E)x >,

X m (E—E)2+TE
4 . .
@ The population of the bright state becomes
Using these expressions and a well chosen subset of the
zero-order basis set results in a simplified model for describ-
— 420 tlh 2 2

ing the IVR dynamics. The energies and the couplings on the Pb(t)_Ek |ay|*e™* +2; k%k | “la|
right hand side of Eq(3) can be treated as parameters to fit
experimental or theoretical results. This is a generalization of x e~ Nt TV cog B, — E)t/A, (7)
the analysis that was applied to the;.: —2 dissociation of and the dissociation probability can be simply expressed as
ArCl,. In that case two zero-order discrete states were suffi-
cient to accurately describe the absorption spectrum, the time

6

evolution of zero-order bound states, and the dissociation Pd(t)=1—2k |a|2e~ 2T, (8)
probabilities'*
If Egs. (1-4) are used directly in the fitting procedure, A useful classification of IVR regimes can be obtained

the results are very sensitive to the relative position of théy applying simplifying assumptions to the above equations.
zero-order states and their mutual couplings. For this reasoBixon and Jortnéf developed such a model corresponding
it is convenient to construct a new basis set, hereafter reto the zero-order basis set. They assumed that the initial state
ferred to as first-order, in which the complete Hamiltonian isis coupled to an infinite number of equally spaced dark
diagonalized in the discrete part of the basis set, since thetates. The dark states all have the same width]",, and
continuum subspace has been assumed to be diagonal. In tthe same coupliny to the initial bright state.
pre-diagonalized basis the expressions for the initial state, Here we make similar assumptions, but work in the first-
the spectrum, and the time evolution of the population, re-order basis set described above. We assume an infinite num-
main quite similar to Egs(1), (2), and(4). The changes in ber of equidistant bound states with the same widtand
the equations of the resolvent operator are more substantialith energiefE,=kA (—o<k=w=). The coefficients of the
Eq. (3) becomes initial state in this basis ara /ag=V/(kA—iT"), whereV is
the coupling in the zero-order basis. This formulation is
GY(E) GH(E) - equivalent with that of Bixon and Jortner in most ca¥es,
and provides the following simplified equation for the ab-

GY((E) GR(E) - sorption spectrum:

i~ B [ (I'2=|V|HIT
o(B)=Ta| TETHT?

eﬂ'F/A+ e 7' A

. . r
E_El_A1+|rl _A12+|r12 M -1 —+ VR

E2+4F2 eﬂ'l"lA —a['TA

—e

B —Ap il E-Ep=Aptily - 1 4T sin 27E/A + E(e2™T/A — g~ 27T/A)

T E T e 5y e 2753 cos 2nE/A

|

9
_ 2
(5) WhereF|VR 7T|V| /A,
In the prediagonalized basis the only coupling terms that ~ A={I'?—|V|2{e?™/4 + e 27T/A_2}
remain in Eq.(5) resglt from indirect coupling of the bound I [{e27TA _ g2uTlay
states via the continuum. These coupling terms represent IVR ' (10)

interference¥?81% and can be positive or negative. When

— 12527 1A —2al'[A _
the number of states is large the coupling terms tend to can- B=I"e te 2},
cel out® and can be neglected. The absorption spectrum theand the time dependence of the evolution of the initial state
reduces to a collection of independent Lorentzians, population,

B2 o 2Tt/
Pyp(t)= AZTA ezwr/A+e—2wr/A_Z{GZWFM(FZ_|V|2+F|VRF37FTM)2+ e 24 2= |V|2-Tgle' )2

—2(I?=|V]2+ T gle ")(I2— |V]2=Tgle )}, (11

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997
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with T=t—2wAn/A, n being the integer part diA/277. 2J+1

The qualitative nature of the functions(E) and Wyl (dr.0r, d) = W[Dﬂﬂ*@(%ﬁm@
Py(t), as defined above, changes with the rdfi\ (see @0
Figs. 1. This leads to a natural classification, as previously +p(—1)JDf\4’i,Q(¢R,0R,¢)]. (149
discussed?*?>323%f VR dynamics.

) ) _ M and() are the quantum numbers for the projections of the
(@ Sparse regime(I'<<A): In this regime the resonances o5 angular momentum on the space-fixed and body-fixed

are well separated. The initially populated bright state;_axis, respectively. The diatomic vibrational eigenfunctions,
will usually interact with a single dark state, so that y (1) are solutions of

guantum phenomena such as recurrences are readily

apparent. However, this means that thg terms, ne-

glected in the classification model, are usually impor- "2 772t Vec(N =B, x,(r)=0. (15

tant. For a detailed analysis of this regime, the simpli-

fying assumptions made above should not be used ansertion of Eq.(13) into the time-dependent Schiinger

are not necessary. equation using the Hamiltonian, E@.2), yields a set of first
(b) Intermediate regime, (I'~A): In this regime the reso- order differential equations for th@y", (R, 6,t) coefficients

nances are mixed but have not completely lost their

2072

JM 2 2
individual identity. This will be apparent in both the iﬁ’@n,v(Rﬂ-t) - ( s I[_ﬁ_ﬂ_Jr
spectrum, in which nearby transitions will overlap with ot o e %! 2m gR? T T
each other, and in the dynamics, which will exibit non- 1
exponential decay with weak recurrences in the popu- +< >-2 +5.
lation of the initially excited states. Xo| 2pr? X0 )] oY

(c) Statistical regime, (I'>A): In this regime there are
many closely spaced resonances that blend together to ><<Wﬂ,|pQ
yield a quasi-Lorentzian excitation spectrum. As a con-
sequence, the initial states lose their identity and decay
irreversibly as a single exponential. ><<XU|V(Y,R,9)|XU/>]q)é“f',v/(R,@,t)-

|2

(16)

The formalism used in this paper is based on that previ:rhe .solutionJ%f the above gquatiqns is performed by repre-
ously discussed in detail, except that overall rotation is exS€MiNG thePy (R, 6,t) on finite grids for bothR and ¢

IIl. QUANTUM TIME-DEPENDENT DYNAMICS

plicitly included. Therefore, a brief review of the method is J
presented. TMR )= DD W (dr.Or. @)
The Hamiltonian of a triatomic system using Jacobi co- (=0 v kn
ordinates is X (RO DAV (1)) VWiex, (1) 17)
hZ [72 |2 hZ (92 j2

———t—————+ A set of equidistant point®R,, is chosen for the radial grid,

2m gR® - 2mRE 2p or® " 2pr and the radial kinetic term kis solved using the Fast Fourier
+V(r,R,8)+ Vpc(r), (120  Transform method! For 6, we use a set of Gauss-Legendre
quadrature points,,, with weightsw,,. Using a Finite Basis
RepresentatiofFBR) for the Euler angles and a Discrete
Variable RepresentatiofDVR) for 6 is convenient since the
interaction potential only depends @h The action of the
angular momentum operators on the wavepacket is best de-
scribed as three steps. First, the wavepacket is transformed to
the spherical harmonics basis séq(6,0), through a DVR
Stranformation,T,?f \/w_nYJ-Q(Bn,O). Second, the matrix ele-
ments of the angular momentum operators are evaluated in
the spherical harmonics basis set as,

wherer is the C} intramolecular distanceR goes from the
Cl, center of mass to the Ar atom, afids the angle between
these two vectors. The angular momentum operajoasd
I, are associated with and R, respectively.Vg(r) is the
potential for the vibrational coordinate of the diatomic and
V(r,R,6) the van der Waals interaction potential.

In a body-fixed frame chosen such that the z-axis lie
along theR vector and all three atoms lie in thez plane,
the total wavepacket is expanded as

J
PMRLD= X D Wik (dr. 0. $) (Yiali®lYj )= 80,0 7% (j+1),
0=0 v
Jp v/ 2 p s
X @R(R0.DX,(1). ay il Wi Vi)
— 2 & 2

ér. Or, and ¢ are the Euler angles specifying the orienta- = 80,0 I+ D) +j(j+1)-207]
tion o_f tht_a body flx_ed frame. _TthQ _funct|ons are linear + 59,52':1ﬁ2\/m)
combinations of Wigner rotation matrices such that the par-
ity under inversion of all coordinatep, is well defined XA+ -00'Vj(j+1) - Q0. (18

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997
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The final expression is obtained by transforming back to the
discrete variable representation. In practice, these three steps
can be performed in a single operatitn;?

IRGALFASOE Z Al (R0, DP4)(),
(19
MQ’||2|WMQ (ROn| D) (1)
=2 Alar nalRebl D)D),
with
E Wor Yia(8ar,04% (j+1) VW, Yj0(6,,0),
(20)

Y
Ararna= 2 VWi Yjqr(60y1,0)

X(WRy Y [12IWRRG Y o) VWi Y0 (6,,0).

In the body-fixed frame, it turns out that the only cou-
pling between adjacenfl components of the total wave-
packet is due to the non-diagonal termslaf This calcula-
tion is very well suited for massively parallel computing:
each processor is assigned a valu€lofand the exchange of
information between processors is only due to the non-
diagonal terms of?. J=15 calculations described in what
follows were performed on a massively parallel computer.
Test calculations fod=1, 3, and 7, showed that the CPU
time per processor was independentlof

This formalism provides a convenient set of zero-order
quantum numbers, associated wiily of the IVR model, to
describe both the initially excited wavepacket and its time
development. The set of quantum numbers includele-
scribing the vibrational state of the free chlorine fragment;
J, the total angular momentur, the projection ofl on the
space-fixed z axisK, which orders the rotational sublevels
of a givenJ, and is analogous to the asymmetric #pp,
the parity; andn, which characterizes the van der Waals
vibrational level. In particularH, is defined such that the
discrete zero-order states are given by

DIRM(r,R) = xu<r>2 ay Wik (bR, 0R. &)

XYia(60,0en(R), (21)

where ¢ ,(R) are radial basis set functions. For the case of
ArCl, studied here, there is a further simplification in that the
dipole allowed transitions from the ground vibrational level
of the ground electronic state go to the ground van der Waals
vibrational level,n=0, of a given vibrational leveb of
Cl,. Thus the bright state wavepackettatO is defined by
choosing values fow, J, M, K, and p, and by setting
n=0 in Eq. (21).

The autocorrelation function

c(t)=(¥™M(t=0)|¥M(t)) (22

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997

Downloaded 15 Mar 2013 to 161.111.22.69. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



Roncero et al.: Redistribution in vibrational predissociation 1411

gives the time dependence of the initial state population andsually follows a sequential mechanism. Thug dacreases
the absorption spectrum is given by the Fourier transform ofin increasing number of zero-order dark states are coupled

the autocorrelation function and contribute to the dissociation dynamics.
In what follows, we examine one vibrational level from
(" ews hAv regime to ob h idly th ber of stat
o(E)o =—— elEVic(t)dt+C.C. (23y  €achAv regime to observe how rapidly the number of states
2mh| Jo participating in the dynamics increases, and how strongly the

A particularly interesting quantity is the amount of en- states are coupled. Faty=—2, we examine =10; for
P y g quantty Av=—3, v=18; for Av=—4, v=22; and forAv=—5,

ergy stored in the Glstretching vibration as a function of v=25. In this part of the study, only=0 states are consid-

tlme..Thls is _evaluated by projecting the wavepacket onto theered. Over this range of, the dynamics move from the
chlorine basis

sparse to the statistical regime.
Another way to go from the sparse to the statistical re-
Pv(t):% def d cos 0](x,[PMRr,D)% (24 gime is through rotational excitation. Until recently such a
study would have been too expensive computationally. The
For the dissociative vibrational channelB,(t) approxi- formalism we propose above for parallel computing makes it
mately gives the time dependence for the production of th@ossible to study the rotational dependence in a reasonable
final vibrational statey and can be directly compared with amount of time. Our approach is quite similar to that recently
real time experiments® described by Goldfield and Grdy,although they limited
As in our previous studies of the IVR in Arglan atom-  their study toK=0. One would expect that since the overall
atom Morse potential is used to describe the short range padensity of states is proportional th the dynamics should
of the van der Waals attractioV,(r,R,6) in Eq. (12), be- become more statistical asincreases. To explore this be-
tween the Ar and the @l The Morse parameter =106  havior, we have studied a variety of rotational levels for
cm 1, R,=3.9 A anda=1.8 A1, are chosen to reproduce v=18. We find that the IVR regimes do not change qualita-
the experimentally determined bond energy, bond lefigjth, tively with J for the K=0 sublevels. Interestingly, however,
and to approximately reproduce the time scale of theor a givenJd, increasingK changes the IVR regime closer
dynamicst® An anisotropic van der Waals form is used in toward the statistical limit.
the asymptotic regiol The C}, potential,Vgc in Eq. (12),
was obtained by a cubic spline interpolation of Coxon
RKR potentiaf*® In this section, we discuss the effect of increasing vibra-
For each case described in the next section, the exational excitation in the IVR dynamics. We examine one vi-
time dependence and spectrum were calculated using Eqgrational level for eaciAv value greater than one.
(22) and(23). The spectrum and time dependence were then
fitted to the first-order model, Eq$6) and (7), using the
smallest possible number of parameters. Finally, Ef8)
and (11) were used to characterize the regime of the IVR  The case ofy=10 has been studied previously*® in
dynamics for each energy. great detail using both the time-dependent and time-
independent formalisms. This is a prototypical example of
IVR in the sparse regime where a single dark state in the
IV. RESULTS AND DISCUSSION v=9 manifold mixes with thev=10, n=0 bright state to
induce the dissociation to the=8 continuum. Coherent ex-
We have used the methods described in the previousitation of the bright state results in an oscillation of the
sections to explore the effects of increasing vibrational angbopulation between the bright and dark states as shown in
rotational excitation on the IVR dynamics of AtCIThe  Fig. 2@). Since the dark state provides the doorway to the
Cl, vibrational manifold is very anharmonic, as demon-continuum, the dissociation flux follows the=9 popula-
strated by the dependence of the vibrational frequencies arttbn, and the totab =8 population increases as a series of
rotational constants onm. This high anharmonicity allows us steps. The absorption spectrum in the region of ikel0
to explore different regimes of IVR by changing the quantumbright state is shown in Fig.(B). The two first-order states
numbers of the molecule over a fairly small range. In par-that share the bright state intensity are readily apparent in the
ticular, the number of vibrational quanta that must be transfigure. The non-exponential time dependence and the absorp-
fered from the Gl stretch to the van der Waals modes in tion spectrum are well reproduced by a fit to the first-order
order to dissociate the 178 crh ArCl, bond changes model, Eq.(4). In this case, the fit only requires two first-
quickly with v. For 1sv <7, the transfer of only one quan- order states and one coupling term. The fit of the model to
tum is necessary; for8v <16, two quanta must be trans- the exact calculation is also shown in Fig. 2. In the first-order
fered; for 1&=v=<20 three quanta; for 22v<23 four = model, the steps in the time dependence of the product ap-
guanta and so on. We refer to these vibrational levels as thgearance are clearly due to thg, term which causes the
Av=-1, -2, —3, and—4 regimes, respectively. For the interference between the two first-order states via the con-
higher vibrational levels, the glibrational quanta are much tinuum. The two peaks of the absorption spectrum are also
less than the ArGlbond energy, and the dissociation processwell reproduced by the analytical model.

’sA' Increasing vibrational excitation, J =0

1. v=10: minimum Av=-2
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FIG. 2. Vibrational populations as a function of tint@, and absorption -210 -190 -170
spectrum(b) for initial v =10 andJ=0. The solid lines are the results of the b Energy /Cm_l
wavepacket calculation, while the dashed lines correspond to the analytical
fit in terms of independent resonances.
FIG. 3. Norm of the autocorrelation function as a function of titag and
spectrum(b), for initial v =18 andJ=0. The solid lines are the results of the
wavepacket calculation, while the dashed lines correspond to the analytical
2. v=18: minimum Av=-3 fit in terms of independent resonances.

Forv =18, for which the first open dissociation channel

is Av=— 3, the results of the exact calculation and the first-autocorrelation function, Fig.(8), still shows a well defined
order model are shown in Fig. 3. The nature of the absorpbeat pattern which indicates that the bright state interacts
tion spectrum changes dramatically betwees10, Fig. most strongly with one, or just a few, of the dark states
2(b), andv =18, Fig. 3b). While thev =10 spectrum con- before the population spreads into the rest of the manifold.
sists of the bright state and a single, well separated darkig. 3 also shows the result of a fit of the exact spectrum to
state, they =18 bright state intensity is spread among a largethe first-order IVR model summarized by Ed8) and (7).
number of dark state resonances forming a blended banthe fit requires 50 first-order states, although the bright state
about 20 cm? broad. In spite of the large number of statesstill accounts for 20% of the total intensity and the four most
that contribute to the spectrum in the regionw$18, the intense states carry 62% of the intensity. That this model,
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by the model of independent resonances in(B.Therefore
0.6 T . . time-resolved experiments, which measure the appearance of
v-3=15 the dissociated fragments of the complex, will be character-
— istic of the intermediate regime. This is not contradictory
since the initial and final states are no longer directly con-
nected but the dynamics proceed via a longer series of door-
way states. Also, the probability of highdw processes in-
creases dramatically in this regime of IVRAv=-4
accounts for 36% of the products add)=—5 for 10%.
These values are considerably higher than what would occur
in the sparse regime, except close to a resonance in the con-
tinuum when one channel is close to threshSlth this re-
gime it would be especially useful to have both time resolved
data for the dissociation probability versus time and energy
resolved experimental data for the absorption spectrum. To-
0.15 v-5=13 | gether, these two types of data would provide a detailed
Y characterization of the dynamics of the state.

045 1

03

Py(t)

3. v=22: minimum Av=-4

0 1 ! L
0 40 80 120 The autocorrelation function and spectrum for the
. v=22 bright state for which the minimum value afv is
time /ps —4, are shown in Figs. 5. Compared to the 18 spectrum,
Fig. 3, thev =22 spectrum, Fig. ®), more closely corre-
sponds to an envelop about 50 thibroad that is not domi-
nated by individual transitions. Also, the autocorrelation
function, Fig. %a), decays very rapidly, with little regularity
which incorporates an independent resonances assumptidn,the weak oscillations. In this case the fit to the indepen-
works so well to fit the exact results indicates that when thedent resonances model includes 60 independent resonances.
number of doorway states is high, terms of the type (i Although the number of resonances that must be included in
#]j) are negligible as expected. This was one of the keythe model does not increase dramatically over #hel8
assumptions in formulating the model. case, the intensity is spread more evenly among the active
The first-order model allows us to interpret in some de-resonances so that individual resonances are no longer so
tail the decay of the=18 bright state resonance. The dy- apparent. Fov =22 the dynamics are clearly closer to the
namics can be divided into three regions, based on timedense limit than for the lower levels, although the remnants
scale. For the shortest times, a few picoseconds, fast decaya$ individual transitions are still visible. As the level of Cl
due to a manifold of broad resonances. Several recurrencesbration increases, the number of coupled first-order states
occur in the intermediate time regime, 10-50 ps. These aricreases since more intermediate states are involved in the
mainly due to the influence of the 4 narrowest resonancedissociation path. Also, the coupling between the states in-
which account for 62% of the total intensity. These well creases because of the greater anharmonicity. Using aver-
separated resonances give a “sparse regime” character to tlaged values fof' andA, #I'/A=1.7. This is 2.5 greater than
overall decay of the state. The long time decay is dominatethe value forv =18. It is interesting to note that this increase
by the single narrowest resonanc&=—170 cm I, is due more to a higher average valuelothan to a lower
I'=0.076 cm ! which accounts for 20% of the total weight average value oA. This confirms the interpretation that the
of the state. This resonance is, of course, also very influentiahove toward the intermediate regime is due more to a stron-
for the decay dynamics in the intermediate regime. If weger coupling between states than to a higher density of states.
calculatewI'/A from the average values of the widths and The evolution toward the statistical limit is also apparent
spacings between adjacent resonances, the result is 0.7. Thvisthe final vibrational state population of the diatomic frag-
indicates that the overall decay occurs in the intermediatements, presented in Fig. 6. More vibrational states gfaté
sparse regime. significantly populated than for the previous cases. As the
Even though they=18 bright state must decay via a IVR process approaches the statistical limit, more vibrational
series of doorway states to thev=—3 manifold of final quanta get transfered to translation so that the final energy
states, we have shown that its dynamics still have the chadistribution of the fragments gets closer to a statistical dis-
acter of the sparse regime, since the initial state vibrationatibution. It is very interesting that the population of the
population shows recurrences due to 4 main resonances:4 channel { =18) goes through a maximum &t7 ps and
However, the population in the dissociative channelshen decaysFig. 6). This is a threshold effect. The spectrum
v =15, 14, and 13, increases nearly monotonically with timeis broad enough so that some dark state energies are above
as shown in Fig. 4. This is closer to the behavior describedhe opening of this product channel, and some are below. For

FIG. 4. Vibrational population of the dissociative channels of thefaig-
ment as a function of time for initial =18 andJ=0.
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FIG. 6. Vibrational population of the dissociative channels of thefag-
ment as a function of time for initial =22 andJ=0.

trum is even more congested than #or 22, the overall band
being about 75 cm' broad. The fit to the independent reso-
nance model in this case requires 86 resonances, with the
L most intense resonance contributing only 5% of the total.
0.015 | ) The autocorrelation function shown in Figa¥was obtained
from this fit. The average values af andI” yield a value of
7I'/A=1.2. In this sense the IVR dynamics for=25 are
slightly “less dense” than those af=22. Although the den-

sity of states has continued to increase, the coupling appears
. . to have leveled off. This could be partly due to the fact that
0 although the Gl stretch has a very large amplitude in this
-220 -195 -170 -145 -120 region, the frequency is getting to be rather low. Another fact
that must be considered is that for this very high level, the
quantum calculations may not quite be converged even
FIG. 5. Norm of the autocorrelation function as a function of titee and  though the basis contains 440 coupled channels distributed in
absorption spectrurtb), for initial v =22 andJ=0. The solid lines are the 14 vibrational states. At this excitation the,CWith a vibra-

results of the wavepacket calculation, while the dashed lines correspond ~1 - .
the analytical fit in terms of independent resonances. tﬁgnal f_requency Only of the order of 20 Cnl" is close to its
dissociation energy.

The overall dependence of thle=0 spectra and decay

the later set of energies, the4 channel serves as a doorway curves for ArC} vibrational predissociation depend an

to thev-5 continuum, so they become populated quickly, and@Pout as expected. The IVR regime moves slowly away from
decay slowly. the sparse toward the statistical regimevass increased.

Since ArC}, is only a triatomic molecule, however, the den-
sity of states does not increase dramatically, and even for
Av=—5 the dynamics have not reached the statistical limit.

o(E)

() Energy /cm™!

4. v=25: mininum Av=-5

The spectrum and autocorrelation functiondet 25, for
which the minimum value oAv is —5, are shown in Fig. 7. .
In this case, the time dependent approach did not convergg,‘ Effect of overall rotation
and the spectrum was obtained by numerically integrating When the VP process only requirds =—1, the decay
the close-coupling equatiolfs® for solving the time- rate seems to be rather independent of the total angular mo-
independent Schdinger equation. As expected, the spec-menta considered. In the case where VP proceeds via IVR,
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FIG. 7. Norm of the autocorrelation function as a function of tifag and
spectrum(b), for initial v =25 andJ=0. The spectrum is the result of close-
coupling time-independent calculatiofRef. 13, while the autocorrelation
function was deduced from the analytical fit @ in terms of independent
resonances.

the density of states for a system will obviously be greater i

effect of changing the orientation of the angular momentum
among the molecular degrees of freeddne., changing

K). We chose the case of=18 for closer examination be-
cause it is in the sparse-intermediate regime for which a
change in the effective density of states might be expected to
have the largest effect. Once the molecule is in the statistical
limit, it would be expected that the IVR rate would be “satu-
rated” and independent af andK.

For very low values of, Q) (the projection of] onto the
intermolecular axisis a reasonably good quantum number.
However, as] increases, so does the Coriolis coupling; so
that for higher values al, (J,K) states become a mixture of
more and moré&) components. In addition, Coriolis coupling
is maximum for =0, since it is proportional to
VJ(J+1)—Q(Q+1). As a consequence, it can be expected
that the density of actively coupled states will increase with
J, and that for a given] it will be maximum for K=0
(which is the state with the highest proportion@0).

1. K=0, increasing J

Calculations performed faf=1 and 2(with K=0) yield
7I'/A ratios of 0.83 and 0.87, respectiveipstead of 0.69
for J=0). These higher values of thel'/A ratio are mainly
due to an increase df'), because the narrowest resonances
become a little broaddisee Fig. 8)). However, for all the
J values studied, fromd=0 to 15, the recurrences in the
decay of the autocorrelation function persist. Hence even
though the number of states increases, the coupling remains
rather low and the effective density of states does not change
appreciably. It is remarkable that the first recurrence is prac-
tically at the same position for all the values dfstudied:
10.7 ps(for J=0) to 8.7 ps(for J=15). This corresponds to
an energy spacing evolving smoothly withfrom 3.1 to 3.8
cm 1. The corresponding spectra show two main resonances
with a spacing of 3.1 cm for J=0, which smoothly in-
creases with]. This effect has already been seen in time-
independent calculatiotfsand was interpreted as follows. If
one of the resonances is mainly of “bright” character and
the other mainly of “dark” character, the rotational con-
stants for the quasibound state corresponding to the former
are very close to the ones for the ground van der Waals level
of the v =18 manifold, while for the latter they are very
close to the ones for a very excited van der Waals level.
Hence the energy of the quasibound states do not move by
fthe same amount with.

rotational excitation is included in the calculation. In many )
cases it has been shown that this also applies to the effective /ncreasing both J and K

density of stategthe density of “active” states, i.e., of states
that are effectively coupled to the initial statgo that the

We now turn to the effect oK, which characterizes the
orientation ofJ with respect to the intermolecular axis, on

dynamics of decay increases with rotational excitation. Athe IVR process. First we vamg for the samel. The auto-

previous study of A appears to show that rotational exci-

correlation function fordJ=7 with K=0, 2, 4, and 6;J=10

tation does not, however, cause a dramatic change in theith K=0 and 10; and forJ=15 with K=0 and 14, are
dissociation rate for this molecule. In that study only statesshown in Figs. 9. In nearly all the cases the recurrences per-
with K=0 were examined. Here we examine the effect ofsist, in particular the first one. However, it is clearly ob-

rotational excitation on the spectrum and dynamics o
ArCl,, v=18. In addition to examining the effect of increas-

fserved that for a gived, the amplitude of the recurrences
strongly decreases with increasig In the case ofl=

ing J, the total angular momentum, we also examine theK=10 the decay is nearly monotonic except for a reminis-
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FIG. 8. v =18 autocorrelation function fofa) low values ofJ, (b) higher —_
values ofJ, with K=0. %
cence of the first recurrence at10 ps. This recurrence
nearly disappears in the caseb$£15, K=14. For this case
we continued the propagation long enougk 60 ps to -
evaluate the absorption spectrum and the fit, in Fig 10, re- M
quires about the same number of independent resonances as 0 : —
was used fod =0, but now therI'/A ratio increases to 1.23. 0 15 30 45 60
Therefore it may be concluded that in order to approach the (c) time /ps

statistical regime it is more important to incredsehanJ.
This means that the Coriolis coupling is not directly respon—g. 9. , =18 autocorrelation function fota) J=7, K=0, 2, 4, and 6(b)
sible for the increase of “active” states. Instead, a less direct=10,K=0 and 10, andc) J=15,K=0 and 14.
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y I,(v—3) fragments forv=18 and 21 are compatible with
this conclusion, as they show an exponential time depen-
03} y dence with a slightly higher rate far=21 than forv =18.
Hence the oscillations of the rate constant ratio were due to
electronic predissociation and were attributed to dhstate,
because they were very similar to those observed in the

= 0.2 ’ electric-field induced quenching of(B) fluorescencé?
— These oscillations of the electronic predissociation rate

were well reproduced by a Golden Rule wave packet
treatment>%® However, recent calculations on the vibra-
tional predissociation dynamics of Ar(Refs. 22,23 have
concluded that, for the potential surface used, IVR is in the
sparse limit. This would give an erratic dependence of the
. . VP rate withv for low J. The same conclusions were
0200 180 160 140 reached recently by Goldfield and Gfagor J>0, although
) ) ) ) they did not examine the effect of the orientation of the total
Energy /cm”1 angular momentum with respect to the molecular system
(K=0 in their calculations Our work confirms these con-
FIG. 10. Absorption spectrum for initial=18, J=15,K=14. clusions. However, the time dependence for the appearance
of the Cl, fragments is very close to an exponential growth,
as was seen in Fig. 4 far=18 and Fig. 6 fow =22. Hence
effect is responsible of the increase of the density of activén the experiments measuring the production of the frag-
states withJ. Indeed,() is not a good quantum number. ments as a function of time, it would be very difficult to
However, only a few values of) centered around are differentiate between statistical and intermediate regime on
needed to describe the initial quasibound state. er0,  the basis of this sole time dependence. To unambiguously
the matrix elements of the potential between angular basigharacterize the IVR regime of a real system will require a
functions is the same as fdr=0. This is not the case for combination of frequency-resolved and time-resolved spec-
Q#0. Classically, the difference betwe€éh=0 andQ=1J troscopy, preferably for a system for which single state ex-
is that{)=J mainly corresponds to a rotation of the dihalo- citation is feasible.
gen molecule. For high values d&, since it is also the More serious is the fact that the vibrational predissocia-
projection ofj onto the intermolecular axis, this means thattion rate increases smoothly with vibrational excitation. Our
Cl, is rotating relatively fast, hence tends to stay perpendicuwork shows that for triatomic systems it is possible to reach
lar to R. This effect is also seen quantum mechanically, sinc&n intermediate/statistical regime of IVR in which the VP
the basis function¥; ,_; are more and more closely packed rate constant would monotonically increase withif the
around the perpendicular configuration. Hence quasibountptational population of the complexes in the beam is taken
states with(0=J are strongly affected by rotation while into account. However, this is only true for certain orienta-
those with(2=0 are much less changed. A more carefultions of J with respect to the molecular axes.
study of this effect would be necessary in order to ascertain  Another uncertainty concerning Arlis the interaction
whether this is mainly due to the perpendicular equilibriumpotential, which is less well characterized than for ArGt
configuration of the complex. is possible that a potential corresponding to a higher density
of states in the middle to upper range of the well would bring
the IVR dynamics closer to the statistical limit. Also, the
In addition to its fundamental interest, the vibrational strength of the coupling is well known to be very sensitive to
predissociation dynamics in ArClmay help clarify what the value of the range parameter of the Morse part of the
happens in Ad. Several experiment$®4?°have revealed potential, so that a small change might be expected to have a
that for Arl, excited in theB electronic state of,| vibra- large effect on the IVR regime.
tional predissociation competes with electronic predissocia- Finally, electronic predissociation may play a role in the
tion. Recently Burke and Klempefehave measured the ra- VR dynamics by giving a width to the dark states, therefore
tio of the electronic to vibrational predissociation ratereducing the density of dark states necessary to obtain the
constants for 16<v <24, where vibrational predissociation statistical regime. This, together with the effect of the rota-
requires the transfer of 3 vibrational quanta gftdé the in-  tional angular momentum, could reconcile the experimental
termolecular bond. This ratio oscillates with From the fact observations with the theoretical conclusions. Calculations
that the ground and the first excited van der Waals levels hadre currently in progress to treat simultaneously electronic
a very similar linewidth, they also deduced that the vibra-and vibrational predissociation.
tional predissociation rate increases smoothly with vibra-
tional excitation, which indicates that IVR occurs in the sta-V- CONCLUSIONS
tistical limit. The measurements made by Zewail and In this study of IVR in ArC} we have proposed an ex-
coworkers® on the time dependence of the production of thetension of the Bixon-Jortner mod&.The active states are

0.1

C. Comparison with Arl ,
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1418 Roncero et al.: Redistribution in vibrational predissociation

prediagonalized to simplify the coupling scheme that musprocess becomes closer to the expected behavior of the sta-
be considered, resulting in analytic expressions for the ahtistical limit. Varying experimentally the initially excited ro-
sorption spectrum and the time development of the statewtional sublevel, should permit the analysis of this effect.
involved. This allows for an explicit determination of the The fact that the IVR dynamics evolve faster toward the
average density of states and the average coupling strengshatistical limit by increasingK for a givenJ rather than by
for each initial excitation. We have demonstrated the utilityincreasingd for K=0 shows that Coriolis coupling is not
of the new model by analyzing the dynamics of a variety ofdirectly responsible for this evolution. Instead, the move to-
vibrational levels, which require the transfer of increasingward more statistical behavior must be due to changes in the
number of quanta to effect dissociation. We have also examvan der Waals level wavefunctions, and/or to changes in the
ined the role of rotational excitation for the eighteenty CI coupling between levels. These changes would then be more
stretching level. The ratier'/A is useful for characterizing important forK=J, which has a large contribution of the
the regime of IVR for each initial level. The value of this rotation of the plane of the complex, than fié=0, where
ratio varies from much less than one in the sparse limit tdhe complex rotates within a constant plane.
much greater than one in the statistical limit. In this work values of) up to J=15 have been consid-
As discussed previously, the=10 level, for which the ered, which implies a number close to 6000 close-coupled
first open dissociation channel & =—2, provides a proto- €quations in a time-independent calculations. However, us-
typical example of IVR in the sparse regime. The initial ing the time-dependent method with a mixed grid-basis rep-
bright state decays to the dissociation continuum by first couresentation for the angular coordinates was very appropriate
pling to a single doorway state in thev=—1 manifold. for massively parallel computers. The calculations require
Two transitions(for J=0) appear in the spectrum since the almost the same real time fdr=15 to run on sixteen pro-
doorway state borrows intensity from the bright state. Thecessors than faJ=0 to run on one processor.
autocorrelation function of the initial excitation shows awell ~ This work clearly shows that due to the large anharmo-
defined quantum beat structure due to the interference béuicity of the C} stretch in the B electronic state, the IVR

tween these two states. This places the dynamics clearly idynamics of ArC} change rapidly from the sparse toward
the sparse limit. the statistical regime with increasimg Perhaps surprisingly,

For higher initial vibrational levels, involving the trans- We find that the change from sparse to statistical behavior

fer of three or more quanta of Cétretch, the active density has more to do with the increase in coupling than with the
of states is considerably higher, and the coupling betweeiicrease in the density of states, once a certain threshold
the active states also increases. The spectra for these staf@fisity is obtained. This is especially true for rotational ex-
are heavily congested. The largest qualitative change occugitation. Increasing, for K=0, has only small effects on the

in going from v=10 to v=18. Forv=18, 50 first-order IVR dynamics, while increasin¢ for a givenJ has more
states are required for a Comp|ete fit to the spectrum, but th@ramatic effects. This shows that the increase in the number
four most intense transitions carry 62% of the total intensity Of coupled states due to Coriolis coupling is less important
The autocorrelation function of the initially excited state than might have been expected. The maximum values of
shows a well defined beat pattern, with the amplitude of theml'/A that was observed, 1.7 fer=22, J=0 and 1.23 for
first oscillation over 0.3. The value of the ratid’/A is 0.7 v =18,J=15,K=14 are not yet at the statistical limit, but it
for this transition. Fow =22, 60 states must be included in Would take a carefully crafted experiment to observe non-
the fit to the spectrum, only 10 more than for-18. How-  statistical behavior for these levels. To accurately measure
ever, the intensity is much more evenly distributed so thathe regime of IVR for any level would require both fre-
the autocorrelation function decays rapidly with only low quency and time resolved spectroscopy, and some type of
amplitude oscillatory structurerI'/A=1.7, with most of the ~ State selection to avoid initial state congestion.

increase fromv =18 due to increased coupling rather than ~ The potential energy surface used for these calculations
increased density of states. The results §or25 are not is reasonably accurate, and the results of these calculations

completely converged, but it appears that the dynamics foare at least qualitatively correct. Similar calculations for
this level are less statistical than those for=22: Arl, have, so far, failed to indicate the onset of statistical
«I'/A=1.2. One possible explanation for this unexpectedo€havior, in apparent contradiction to a growing body of
behavior is that the Glvibrational frequency for this level is €xperimental results. Unfortunately, the Arpotential is
quite low due to the large anharmonicity. much less well characterized than that of Ar(lherefore, is

In addition, we have studied the role of the total anguladmportant that the Ad results be checked for sensitivity to
momentum on the IVR dynamics for the case wf18, the potential before too strong a conclusion be made regard-
which is in the intermediate regime fd=0. For low values ing the apparent disagreements between experiment and
of J, the rationI'/A increases withl, since the density of theory.
levels increases witld, but not enough to make the recur-
rences of the autocorrelation function disappear. Howeve
we have shown that varying the initial rotational sublevel
K, corresponding to a different projection of the total angular  The authors would like to thank Pablo Villarreal and
momentum on the body-fixed axis{), has a more impor- Alberto Beswick for intense and fruitful discussions. K.C.J.
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