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Intramolecular vibrational energy relaxation seen as expansion in phase
space. |. Some experimental results for H,O* (X 2B,), C.H;} (X 2B;),

and HCN*(B 2= +)

J. C. Lorquet® and V. B. Pavlov-Verevkin®

Département de Chimie, Université de Liege, Sart-Tilman, B-4000 Liege I, Belgium
(Received 1 December 1989; accepted 16 March 1990)

It has been shown by Heller that a nonstationary wave packet resulting from a Franck-
Condon transition evolves on the potential energy surface of the final electronic state and
propagates through phase space at a rate which can be determined from the autocorrelation
function | C(¢2) |* = |{D(0)|D(¢))|*. Since C(¢) can be obtained by Fourier transformation of
an optical spectrum S(E), i.e., from an observable quantity, it is possible to derive from an
experimental measurement information concerning the density operator of a so-called
dynamical statistical ensemble (DSE). This density operator, denoted p™, represents a
statistical mixture of the eigenstates of the system with weights determined by the dynamics of
the system. It becomes diagonal after a so-called break time .7 ;. Its measure, according to a
definition due to Stechel, can be interpreted as an effective number of states (denoted. #") that
significantly contribute to the dynamics. The break time .7, represents the finite period of
time allowed to expand in the phase space and after which no further progress can be made.
Therefore, the number.#”_ of phase space cells which are accessed after a very long interval of

w©

time (or in practice after the break time) remains limited. Information on the validity of
statistical theories of unimolecular reactions is contained in the fraction .5 of the available
phase space which is eventually explored. In order to assess the representativity of the
sampling, it is necessary to account for the selection rule which requires all the states counted
in.#"_ to belong to the totally symmetric representation. It is also appropriate to estimate the
role played by Fermi resonances and similar vibrational interactions which bring about energy
flow into zero-order antisymmetric modes. A method to carry out the necessary partitionings
is suggested. The functions. 7", and #, and the quantities .7 5,.#"_,.#"*, and 5 have been
determined from experimental data in three cases. In each case, the rate #; =d #/dT
starts from an initial value of zero, increases up to a maximum which is reached after a time of
the order of 10~ ' s, and then exhibits an overall decrease upon which oscillations are
superimposed. For state X 2B, of H,0* , .7, ~2.4X 10~ " s and .¥ ~0.3. The wave packet
never accesses that part of the phase space that corresponds to the excitation of antisymmetric
vibrations. For state X 2B,, of C,H, .7 5 ~1.6X 10~ "* s and .% ~5X 10~ *. This fraction
raises to 6 X 10~ * if measured with respect to the effectively available phase space. When the
spectrum consists of a discrete part followed by a dissociation continuum, the method can be
extended to study the behavior of the bound part of the wave packet only. This has been
applied to state B 2=+ of HCN * which is characterized by a very irregular spectrum. This
case offers an example of complete occupation of phase space after a break time which is of the

orderof 210~ B s.

L. INTRODUCTION

The process commonly referred to as intramolecular vi-
brational energy relaxation is of crucial importance in chem-
ical kinetics. Whether or not this relaxation is faster than
chemical reaction determines the validity of the RRKM the-
ory of unimolecular reactions.’” In the present paper, we
concentrate on the purely intramolecular process taking
place in an isolated molecule initially excited by photon or
electron impact under collision-free conditions.> The chemi-
cal activation experiments carried out by Rabinovitch, Kis-
tiakovsky, and others'-? are therefore irrelevant for our pur-
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poses. In spite of the fundamental importance of the
question, most of the kineticists usually dismiss the problem,
simply by assuming that vibrational relaxation is due to un-
specified anharmonic couplings among the zero-order nor-
mal modes. Recently, however, techniques of nonlinear me-
chanics applied to classical trajectory calculations have
significantly contributed to understanding the mechanism of
the relaxation.®'°

Experimentally, valuable information on the unimole-
cular decomposition of ionized molecules has come, first
from photoion-photoelectron coincidence spectroscopy
(PIPECO experiments),!""'? then from multiphoton ioniza-
tion.!* This technique has shown that, at least in a vast ma-
jority of cases, there is no correlation between the yield of
fragmentation and the vibronic structure of the molecular
ion. In other words, this implies that the rate constants are

© 1990 American Institute of Physics
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function of the internal energy alone, i.e., that a statistical
{microcanonical) approach is applicable.

Detailed spectroscopic studies have also been very fruit-
ful. Laser excitation of molecular beams'“'® is a field of
active research. Statistical analysis of the distribution of level
spacings, linewidths and intensities is also very promis-
ing,'®-?* but requires high-quality experimental data and

preliminary classification of spectral lines according to the
symmetry species.

In the present paper, we wish to carry out an analysis
based on the autocorrelation function as an input data, i.e.,
an information which is much less sensitive to experimental
uncertainties resulting, e.g., from finite energy resolution. It
is based on a contribution of fundamental importance due to
Heller and co-workers,”>*! which offers a possibility of ex-
tracting the required information from experimental elec-
tronic spectra. A Franck—Condon transition leads to a non-
stationary wave packet which evolves on the potential
energy surface of the upper electronic state (Fig. 1). During
this evolution, the wave packet undergoes flattening and dis-
tortion because of anharmonicity. It may even split up if
anharmonicity is strong enough, e.g., because of the pres-
ence of a low energy dissociation asymptote. All of this has
its counterpart in the phase and quantum Hilbert spaces and
may be described as intramolecular vibrational relaxation.
The procedure which will be investigated here is carried out
in two sequential steps, viz., (A) transforming the spectrum
into a so-called autocorrelation function C(z); and (B) ex-
tracting the desired information from C(¢). Let us be more
specific.

(A) First, the experimental spectrum S,,, (E) is con-

verted by a Fourier transformation into an experimental cor-
relation function C.,,, (¢):

QO

FIG. 1. A Franck—Condon transition leads to a wave packet & which prop-
agates on the potential energy surface of the upper electronic state. Top:
cross section in a multidimensional surface. Bottom: two-dimensional rep-
resentation in terms of a set of contours. Heavy line: initial position of the
wave packet. Broken: displaced position at time 7.

+ o

+ oo
S, (E)e™ E/*E /f 5., (E)dE.
- (1.1)

To proceed further, one first assumes the validity of the
Condon approximation, i.e., the transition moment is split
into two parts: electronic and vibrational. This excludes
strong vibronic coupling due to Jahn-Teller or Renner-Tell-
er interactions, but does not exclude consideration of an elec-
tronically predissociated state.’> Secondly, the rotational
part of the correlation function is factorized away, in order
to reduce the nuclear motion to a pure vibration. In addition,
the correlation function has to be corrected for finite energy
resolution and spin—orbit coupling effects. The appropriate
procedures have been described in previous papers.**=7 Asa
result, the experimental function C,,, (¢) is transformed into
a purely vibrational correlation function C(¢) which repre-
sents the time-dependent overlap integral between two vi-
brational wave functions:

(1) = (D(O)|D(0)) = f

—

Cop (1) = f

—

+

S(E)e  E'*dE, (1.2)
where @(0) is the vibrational wave function of the initial
state from which the Franck—Condon transition takes place,
i.e., the vibrational ground state of the initial electronic state,
and @(¢) is the wave packet at time ¢ as it moves away from
its initial position (0) on the potential energy surface of the
final state.

There is a complete equivalence between the informa-
tion contained in the corrected correlation function C(z)
and that contained in a new spectral function S(E). The
latter is a highly idealized concept since it corresponds to a
well-resolved rotationless and spin-free spectrum. Unfortu-
nately, the necessary corrections are approximate only, so
that the quality of the function C(¢) which can be obtained
in practice decreases with time. Usually, it can be deter-
mined only up to a time which is of the order of 100 or 200 fs
at most. Thus, the method allows us to study the short-time
dynamics only.

In general, the modulus of the correlation function
|C(2)| exhibits peaks that indicate when a substantial frac-
tion of the wave packet revisits the original Franck—Condon
region. For all practical purposes, the travelling wave packet
can be imagined as a swarm of classical trajectories on a
given potential energy surface. Numerous papers have ap-
peared that study this motion on model potential energy sur-
faces,?> or on potentials fitted to real-life molecules.’!**!
Methods to derive information on the characteristics of po-
tential energy curves or surfaces,>*>"*? or on molecular pro-
cesses such as Fermi resonance and Duschinsky rotation,*?
or on unimolecular dissociation rate constants** have been
given, but this approach is not pursued in the present paper.

(B) Once the correlation function has been obtained,
the next step consists in relating the theoretical function
| C(#) |? to a distribution in phase space. One has from Eq.
(1.2):

1€ |* =3 3 1RO DO GIBONB®D]i)

=Trlp(0)p(n], (1.3)
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where
p(0) = |D(0))(D(0)|
and
p(t) = [D()){(D(1)| (1.4)

are the density operators corresponding to the pure states
|D(0)) and |D(2)) defined in Eq. (1.2).

Following the lines recently proposed by the Heller
group,®*® one can then use the | C(¢) |* function to obtain
information on the phase-space distribution, on the rate &%
at which the wave packet sweeps out the phase space, on the
effective number .#” of the phase-space cells occupied by the
vibrational motion and, finally, on the degree of ergodicity of
a dynamical process.

The paper is organized as follows. In Secs. II-V, we try
to define more accurately the basic concepts and methods
developed mainly by Heller et a/., and introduce among oth-
er things the concept of a dynamical statistical ensemble.
Application to real systems is presented in Secs. VI-IX. The
paper concludes with a discussion of the results and some
general conclusions.

We have chosen to apply the method to three molecular
ions for which autocorrelation functions derived from pho-
toelectron spectra are available.**3>*”*> From an experi-
mental point of view, reaction dynamics is in some respects
more easily studied in beams of charged particles than in
neutral systems. Our goal is to establish a link between the
ultrashort time scale which can be studied by the present
technique and the dissociations that take place on the time
scale of ion extraction for which a wealth of experimental
information exists'''*¢ in order to obtain a unified view on
intramolecular processes.

ll. A MEASURE OF QUANTUM ERGODICITY

Let us consider a system in a pure but nonstationary
quantum state:

(1) =3 ar(n)k), (2.1)
k

where |k ) are the eigenfunctions of the Hamiltonian H of the
system. For simplicity, we restrict ourselves in this section to
the nonstationary states built from bound state eigenfunc-
tions only. First, we introduce some quantitative measure to
characterize the dynamical process. A very natural way to
do this has been proposed by Stechel and Heller.?-*° We
reformulate their theory in order to clarify the physical
meaning of the quantities .4 and # introduced by these
authors to describe the phase space flow due to the evolution
of a nonstationary pure state.

With every system described by the density operator p,
Stechel and Heller associate a positive number y defined by

u ' =Tr(p?). (2.2)

To clarify the physical meaning of i, we note at first that for
a pure state [Eq. (1.4)] the measure u is equal to 1 at any
time, making it thus irrelevant for dynamical problems.
Therefore, to characterize the time evolution of a nonsta-
tionary pure state, we consider the following density opera-
tor:

T
P = (l/T)f p(n)dt.
0

It is important to realize that p*" is no longer the density
operator of a pure state, but that of a statistical ensemble. Its
physical meaning will now be analyzed from two different
points of view.

From Egs. (2.1) and (2.3), one gets the following
expression for p*":

p‘“=§k_‘,pk|k)(k| — (/T

2.3)

X Y awa, [ (€ = /o, k) (n],  (2.4)
k#n
where
@ = (E, —E.)/# 2.5)
and
Pr = Iak |2- (2.6)

In a spectroscopic experiment, the latter quantities are
the usual Franck—Condon factors. (Obviously, =,p, = 1.)
The quantum measure of this ensemble is given by

L= pi + (4/T?)
k

X 3 puba [ (1 —cos 0, T/l ]. 2.7

k>n
The operator p** has a clear physical meaning in the
long-time limit, i.e., when

T>T, = max (8P, /@2 )2 2.8)

When T is large enough (7> Ty ), p** becomes diag-
onal. It describes a statistical mixture of the eigenstates of H
with weights given by the Franck—Condon factors. In the
long-time limit, ;¢ simplifies to

pot=3 pi (2.9)

k

As explained by Stechel,?® there is a difference between
the measures defined by Eqs. (2.2) and (2.9) which has been
disregarded here for simplicity. Thus, the measure g in-
creases from an initial value of 1 (pure case) to a final value
given by Eq. (2.9). It also follows from the same equation
that in the long-time limit, & can be interpreted as an effec-
tive number of states significantly contributing to the dy-
namics.?*>%*" The simplest way to see this is to consider the
particular case where the system can be found with equal
probabilities in NV different eigenstates of H. Equation (2.9)
then simply gives £ = N. In the case of unequal probabilities,
p varies between 1 and N. It adopts a value of 1 when the
dynamics is dominated by a single state and reaches a maxi-
mum value of N when all the states participate on an equal
footing in the dynamics.

To get further insight into the physical meaning of p**,
let us study the time evolution of the system in the usual
quantum Hilbert space. At a given time, the dynamical state
of the system is represented by a state vector in an N-dimen-
sional complex or 2N-dimensional real linear space parame-

J. Chom. Phys., Yol 92, No. 1, 1.July 1990
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trized by the coefficients @, defined in Eq. (2.1). The nor-
malization condition constrains the vector to sweep a
(2N — 1)-dimensional sphere in the 2/N-dimensional real
space. Furthermore, the set of points {¢“a, ,¢*a,,....e®ay}
with (0@ <2m) is understood to define a single state. In
this way, one arrives at the so-called complex projective
sphere, as a manifold whose points are in one-to-one corre-
spondence with quantum states.

Coming back to the physical meaning of p*', we parti-
tion the obtained manifold into small cells of equal measure
and rewrite Eq. (2.3) as

M

p*=lim ¥ p(AA1)(At/T)

Ar-0 o

(2.10)

with T = MAt. At every moment AA¢, the representative
point of the system is located in one of the cells. Gathering
together all the terms corresponding to the same cell a, one
can write

P =Y p.p (2.11)
with )

>pa=1 (2.12)
and )

) (@8} Yo | KX (2.13)

The symbol (a,a;),, denotes an average within the cell
a. In Egs. (2.11) and (2.12), the summation runs over all
the cells visited during the evolution.

Hence, p*" is again seen to be a density operator of a
statistical ensemble in which the weights of the different
states are determined by the dynamics of the system. The
weights will be greater for those cells in which the system
spends more time on the average. One also sees that the cells
that are not revisited by the system frequently enough can-
not contribute to p** in the long-time limit.

In the remainder of this paper, we refer to this ensemble
as the dynamical statistical ensemble (DSE).

Il. PHASE-SPACE FLOW

In studies on quantum ergodicity it is very instructive to
use the Wigner formulation of quantum mechanics, accord-
ing to which the time evolution of the quantum system can
be viewed as a phase-space flow associated with a phase-
space distribution p(p,q,?) given by

+ o
p(psast) = (wh) =7/ EP G (q + 5,0)D(q — s,1)ds,
B 3.1)

where fis the number of degrees of freedom of the system.
Following Stechel and Heller,”’° we can now define a
phase-space counterpart of the quantum measure u by

NP =hITr[p?(pA)

= h’ffdp dq p*(p,q).

Since for a system with f degrees of freedom the function

(3.2)

Tr[p?(p.q) ] has the dimension of (action) —, ie., the di-
mension of an inverse volume in phase space, ./~ can be
interpreted as an effective number of elementary phase-
space cells of volume 47/ occupied by p(p,q). Taking into
account the fact that every pure quantum state occupies one
elementary phase-space cell, we see that 4 and .#" have es-
sentially the same physical meaning, i.e.,

p=N (3.3)
(a much more elaborate discussion has been given by Ste-
chel®®).

In order to study the time evolution of the system ac-

cording to the discussion of the previous section, we intro-
duce the DSE characterized by an averaged distribution

T
P (0,01 = (1/T) J (D)t (3.4)
(]
and its measure
Npt= h’fjdp dqlp® (p.g. D13, (3.5)

where 4" represents the effective number of phase-space
cells occupied by p* (p,q.T).

A1 is related in a simple fashion to the correlation
function C(¢) and can thus be easily obtained from the ex-
perimental spectra.

Substituting Egs. (3.4) and (1.3) into Eq. (3.5), one
arrives at®

T
Nil= (2/T)f dt(1 —t/T)|C() |~ (3.6)
0

This equation plays a fundamental role in what follows.
At very short times, one deals with a pure case:

lim A = 1.

T-0

3.7

Since we want to use 4", to characterize an intramole-
cular relaxation, consideration of its asymptotic value is of
prime importance. The quantum measure in the long-time
limit can be readily obtained from Eqgs. (2.9) and (3.3):

N =2 P
k

It can also be calculated with the help of the correlation
function

(3.8)

T
(/Vw)"=Tlim @2/D)| (1 —¢t/T)|C(1)|dt (3.9)
— 0 0

T .
= }im (/D] |C)|%ds. (3.10)
— o
Equations (3.8)—(3.10) provide three different ways to
calculate /4" which, in principle, are equivalent. A fourth
one will be presented in the next section. For a numerical
study of experimental data, they provide interesting checks.
The spectra may be poorly resolved, so that a determination
of individual Franck-Condon factors may be very difficult.
This is especially the case at high energies close to the disso-
ciation limit where information concerning the validity of
statistical theories of unimolecular reactions is seeked. The
use of Eq. (3.9) enables one to bypass the measurement of
Franck—Condon factors. However, the quality of experi-

J. Chem, Phys., Vel 93, Na. 1, 1 July 1290
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mentally available correlation functions decreases with time,
so that the limits may have to be obtained by extrapolation.
In practice, Eq. (3.10) is found not to be very useful for an
extrapolation, and a more practical procedure to do this will
be suggested in the next section,

Following Heller,** we now introduce the quantity % ,.:

'%T=MT/dT

T
= (1/2)f (1-2t/T)|C(2)|%dt/
0

T 2
U (l—t/T)lC(t)(zdt]. (3.11)
0
From the discussion given in Sec. II, it follows that % ,.
represents the rate of growth of the phase space volume oc-
cupied by the DSE, i.e., the volume regularly revisited by the
wave packet during its evolution. The present interpretation
of Z ; is thought to represent more adequately its physical
meaning than that proposed in Ref. 30 in terms of a rate of
phase-space exploration.
At very short times, the rate increases linearly with time
and

lim#Z,=0. (3.12)
-0
In the long-time limit
T -1
lim # ., = [2f |C(2) |2dt] . (3.13)
T— oo 0

A more detailed discussion of the properties of % ; has been
given in Ref. 30.

IV. THE RELAXATION TIME

Of prime importance in chemical kinetics is the lapse of
time which characterizes the relaxation from the initially
prepared distribution. A very useful concept has been intro-
duced by Heller.® After a so-called break time .7 5, the
effective number of cells occupied by the DSE is thought to
have reached its asymptotic value .4/ . In other words, the
DSE cannot significantly increase its phase space volume
after the break time, which is given by

T g=h /8, (4.1)

where & is the smallest energy gap between two optically
active vibrational levels (i.e., having nonzero Franck—Con-
don factors in the optical spectrum). This concept turns out
to be extremely useful, but requires some clarification.

(1) First of all, we have to specify the meaning of a
relaxation time in a nondissipative system. Strictly speaking,
an isolated mechanical system cannot relax.*® The answer is
that this concept really applies to the relaxation of the DSE
introduced in Sec. II to its equilibrium state described by the
long-time limit density operator

P‘"=§k:,vklk)<kl-

This relaxation leads to an increase of the quantum measure
Ay from 1 (at time T'=0) to its maximum value ./~
given by Egs. (3.8)-(3.10).

Equation (2.7) shows that the relaxation is caused by

(4.2)

the multiplicative factor T~ 2 in front of the sum. The de-
phasing of the different cosine terms in this sum is of minor
importance because all of these terms are positive. At this
point, it should be stressed once more that the relaxation in
question should be understood as the relaxation of the corre-
sponding DSE. Therefore, it will occur even in a two-level
system.

(2) The break time .7 ; defined in Eq. (4.1) is a charac-
teristic time scale of the relaxation process. It can be under-
stood as a time at which condition (2.8) is approximately
fulfilled. To see this, we note that one has p,p, <0.25. The
equality obtains when only two levels are initially populated
with equal intensities (i.e., p, = p, = 0.5). Substituting this
into Eq. (2.8) leads to

Ty <2/min w,, = h /m/26=0.2257 ,. (4.3)
k.n

(3) Since 4" tends to 4 _ as T— oo asymptotically
only, we have to introduce an arbitrary parameter S in our
definition of the characteristic relaxation time to obtain a
finite value (8 < 1). The relaxation kinetics is then charac-
terized by the time .7 4 necessary for 4" to reach the value
BN

N 1y =BN .

A concrete value of 3 is not of crucial importance, be-
cause it is the order of magnitude of the relaxation time
which matters. We note, however, that there exist special
cases where the choice of 5 can make a difference. This will
be the case, e.g., for a system whose spectrum consists of
groups of quasi-degenerate levels which are well separated
from one another. In this case relaxation is characterized by
two very different time scales, with fast intergroup and slow
intragroup relaxation. The function .#"; has now two re-
gimes and one has to decide beforehand whether or not the
slow intragroup relaxation is important for the process in
question.

(4) From Egs. (2.7), (2.9}, (3.3), and (3.8), one can
estimate an upper bound for the difference between .4 !
and its asymptotic limit 4" ",

I-/VT_I_‘/V;]|<(8/T2)Z pkpn/wik (44)

k>n

Although the right-hand side of Eq. (4.4) depends both on
the energy spectrum (frequencies) and on the initial prep-
aration (Franck—-Condon factors), it follows from the dis-
cussion in paragraphs (2) and (3) that, unless there exists a
gross disparity between the distribution of the frequencies
and that of the Franck—Condon factors, it reaches a negligi-
ble value at time .7 . It has to be noted that .7, also de-
pends on the initial preparation, but somewhat indirectly,
i.e., through the not very explicit requirement that § be the
minimum energy gap between two adjacent levels both hav-
ing nonzero Franck—Condon factors. Thus, the existence of
closely packed levels can significantly delay the relaxation
only if these levels are significantly populated by the excita-
tion process.

(5) The previous ideas can be used to derive an extrapo-
lation formula for .#". This is very useful, since in practice
the quality of the experimental data may not be sufficient to

J. Chem. Phys, Vol. 93, Mo, 1, 1 July 1920
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calculate the function ./, up to the break time. Consider a
bound state with a spectrum represented by the function

S(E) =2p,-6(E—E,.). (4.5)
Substituting into Eq. (1.2), one gets
[C)|? = zzp,.pj cos[(E;, — E;)t/#]. (4.6)
T ]

Elementary algebra shows that the following approximate
relationship exists between the function /"7 ' and its first
derivative evaluated at half of the break time:

ANt =2P?=(-/Vo.s.'f,,) -

+ 0.259'5(—‘1—%; ‘) 4.7)
dt 0.5 g

The validity of this approximate formula will later on be
checked on actual systems.

In summary, the simple formula (4.1) can be used in
many cases instead of the more accurate condition (2.8).
Moreover, it gives rise to the useful extrapolation formula
4.7).

V. THE FRACTION OF THE PHASE SPACE OCCUPIED
BY THE DSE

In order to get some deeper insight into the dynamics of
the DSE introduced in Sec. 11, it is instructive to consider the
fraction # of the phase space occupied by the DSE in the
long-time limit:

F=N_ /N, (5.1)

where /" denotes the number of the phase-space cells that
are a priori available for a given dynamical process. Its value
depends on our a priori knowledge about the system in ques-
tion. This quantity, introduced by Stechel and Heller,>"2%47
is very useful in studies concerning the validity of the usual
statistical theories, such as RRKM, for which the only re-
striction taken into account concerns the internal energy of
the system. In this case, /" " is equal to the number of all
energetically available phase-space cells. However, we im-
prove our understanding of the dynamics of the DSE when
we incorporate additional a priori information and investi-
gateits effectson.#” " and % . For example, if the additional
a priori information results in & = 1, then it seems reasona-
ble to conclude that the dynamics is ergodic within the exist-
ing constraints. This also implies that our knowledge about
the system is virtually complete and cannot be essentially
improved. As shown by Levine et al.,*”** % measures the
completeness of our @ priori information.

Information concerning the excitation process can be
incorporated in the form of a spectral envelope.?6*%%7 This
is done in Sec. V A. The quantum nature of the dynamics
also imposes some additional restrictions on the value of
A", It turns out that the number of the phase-space cells
occupied by the DSE in the long-time limit under fully chao-
tic conditions never exceeds 1/3 of the total number of ener-
getically available phase-space cells.?’*%47 It is natural to
accept this as an a priori information, as shown in Sec. V B.

In studies of intramolecular processes initiated by a coherent
excitation, it is also natural to take into account an a priori
information about the symmetry properties which lead to
selection rules.?®2%*" This is done in Sec. V C. Finally, we
introduce in Sec. V D several measures appropriate for an
investigation of the dynamics within different homogeneous
subspaces of the quantum Hilbert space characterized, e.g.,
by different types of symmetry or excitation. We now exam-
ine all this in more detail.

A. Excitation constraint

As shown by Heller,?6*° a natural way to take into ac-
count the constraint imposed on.#” "~ by the excitation pro-
cess is to introduce the envelope S, ( E) of the spectral distri-
bution S(E). The latter describes the fully resolved
spectrum and contains as much of the information as the
correlation function determined up to an infinite time. On
the other hand, S, (E) represents the fictitious spectrum ob-
tained as the Fourier transform of a correlation function
truncated after some time 7. Physically, this amounts to
studying the dynamics during a short time only. The func-
tion S, (E) is called the envelope of the genuine spectrum
S(E). (More exactly, it is a smoothed version of it.) The
envelope S (E) can be easily calculated*®

Sr(E) =Y pQr(E— E,), (5.2)
k
where
Q(E—E,) =sin[(E—E)T/h|/[m(E—E)]
(5.3)

Note that the profile of this envelope depends on the
choice of the truncation time 7. Heller has proposed to con-
sider the function S 7 (E) determined for a particular time
T* corresponding to the first minimum of the correlation
function, at the end of the initial decay and before any recur-
rence. To calculate .#”*, we now have to choose a reference
spectrum reflecting our a priori information about the fully
ergodic situation under the constraint imposed by S 7-(E). A
natural choice is a spectrum with Franck—Condon factors
given by

P =SHE,)/3T SHE, (54)
k

where indices 7 and k& run over all states within the envelope,
both optically active and inactive. The information about
selection rules and dynamical details (i.¢., those reflected in
the numerous peaks of the correlation function |C(#)]) is
totally absent from the reference spectrum. Thus, the phys-
ical meaning of the constraint imposed by S 7 (E) can be
roughly understood as a way to take into account an a priori
information about the energy spread of the initially prepared
wave packet.

Several methods can be used to calculate 4"

(1) The first method is based on the use of Franck-
Condon factors corresponding to the envelope S 7-(E) [Eq.
(5.4)]. Substituting into Eq. (3.8), one has

W' =3 )% (5.5)
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This method implies the calculation of the smoothed spec-
tral envelope S 7 (£) and a knowledge of the energies of all
the levels within this envelope.
(2) Heller also proposes*® another formula to estimate
A ’
-/’/“=-9?.L7‘B, (5.6)
where 2" is the rate at time .7 " (i.e., the time at which
|C(#) | admits its first minimum ), but we disagree with this
equation for several reasons. Heller’s derivation is

—1 + o
me[z(p;y] :_[ [[SH(E) ]

DY(E)]dE |~

+ o
~h (D‘)/hf [S%(E)]dE

=T R, (5.7)

First, one should note that the quantity (D *) defined in
the second step of the derivation has the meaning of the den-
sity of states at some unspecified point within the energy
envelope and, strictly speaking, cannot be interpreted as an
average value of the function D(E). Moreover, even when
(D *) is approximately equal to the average value of D(E),
the product & (D" ) is not .7 , as defined in Eq. (4.1). The
break time is equal to / /8, where 8 is the smallest energy gap
between two optically active levels and not the average quan-
tity (D ") ~'. Finally, although it can be demonstrated®
that, at any time 7,

+ow T

hf [ST(E)]ZdE=2f |C(2)|%dt, (5.8)
Cw 0

Eq. (3.13) cannot be invoked to equate the left-hand side of

Eq. (5.8) with (%) . This would be possible only in the

long-time limit, after many recurrences, and certainly not at

a time as short as 7",

However, it is possible to retain the general philosophy
of the argument and to calculate the denominator of Eq.
(5.7) in another way. Since time T " is very short (usually a
few femtoseconds), the dynamics need be followed during a
very short lapse of time. It is then possible to set up crude
models which give a useful description of the correlation
function up to a short time only. These models will later on
be found to be useful in other connections as well. A natural
choice for an empirical function to describe the short-time
behavior of the correlation function of a bound system is

|C(2) |?=0.5(1 + ) + 0.5(1 — y)cos wt, (5.9)

where 7 is the value reached by | C(¢) | *at its first minimum,
i.e., at a time T* = 77/w. Then,

-
2f |C(0) |’ de=(1 +)T". (5.10)
0

Substituting into Eq. (5.7), one finally obtains the following
estimate for 4"
N =h (D Y/ (1 +¢T" (5.11)

(3) A third estimate of .#"" can be derived as follows.
The time 7 " at which | C(¢) |? reaches its first minimum is
approximately equal to twice the time needed for the wave

packet to move a distance equal to its width (called “dephas-
ing time” by Bixon and Jortner™ ):

T =2#/T, (5.12)
where I' is the energy spread of the wave packet. Then, from

Eq. (5.11),
N =D )Tw/(1 + ) =(D")T (5.13)

since 0<y< 1. If the value (D *) is approximately equal to the
average value of D(E), then the factor (D ") T represents the
number of states (optically active and inactive) within the
energy width of the wave packet.

B. Quantum constraint

In spectroscopic problems, when the number of final
states is large, one deals with the so-called external case de-
scribed by Brody et al’' This means that one studies the
statistics of transition strengths between one (external ) state
|e) which is treated nonstatistically and a large group of d
states |i) which are supposed to be statistical in nature. This
assumption is very natural when the external state signifi-
cantly differs from the statistical state |i). In this case, the
whole transition probability is fragmented into many small
parts and it is then reasonable to expect that the latter can be
treated statistically.®’ In the statistical theory of spectra
based on the properties of the matrix Gaussian orthogonal
ensemble (GOE), or in the maximum entropy formalism, it
is shown?0:22-24.27-294751 that the distribution function for
the transition probabilities (Franck—Condon factors in our
case) for the external case with one external vector {(¢) is
given by the Porter-Thomas formula

P, (x) = (2m(p)x) ~ exp( — x/2(p))
with

o =Wd Y b,

n=1

(5.14)

(5.15)

thus, corresponding to the usual y? distribution. It should be
noted that formula (5.14) does not take into account the
smooth overall variation of the intensities with energy given
by the spectral envelope. When applying Eq. (5.14) to the
experimental data, one usually supposes that it is possible to
take into account the smooth overall variation of the intensi-
ties with energy by using, instead of the globally averaged
value (p) in Eq. (5.14), the locally averaged value which
depends on E.27"2%4

Thus, we shall define a reference spectrum describing
the fully ergodic dynamics under constraints imposed by the
excitation process as a spectrum whose Franck-Condon fac-
tors are characterized by the envelope S ;- (E) and by the
3 -type fluctuations of transition probabilities with respect
to this envelope. These fluctuations are of quantum origin. It
has been shown?’3%*" that they reduce the number of the a
priori accessible phase-space cells by a factor of 3. Thus, for
the case in question, the number ./ of phase-space cells
which are a priori available for a given excitation process is
given by

N e =N"/3, (5.16)
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where the subscript QE stands for “quantum ergodic” and
the asterisk denotes an a priori estimate.

It is important to note that, when the number of states
participating in the dynamics is not large enough, the pres-
ent argument cannot be applied. Consider, e.g., the limiting
case where the spectrum consists of a single line (i.e., a tran-
sition between two identical potential energy surfaces). One
then has

N =N =N =1 (5.17)

C. Symmetry constraint

When the dynamical process in question is initiated by a
coherent excitation, it is natural to incorporate into our a
priori knowledge the information about the symmetry prop-
erties of the transition operator and of the system. In the
examples studied below, this information takes the form of
the usual selection rules resulting from the Condon approxi-
mation.>? This implies that all the states that are counted in
A and which appear in Egs. (2.1), (2.6), and (3.8) all
belong to the totally symmetric representation of the molec-
ular point group.

In contradistinction, all the states, active or inactive,
whatever the representation they belong to, are counted in
A" . Since the wave packet can only visit those portions of
Hilbert space where the eigenfunctions it is made of are lo-
calized, it is appropriate to compare .#"_ not with ./,
but with a smaller number.#"5 obtained when one takes into
account states that belong to the totally symmetric represen-
tation only.

It has been proved®® that, as the energy increases, the
occurrence of the various symmetry species in the spectrum
rapidly equilibrates so that, at internal energies of the order
of about twice the zero-point energy, the number of states
that belong to a particular nondegenerate representation is
the same for each representation.

D. Measures £™ and partitioning

The measures ¢ and .4 previously defined are very con-
venient when one studies the dynamics in the whole Hilbert
space or in one of its subspaces determined by some of the
constraints discussed above. However, they become incon-
venient when one wants to compare the relative dynamical
importance of different subspaces characterized, e.g., by dif-
ferent types of symmetry or excitation. To see this, consider
two nonoverlapping subspaces of the Hilbert space, L, and
L,. The measures u(L;) corresponding to L, are given by

(L] '=3 B>

kelL,

(5.18)

where the quantities p, are renormalized Franck—Condon
factors:

P =D/, Pi: (5.19)

kel ;
It can be shown that (L, + L, )<u(L,) + u(L,), e, in
general, ¢ is not additive with respect to partitioning the
Hilbert space into nonoverlapping subspaces and thus can-
not serve as a measure. In order to partition u of 4" into

contributions corresponding to different types of states, one
has to introduce some other measures, additive with respect
to the partitioning of the Hilbert space into nonoverlapping
subspaces. This can easily be done by associating with each
quantum state |#) some positive number £, a natural choice
being

£ =ri (5.20)

The choice of the appropriate value of the power « is
dictated by the problem at hand. For example, « = O defines
a measure which is entirely independent of the dynamics. It
gives the total number of states participating in the dynamics
regardless of their relative importance. To take into account
the relative dynamical importance of different states, one has
to introduce Franck—Condon factors, i.e., to use measures
with « > 0. The measure with « = 1 (i.e., the use of Franck-
Condon factors normalized to unity) allows one to compare
the overall probability of finding the system in different sub-
spaces but says nothing about the type of dynamics within
each subspace. The simplest measure which gives this infor-
mation is £®

EP =3 pi. (5.21)

kel

The more irregular the distribution of Franck—Condon
factors, the more regular the corresponding dynamics and
the larger the value of £*. [For the most irregular distribu-
tion (p; = 8, ), one has £ = 1; for the most regular case,
(p1 =p, =...=py),one has £ = 1/N.] Therefore, £
can be partitioned into contributions corresponding to dif-
ferent types of states; it can be used to measure and compare
the degree of regularity of dynamics within different sub-
spaces. Comparing a priori and experimental values of £?’
within different subspaces allows us to decide whether or not
all a priori available different types of states are represented
in the wave packet on equal footing, i.e., whether or not our
sampling is representative enough to guarantee the success
of a statistical approximation.

In summary, the crux of the matter results from the fact
that what one has to partition is not simply a2 number of cells
(or of quantum states) but an effective number of states that
significantly contribute to the dynamics, i.e., an average
weighted by occupation probabilities. Compare Egs. (2.2),
(2.9), and (5.21) with the well-known relationship
(4 ) =Tr(pA). One sees that £ ® = Tr(p?) represents an
average density, whereas its inverse u = [Tr(p?)] ~' =4
is proportional to an average volume in phase space. Obvi-
ously, the same partitioning cannot be simultaneously addi-
tive for a quantity and its inverse. In the present paper, mea-
sure (5.21) has been chosen because of its close connection
with the experimentally derivable quantities # and .4 dis-
cussed in the previous sections, but it should be noted that
other choices of measures are also possible. One of the best
known is

&Y =p,Inp, (5.22)

which arises in the information theoretic approach to intra-
molecular dynamics.*® We leave it for further work.
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VI. THE X°B, STATE OF H,O+

The photoelectron spectrum of the ground state of
H,O* has been determined many times,*”*>>*3¢ the best
one to data being that recorded by Reutt e al.’” Since the
initial (X '4, ) and final (X 2B, ) states are characterized by
very similar geometries, the spectrum is very simple and con-
sists of an intense (000—-000) transition followed by two
progressions involving excitation of the two totally symmet-
ric modes v, and v,. Autocorrelation functions have been
determined in two different laboratories.*”** They are given
in Fig. 2. From these, the functions 4", and & ;- have been
determined by numerical integration [Egs. (3.6) and
3.1D].

Results are given in Fig. 2. The value of the break time is
easily determined from the spectra. One finds
T g =v; '=(24+0.1)107 " 5. This value agrees with
that derived from the more detailed criterion (2.8). The rate
2 + starts from a value of zero and increases up to a maxi-
mum of about 8.6 X 10" cellss ~'. The maximum is reached
at time T"(~5.5 fs), when the correlation function goes
through a minimum. This is easily understandable. The ini-
tial motion of the center of the wave packet is a stretch away
from the Franck—-Condon region, during which it explores
portions of phase space which are new to it. However, the
first recurrence in the correlation function is associated with
a return to the original region, which implies that the packet
revisits portions of phase space that have already been pre-

FIG. 2. (a) Autocorrelation function of state X 2B, of H,O*. Solid line:
results taken from Ref. 37. Dashed: results taken from Ref. 45. (b) Rate of
propagation in phase space {ins~ ' ). (c) Number of phase-space cells visit-
ed as a function of time. .7 ; = break time determined from Eq. (4.1). Ex-
treme right: asymptotic value.4”_ determined from experimental Franck-
Condon factors.

J. Chem. Shys., Vol

viously occupied. The rate decreases gradually and is seen to
drop to a very low value at the break time .7 5. That no
further progress in phase space exploration is possible after
time .7 ; is confirmed by a study of .#".. This function levels
off at a maximum value /" = 1.83 +0.05 which is
reached at time 7 5. This asymptotic value can be checked
with that derived from Franck—-Condon factors {Eq. (3.8)].
The latter have been determined by three different
groups®’*>¢ and lead to values of 1.72, 1.76, and 1.97, in
satisfactory agreement with those obtained from the correla-
tion function. The extrapolation formula (4.7) is found to
work well since it leads to a value of 1.76 4+ 0.06 for %" .

All the states that contribute to.#”_ necessarily belong
to the totally symmetric representation 4, of the C,, point
group. However, in order to get some idea about the repre-
sentativity of the sampling, it is appropriate to partition
them into two different species: those that involve excitation
of symmetric @, modes (v, and v, ) only, and those that
involve excitation of two quanta of the optically inactive
antisymmetric b, vibration (v, ). States of the latter kind are
not observed as such in the spectrum, but there is in principle
a possibility that some of the peaks be split by Fermi reso-
nance, although the splittings remain undetectable because
of insufficient energy resolution. However, this kind of exci-
tation by Fermi resonance is very weak in the present case.
Only states (200), (210), and (300) could be perturbed [by
states (002), (012), and (022), respectively] and their
Franck—Condon factors are very small. We estimate the rel-
ative amount of these (b, )? states to be at most 310~ *
only with respect to the zero-order optically active states.
Thus, the wave packet visits exclusively that part of the
phase space which corresponds to the excitation of the total-
ly symmetric modes v, and v,.

On the other hand, the number .#"" of a priori accessible
phase-space cells has been estimated from Eq. (5.4) with
T" =54 fs, and with the Franck-Condon factors deter-
mined by the three different laboratories.>”*>¢ One arrives
atAy " =6+ 1.

This number .4 can also be partitioned according to
measure £ . It can be estimated that about 3% of the total
number of states belong to the B, representation, whereas
only about 0.7% results from the excitation of two quanta of
the antisymmetric vibration. No further division by a factor
of 3 is necessary in this case since the number .#"" is too
small for statistical considerations to apply.

In summary, what has been studied here is a weakly
excited triatomic molecule. Relaxation is over after
2.4 10~ '* s, The wave packet has then visited a fraction
F=(1.84+01)/(6+ 1) =0.3 +0.03 of the total phase
space compatible with the energy constraints. This ratio
raises slightly to about 31% if the available phase space is
restricted to totally symmetric states. The wave packet never
accesses that part of the phase space that corresponds to the
excitation of the antisymmetric vibration v;.

Vil. THE X8, STATE OF C,H;

Several photoelectron spectra of the ground state of
C,H," are available.>>#>>*5738 That measured by Pollard et
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al.® is to be singled out for its excellent energy resolution.
The smallest energy gap between two adjacent energy levels
is of the order of 210 cm ~' which leads to a break time
J p=(1.6 +0.1)10~ " s. The corresponding autocorrela-
tion function has also been determined up to time.7 . Inde-
pendent measurements have been carried out in the present
laboratory*® at a somewhat lower energy resolution. Results
are given in Fig. 3.

The rate of propagation in phase space increases at first
extremely rapidly. Starting from a value of zero, it reaches a
maximum value of the order of 1.3 10" cellss = ! ata time
T"~1.35X10""* s (which corresponds to the first mini-
mum of |C(#)] for reasons explained in Sec. VI). The rate
then decreases and is found to be reduced by a factor of 25 or
more at the break time .7 5. At that same time, the effective
number of cells which have been visited is indeed seen to
reach its asymptotic value. A value of 4" =10.7 + 1 is
determined in this way. The extrapolation formula (4.7)
gives practically the same result (i.e., 10.6 + 1).

From measurement of intensities [Eq. (3.8)], one de-
duces an estimate of .4+~ ~8.2 if each peak of the spectrum
is treated as a particular Franck—Condon factor, i.e., if unde-

1C{t))
1

C,H X2B4,

FIG. 3. (a) Autocorrelation function of state X 2B, of C, H,* . Solid line:
results taken from Ref. 35. Dashed and dot-dashed lines: results taken from
Ref. 45. (b) Rate of propagation in phase space (ins~'). (c) Number of
phase-space cells visited as a function of time. 7 ; = break time determined
from Eq. (4.1). Extreme right: asymptotic value..#”_ determined from ex-
perimental Franck—Condon factors.

tectable splittings are simply ignored. However, this value is
alower limitto.#”_ because optically active states can inter-
act with neighboring inactive ones that belong to the totally
symmetric representation. This brings about splittings
which, although experimentally undetectable, should be ac-
counted for in the calculation of 4" by Eq. (3.8). We have
tried to estimate the occurrence of these interactions by gen-
erating the position of optically inactive states from a set of
reasonable frequencies. Various assumptions have been con-
sidered. As expected, they all lead to an increase of the value
of 4~ , but the results remain fortunately in the same range.
The obtained value (9.5 4+ 0.5) is in satisfactory agreement
with that derived from the correlation function.

The measure £® of states involving an even number of
quanta of antisymmetric vibrations [i.e., (b,)?(b,)? and
(b, )?statesin the D, point group]*® is estimated to be weak:
about one percent of the optically active states. Here again,
phase space is not uniformly visited because the energy of the
wave packet is too low to bring about excitation of antisym-
metric vibrations.

How large is the available phase space? The envelope
S 7(E) has been calculated from Egs. (5.2) and (5.3) with
T" = 135X 10" s and is reproduced in Fig. 4. The sum-
mation (5.5) has been carried out exactly for the first 80
terms (up to an energy of 2170cm ~ ' ). At higher energies, it
has been replaced by a numerical integration in which the
density of states has been evaluated by the Beyer-Swine-
hardt® algorithm. The estimate of 4" obtained in this way
is equal to (2.0 + 0.7) 10* cells. This value depends very
sensitively on the exact shape of the high-energy wing of
S 7(E) because the density of states increases very rapidly
with the internal energy.

The fraction of a priori available phase space is thus
equalto & ="_ /A"~ (5 + 2)10~*. However, the frac-
tional occupation of the effectively available phase space is
higher. Firstly, quantum restrictions discussed in Sec. V.C
reduce the number of accessible cells by a factor of 3. Second-
ly, the progression in phase space of the wave packet is in the
present case restricted by strong selection rules. Only nor-
mal modes that belong to the totally symmetric representa-
tion can be optically excited. Hence, the quantum states that
are really available necessarily belong to that representation.

02! CoHy
X 28,
01
x 400
1 | ‘ “lllllul:n....
T T

~
0 2000 4000 6000 Elem )

FIG. 4. Franck-Condon factors of state X B, of C,H," . Stick spectrum:
experimental factors p, . The solid curve is the smoothed spectral function
(envelope) S 7 (E) magnified by a factor of 400.
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Since the C,H," ion is a hindered rotor,***° classification [ ( ) ] ( )

’ 1) = — —_ C t . N
can be made according to the D, point group which admits G (D) =€) ! ;p »)Cu® 2,,: Pn)-(8.6)
four irreducible representations (4,8, ,8,, and B; ). As ex- The desired quantity is the number of phase-space cells

plained in Sec. V D, this reduces the number of available ', occupied by the “bound part” of the DSE as a function
states by a further factor of 4. Altogether, this leads to a of time:

value of 12 for the reduction factor. r
In summary, the dynamics involves approximately Nt = (2/T)J (1—-t/7)|Cpo(D) ] *dt

0.05% of the a priori available phase space and 0.6% of the 0

effectively available phase space.

.
=(2/nf (1—t/T)|C, () |de
(4]

—_2 T
VIil. PARTLY BOUND STATES + (2/7) (; p,.) L (1—1t/T)|C(1)|%dt,
To shed some light on the kinetic problem, one should (8.7)
study the behavior of a high-energy wave packet, moving in where T~ has the same significance as in Sec. IV and where it
an anharmonic potential close to the dissociation asymptote. has been assumed that C, (¢>T") =0. To describe the be-
We thus turn to a situation where the dissociation asymptote  havior of the bound wave packet during the short period of
falls within the Franck—Condon region. time [0,7" ], a crude expression is sufficient. We use Eq.

First of all, notice that the measure ¢ defined in Eq. (5.9) with 7" = 7. Then,
(2.2) has to be used with care. Consider first a classical mod- 5
el in which the phase space is partitioned into two homoge- /'~ (2 p,,) [./V r— /T
neous cells: one having a volume ¥, and a density p,, the H-
second a volume ¥V, and a density p,. The probability of J' _ 2 ]
finding a particle in volume ¥, is n; = p, V;. Then, from Eqgs. X o (1 —t/DjCn|dr

(2.2), (3.2), and (3.3), + (L4 p)(T/T)(1 = T*/2T)

h =~ ' =Tr(p%) =ffy pidp dq +2(1 — ) (D) 2 (8.8)
Hence,
=piV, +p3V; .,
=ni/V, + (1 —n)/V,. (8.1) ;mﬂb;‘=ﬂg'=(2pn) NN (8.9)
Thus, when the volume of one cell becomes very large The quantity .#"_ ' can also be determined as follows.

(say ¥, — « ), the measure 2 depends on the characteristics The initial wave packet is given by
of the smaller cell only and is irrelevant to the dynamics in

the larger cell. This situation naturally occursin, e.g., predis- 1D(0)) =Y axe” ) + de age” ®M|E),
sociation when one part of the initial wave packet can be , (8.10)

trapped in a bound potential whereas the other part explores
the infinite phase space associated with a continuum. How-
ever, the ideas and methods described in the previous sec-
tions remain valid if one discards the unbound part and con-
centrates on the trapped component of the wave packet.
Divide the spectral function into two contributions:

where |E ) denotes the wavefunctions of the Hamiltonian A
of the system corresponding to the continuous spectrum.
The correlation function now has the form

@ID(D) = Spee™ ™" + f dEpge— &/ (8.11)
k

S(E) =S,(E) + S,(E) (8.2) with
(index b stands for “bound,” u for “unbound”). Pe=|ag| 2 (8.12)
- Using formulas (3.8) and (8.11), one immediately ar-
S, (E) = 8(E—E,)). 8.3
»(8) 2,.: 2a0 ») (8.3) rives at the following expression for .4

Th lizati iti d T
e normalization condition reads W= }im ([ 1@o0) 1 = zpi (8.13)
— 0 k

+ o0
2,,“ Put E, SIEyE=1, @4 Thus, in agreement with our intuition, only the Franck—
Condon factors of the discrete part of the spectrum deter-
mine the asymptotic value of the quantum measure. There is
no contribution from the continuum states. This has a simple
physical meaning. The unbounded part of the wave packet

where E,, is the threshold of the continuum. Each part of the
wave packet gives rise to its own correlation function, nor-
malized to unity at time ¢ = 0. Thus,

C, (1) = Fa S, (E)e~ E/AgE / f Fa S, (E)dE (8.5) goes away and cannot contribute to the recurrences of the

— - correlation function, thus being irrelevant to the asymptotic

and a similar definition for C, (z). Then, substituting Egs. value of the quantum measure defined in Sec. II. This result
(8.2) and (8.4) into Eq. (8.5), one has remains valid if two or more continua (resulting either from
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adiabatic dissociation asymptotes or from surface crossings
with repulsive states) are present.
Substituting Eq. (8.13) into Eq. (8.9), one finds

= (B’ (8.14)
k

with

Px =P/ Pn- (8.15)

The set{p, } forms a set of renormalized Franck-Con-
don factors for the discrete part of the spectrum only. On the
other hand, .#"_ has in the present case no physical signifi-
cance, since it is the quantity .#",  which represents the
number of phase-space cells occupied by the DSE in the
long-time limit.

IX. THE B3+ STATE OF HCN+

The third band in the photoelectron spectrum presents a
very complicated appearance®*®' (Fig. 5). Starting around
19 eV, it first consists of a series of about 15 peaks which are
extremely irregular both with respect to energy spacings and
intensities. That part of the spectrum is totally incompatible
with the usual model of a set of loosely coupled harmonic
oscillators. It is followed by a few diffuse peaks which soon
merge into a continuum. Clearly, one has to isolate the ex-
tremely anharmonic motion of a bound wave packet within
energy limits ranging approximately between 19 and 20 eV.
Some indications concerning the potential energy surface
have been obtained from ab initio calculations.®>** The exis-
tence of stable states is accounted for by a hump of the poten-
tial.>> The continuum part of the spectrum starts above this
hump. In addition, the surface is conically intersected by
lower states,®? but from the appearance of the spectrum, we
assume that these crossings take place on the outer part of
the hump. The correlation function of the entire band has
been previously determined.*®> We have submitted it to the
analysis of Sec. VIIL. The necessary parameters have been

0.15-1 HCN..
Br ,\
0.1 /
005
ANl
L T

T
0 2000 4000 Efem™)

FIG. 5. Franck-Condon factors of state B2+ of HCN * . Stick spectrum:
experimental factors p, (followed in the experimental spectrum by a few

diffuse peaks and by a continuum which are not represented here). The
solid curve is the smoothed spectral function (envelope) S 7-(E).

chosen in the following ranges: 7" = (1.3 + 0.2) X 10",
y = [0 —0.005], 2,p, = [0.5-0.67].

For the break time, we estimate a value of
(2 4+ 0.4) X 10~ 13 s, In the present case, the experimental
determination of C(¢) is possible up to about 0.5 .7 , only.
However, it is possible to determine 4", ' by extrapolation
[Eq. (4.7)]. The value obtained (17 + 4) should be com-
pared with that deduced from Franck—Condon factors. The
latter are not easily measured. The set of values determined
by Fridh and Asbrink®' lead to a value of 9.3 for.#”_ (more
properly, .#", ). However, for reasons already discussed in
the previous sections (failure to detect Fermi resonances),
this value is certainly a lower limit. Reexamination of the
spectrum determined by Delwiche ez al.*® suggests that a
value of 10 (or more) would be more appropriate.

The number of available phase-space cells can be esti-
mated in several ways. From Eq. (5.5), taking into account
the uncertainty in the Franck—-Condon factors, one arrives at
A" =13 + 2. Equation (5.11) leads to .#""~9 + 4, while
a number .#"" ~ 14 is compatible with Eq. (5.13).

Obviously, a better resolved spectrum would be desir-
able, but we infer from the data so far available that.#"_ and
" have comparable magnitudes and therefore that the
fraction ¥ of occupied phase space is roughly equal to unity.
No further division by a factor of 3 comes into play since the
molecule is too small. Symmetry partitioning is irrelevant in

such an irregular spectrum. In short, the phase space is com-
pletely visited in this case, in spite of the fact that the system
has a discrete spectrum and cannot be chaotic.®

We thus conclude that the B 2Z *+ state of HCN * pro-
vides an example of “a system...(which is)...strongly but
nonstochastically coupled, with the effect of a fluctuating set
of Franck-Condon factors to states which have no simple
zero-order assignment.”?® Also,”? “contrary to what one
might tend to believe, even two degrees of freedom (in the
present case three) are sufficient to produce...a complex sys-
tem with a classically chaotic counterpart.”

X. DISCUSSION

Three cases of intramolecular vibrational energy relaxa-
tion of increasing complexity have been studied. In the
ground state of H, O *, a low-energy wave packet undergoes
low-amplitude vibrations in a nearly harmonic potential, so
that its motion is severely restricted by selection rules. The
exploration of the phase space ends after a break time
T 5 =24X10"" s. At that moment, 30% of the phase
space only has been visited. The sampling is biased in the
sense that the density of states is too low and the anharmoni-
city too weak to allow Fermi resonances between zero-order
states.

Comparison with the case of the ground state of C, H,;*
allows us to study the influence of the number of degrees of
freedom. The time necessary to explore the phase space is
now larger [7 =~ (16 + 1) X10~'* s]. The number of a
priori accessible phase-space cells increases enormously and
the fraction of occupied phase space is now as low as
(5+42)Xx10~*. This fraction raises to a value of about
6102 if calculated with respect to the volume of phase
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space effectively available to the initial wave packet. As in
the case of H, O *, Fermi resonances play a very minor role,
because the density of states is again too low to allow energy
transfer to antisymmetric zero-order modes.

The final example allows us to study the influence of a
very strong anharmonicity in a small system. The potential
energy surface of the B 2>+ stateof HCN * is so complicat-
ed that the vibrational states cannot be classified in terms of a
set of quantum numbers. The break time
[7 5=(20 +4)Xx 10~ s] is much longer than that ob-
served in the case of the other triatomic. To a good approxi-
mation, the phase space is fully visited.

The values obtained for .7 ; are much shorter than the
pico- and nanosecond time scales commonly alluded to in
the literature®'®!*-'® on intramolecular vibrational energy
relaxation. However, the values which have been obtained
here refer to small systems at low energies. The break time
7 g has been found to increase with the complexity of the
molecules and with its internal energy.

What remains to be done (and this will be our aim in
future papers of this series) is to look for spectroscopic data
out of which information more directly related to chemical
processes can be extracted. It would be desirable to move as
much as feasible to higher internal energies for molecular
systems larger than triatomics.

Xi. CONCLUSIONS

In the assessment of the impact of the present results on
the understanding of unimolecular dissociation, a number of
points should be kept in mind.

(1) It is sometimes said that, since there is a mathemat-
ical equivalence between a spectrum and its autocorrelation
function, no radically new information can be derived from
the latter. This is not quite true. First, the original experi-
mental information S,,, (E) is upgraded to quantities with a
more fundamental significance [i.e., C(¢) and S(E)] by a
procedure which involves purification from experimental
uncertainties and from the irrelevant rotational broadening
and spin—orbit splitting. It has been seen that the method
provides the easiest way to extract information from a poorly
resolved spectrum. Secondly, whereas it is true that the
quantities .7 5, 4" _, (and also ¥ to a certain extent) are
already contained in the optical spectrum, the analysis de-
veloped by Heller complements them with additional useful
concepts (e.g., the rate #  which cannot be easily extracted
from the spectrum). Altogether, the use of the correlation
function offers great advantages in giving a clear and attrac-
tive dynamical picture, The very fact that this information
has been available all the time but remained unexploited till
Heller developed a consistent scheme demonstrates the use-
fulness of the approach.

(2) Except in the case of HCN * , the sampling of the
phase space has been found to be biased by selection rules.
The wave packet can only visit that part of Hilbert space
made up of totally symmetric wave functions. However, in a
zero-order representation in terms of normal modes, only
antisymmetric modes are coupled to the continuum. The
representativity of the sampling of phase space depends on
the presence of strong vibrational couplings®® (e.g., Fermi

resonances) which lead to excitation of zero-order antisym-
metric modes by an even number of quanta and thus allow
the system to access parts of the phase space which would
never be visited in a separable system. A high density of
states in a strongly anharmonic potential (i.e., the situation
which normally exists close to a dissociation asymptote)
leads to nonseparability of the quantum vibrational wave
functions and improves the representativity of the sampling
of phase space. This is a necessary condition for the validity
of the RRKM theory. Thus, one has an explanation to the
rule according to which a low density of states leads to in-
complete or slow intramolecular vibrational relaxation.'4 "’

(3) Statistical theories are based on consideration of a
microcanonical ensemble (i.e., a well-defined energy),
whereas the present method implies consideration of a wave
packet. Therefore, the quantities derived from experiment
(T 5, F, etc.) are really averages over a certain range of
internal energies.

(4) It has been repeatedly stated in the literature on
intramolecular dynamics’2%*%7 (but this point is unfortu-
nately overlooked by many kineticists using RRKM theo-
ry), that the characteristics of intramolecular vibrational en-
ergy relaxation depend as much on the excitation process as
on the nature of the molecule. Thus, no distinction should be
drawn between “RRKM” and “non-RRKM molecules.”
Different excitation processes may lead to different initial
wave packets, and a particular system may belong to either
category depending on the way it has been energized.

An ideal experiment has been studied here: a pure
Franck-Condon transition from a vibrationally cold ground
state under collision-free conditions. This situation has to be
considered as a particular probe implying a maximum num-
ber of restrictions, and the results are not necessarily valid
for other experimental situations. If the initial preparation
leads to a statistical mixture (instead of a pure quantum state
as has been considered so far), a mixed-state density opera-
tor has to be used. This reduces the constraints, both those
which result from symmetry considerations and those which
concern the quantum ergodic y* random fluctuations. This
will be the case in a number of well-known experimental
situations, e.g., an electronic transition involving hot bands,
or taking place from several autoionizing states, or implying
collisions in the preparation (e.g., charge transfer), or if the
initial molecule is itself prepared from a preliminary disso-
ciation, etc. Therefore, when less constraints are introduced
in the preparation, the present results give in fact a lower
limit to the fraction % of visited phase space.
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