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The predissociation dynamics of hydrogen chloride ions (HCl+ and DCl+) in the electronic A2Σ+ state has
been investigated by solving the time dependent Schro¨dinger equation. The predissociation lifetime is shown
to strongly depend on the vibrational and the rotational quantum number, with quasi-periodic oscillations.
Rovibronic states, which exhibit lifetimes about 1 order of magnitude larger than those of neighboring states,
are termed rotational islands of stability (RIS). These RIS can be correlated with characteristic reference
energies, e.g., the difference between rovibronic eigenenergy and the energy of crossing of rotronic bound
and repulsive potentials. The origin of these RIS is illustrated by model studies of the positions of the nuclear
wave functions involved.

I. Introduction

The struggle for precise rate constants in gas phase reaction
kinetics still poses one of the important challenges in atmo-
spheric chemistry.1,2 Often the incompleteness of our under-
standing is related to the limited accuracy of thermochemical
data, e.g., bond energies and heats of formation, as in the case
of the hydroxyl radical. In general, the kinetics and the dynamics
of a chemical process are just different aspects of the same
process. Combining these aspects requires the understanding
of coherence effects in the dynamics of transient species.3 Thus,
the dynamical behavior of transient intermediate states consti-
tutes the key to understanding a majority of elementary processes
in chemistry, but also in physics and biology.4-6 The question
of coherence in transition states is also connected to the prospect
of controlling the outcome of chemical reactions.7-10 Again, a
better understanding of the transition from kinetics to dynamics
will open access to such control strategies. In the context of
fast photochemical processes this includes not only the rear-
rangement of nuclear coordinates but also the transfer of
population between molecular states and interference effects
associated with this.

In the current work we are dealing with kinetical and
dynamical aspects of predissociation in small molecular ions.
Important features are the eigenstates of the molecule, its
quantum resolved dissociation threshold, Eo,11 and the lifetime
of states above Eo.12 With respect to predissociation lifetime
pioneering work was based on the Fermi-Wentzel golden
rule.13-22 That approach is inherently based on stationary
vibrational Schro¨dinger equations. A more sophisticated ap-
proach involves the investigation of real time dynamics by, e.g.,
solving the time dependent Schro¨dinger equation.23-26

In previous work we have investigated the time dependent
Schrödinger equation for the predissociation dynamics of HCl+

and HBr+.27,28 The following interesting phenomena became

eminent: In the case of free decay of an isolated reactive state,
this decay follows monoexponential characteristics. This is in
general equivalent to first-order kinetics. However, in the case
of multichannel interactions or redistribution of population the
decay may exhibit multiexponential features not easily translated
into a single rate constant.27 A more general discussion would
have to include dissipation from the first-order state, which
affects the time domain-frequency domain relation.

Predissociation processes are inherently subject to interference
effects between wave functions of a quasi bound state and that
of the dissociation continuum. This leads to the situation that
population may be trapped behind an effective barrier although
it has sufficient energy to overcome it. This effect has been
known for predissociating vibrational states and is, e.g., the
reason for increasing lifetime with increasing vibrational
quantum number for certain regions in the vibrational predis-
sociation of HX+ ions.29,30 In previous work from our group
we have shown that interference effects also occur for predis-
sociating rovibrational states. There exist specific rotational
states for which the lifetime is an order of magnitude larger
than that of neighboring states.31 We nicknamed these states
“rotational islands of stability” (RIS). These RIS appear to be
associated with quasi-periodic lifetime oscillations.

The goal of the current work is to present a deeper
investigation of these lifetime oscillations, their periodicity, and
their contrast. Here, it is instructive to investigate the role of
molecule specific properties, which can, e.g., be tackled by
looking at different isotopomers of the hydrogen chloride ion,
i.e., HCl+ and DCl+. Ultimately, the analysis comes back to
the pivotal aspect of the relation between dynamics and kinetics.
From the methodological point of view it is interesting to
compare the free decay of predissociating molecules with
optically driven predissociation dynamics.

II. Computational Techniques

In the current work predissociation lifetimes of HCl+ and
DCl+ ions have been derived by numerical solution of time
dependent, coupled Schro¨dinger equations. Details of the
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approach have been described in previous papers.27,28,31Only
the details specific to the current work will be outlined below.

As in previous work the input used for the wave packet
calculations is based on ab initio data from Dalgarno et al.32

However, we decided to slightly adjust the ab initio potential
data to better fit known spectroscopic parameters in the stable
region below the onset of predissociation.11,29 To be able to
compare the dynamics of HCl+ and DCl+, we therefore had to
repeat some calculations for the HCl+ ion. For illustration, the
relevant rotronic (rotational+ electronic) potential curves are
shown in Figure 1. The predissociation of HCl+ and DCl+

molecular ions in the A2Σ+ electronic state is caused by spin-
orbit coupling to the three nominally repulsive electronic states,
4Σ-, 2Σ-, and 4Π (listed in order of increasing energy at the
equilibrium distance!)

As indicated in Figure 1, the current work takes into account
five different electronic states: (i) the ion ground state (X2Π3/2,
j ) 1), (ii) the first excited electronic state (A2Σ+, j ) 2), and
(iii) three repulsive states,4Σ- (j ) 3), 2Σ- (j ) 4) and4Π (j )
5). For these states coupled Schro¨dinger equations have been
set up as given below:

where the potential energy in the relevant electronic states is
given by

VX, VA, andVj are the ab initio potential energies of the X, A,
and the three repulsive states, respectively, to which the
appropriate rotational energy is added. Here we useJX ) NA +
1.5 (P1 transition),Jj ) NA + 0.5, γ(HCl+) ) 0.51 cm-1, and
γ(DCl+) ) 0.25 cm-1. Note that for the ground electronic X
state and the repulsive4Σ-, 2Σ-, and4Π states, Hund’s case a

representation was chosen, for the A state Hund’s case b applies.
The data shown in Figure 1 are for DCl+ with NA ) 61. For
the bound, ground stateΩX ) 1.5; for the three repulsive states
Ωj ) 0.5. The reduced masses areµ(H35Cl+) ) 1785.68 au (au
) atomic units) andµ(D35Cl+) ) 3542.23 au. In general, the
five states (and thus the Schro¨dinger equations) are coupled via
spin-orbit interaction,HA,j

so (r), andsif taken into accounts
through optical excitation, e.g.,ηXA(r) Ez(t), whereηXA(r) is the
transition dipole moment connecting states X and A. The radial
dependence of the latter is taken into account. Note that the
model is based on HCl+ ions oriented along thex axis. The
spin-orbit coupling matrix elements were taken from Korolkov
et al.28 The optical excitation will be discussed below.

The laser field was represented by the following function (cf.
section III.2):

where tl is characterizing the width of the laser pulse at the
base. Typically,tl ) 80 ps was chosen in this work.

The five nuclear wave functions are represented on an
equidistantN-point spatial grid withr ) (r1, r2, ..., rN), r1 )
1.5 ao, ∆r ) 0.02ao, for 4096< N < 32768. A combination
of the split-operator method33 and the integral equation method34,35

is used for the propagation of the wave functions (given in eqs
1-5) in time with time steps of∆t e 1 atomic unit (1 au≈
0.024 fs). The total propagation time (identical to the laser pulse
duration) is always chosen as appropriate for the corresponding
fragmentation dynamics. Typically, this total time is about 1
order of magnitude larger than the respective lifetime. This
ensures that the line widths derived do not depend on the laser
pulse duration. The absorbing boundary36 is used to prevent the
artificial reflection of allΨj(r,t) wave functions at the edge of
the grid, where necessary.

From the methodological point of view various different
situations, in which an excited state wave function may decay,
are considered in this work:

ip
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) [T̂ + ṼA]ΨA(r,t) + ηAX(r) Ez(t) ΨX(r,t) +

∑
j)3

5

HA,j
so (r) Ψj(r,t) (2)

ip
∂Ψ3(r,t)

∂t
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Figure 1. Rotronic potential curves (NA ) 61) of the DCl+ ion relevant
for the predissociation dynamics, based on data from Dalgarno et al.32

The inset shows an enlarged view of the crossing region (also marked
by a box in the main figure).

E(t) ) {sin2[πt
tl ] sin(ωt) for 0 e t e tl

0 for t > tl
(9)
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i. The free decay of a zero-order wave function. For this
approach the population is put into the excited bound state at
time zero before switching on the spin-orbit coupling.

ii. The decay of a wave function in a laser field. For this
approach optical excitation starting from the ion ground state
is taken into account by means of a realistic laser pulse. Spin-
orbit coupling is taken into account from the beginning.

Clearly case ii is relevant for any comparison with spectro-
scopic photodissociation experiments.11,12,37,38Case i, however,
has the advantage of significantly reduced computational efforts.
The question addressed in this work is, how large indeed is
any possible difference in the dynamics between cases i and
ii? In case ii direct optical coupling is only taken into account
between states A and X and2Σ- and X, respectively. Spin-
orbit coupling is only taken into account between the A state
and the three repulsive states, but not between the A state and
the X state. The latter would be relevant if we considered
emission processes, which is not the case.

As it turns out, five different characteristic energies are most
relevant to the photochemical process of HCl+ (DCl+). T1 is
the thermodynamic threshold for fragmentation, i.e., the pre-
dissociation threshold. BecauseT1 is also the dissociation limit
of the X state, formation of fragments is physically not possible
below T1. Note thatT1 correlates with the formation Cl+ ions.
Predissociation is the only fragmentation process betweenT1

and T3. T2 is the top of a centrifugal barrier induced by the
rotational angular momentumNX of the molecular ion.Ecross

(cf. insert of Figure 1) is the zero-order crossing between the
bound A2Σ+ state and the repulsive4Π state. In principle, there
are three different crossing energies because there are three
repulsive states. However, for simplicity we will mainly refer
to the crossing with one repulsive state throughout the text. The
important fact is the energy of this crossing point depends on
the rotational angular momentum of the molecular ions.
However, its position in the internuclear distance domain does
not significantly change withN. T3 is the thermodynamic
threshold for direct dissociation, which correlates with the
formation of D+ ions. Indeed, the fact that predissociation and
direct dissociation lead to different ions, easily distinguishable
in a mass spectrometer, is an intriguing aspect of the specific
molecular system chosen. Finally,T4 is the top of a centrifugal
barrier for direct dissociation. Note thatT3 andT4 coincide in
the case of rotational quantum numberNA ) 0 (as well asT1

andT2, respectively, forNX ) 0). Another energetic quantity
pivotal to the current work is∆Ecross, the energy difference
between a given rovibronic energy,E(V,N), and the zero-order
crossing,Ecross (cf. Figure 1).

III. Results

III.1. Kinetic Aspects of Free Decay of “Eigenstates”.
III.1.1. DCl. In this section we first describe results of the free
decay of a rovibrational “eigenfunction”. These calculations do
not take into account the optical excitation from the ion ground
state X, i.e.,Ez(t) ) 0, but rather start with|ΨA(r,t)0)|2 ) 1;
i.e., the population is placed into the A state at time zero.

We first discuss the first vibronic state above the predisso-
ciation threshold in DCl+, the VA ) 10 state.12 For this
vibrational state experimental and theoretical evidence indicates
that all rotational states lie above the predissociation threshold.
For the rotational ground stateNA ) 0 the calculated lifetimeτ
turns out to be larger than the reliable upper limit of our
calculation, which is about 5 ps. The calculated value ofτ is
very sensitive to details of the potential curve, which are beyond
the accuracy of the ab initio data available. We emphasize that

the exact value ofτ is not the aim of this paper. Rather, we are
interested in the variation ofτ with the rotational angular
momentumN. With increasing rotational quantum number in
VA ) 10 the lifetime decreases significantly. ForNA ) 10 the
lifetime has dropped to about 4.3 ps. The general trend of
decreasing lifetime is in qualitative agreement with experimental
information, although the actual values differ.12 BetweenNA )
25 andNA ) 35 the lifetime reaches a minimum on the order
of 100 fs. For even higher rotational quantum numbers the
lifetime increases again. ForNA ) 39 the lifetime reaches a
maximum. AboveNA ) 39 the lifetime decreases again, runs
through a minimum aroundNA ) 45, increases again, runs
through a second maximum forNA ) 50 and decreases again.
In accordance with previous work, the two maxima in the
lifetime are termed “rotational islands of stability” (RIS).31 These
RIS will be more deeply investigated in the following part of
the work. We emphasize that the decay of the wave functions
basically follows an exponential law. Thus the dynamical time
evolution could well be represented by a classical first-order
kinetic model. Next we demonstrate that the RIS also occurs
for other vibrational states within the A state.

Figure 2 shows a plot of the predissociation lifetime of DCl+

in several vibrational states. Here, we plot these lifetimes as a
function of the rotational energy, rather than the rotational
quantum number discussed above. This has the advantage that
systematic trends will become obvious, which would not be the
case in aτ vs N representation. The rotational energy is
referenced to the thresholdT1, i.e., the thermodynamic limit
for formation of fragments.

From Figure 2 it is evident that the RIS are a general
phenomenon, which appear in all vibrational states investigated
(including the VA ) 10 state discussed above). In most
vibrational states two RIS appear, in theVA ) 12 state even
three. More specifically, the RIS occur for the following
rovibronic states, where the corresponding predissociation
lifetimes are given in brackets:VA ) 8, NA ) 53 (1679 fs);VA

) 9, NA ) 47 (1300 fs) and 56 (1590 fs);VA ) 10, NA ) 39
(1003 fs) and 50 (1254 fs);VA ) 11, NA ) 30 (773 fs) and 43
(919 fs); VA ) 12, NA ) 17 (587 fs) and 35 (682 fs) and 45
(1016 fs).

It is interesting to note that the threshold for direct dissocia-
tion, T3, occurs at 5094 cm-1 (0.02321 au). All data points

Figure 2. Predissociation lifetime of DCl+ in theVA ) 8-12 states as
a function of the rotational energy relative to the predissociation
threshold.
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included in Figure 2 are below the top of the centrifugal barrier
for direct dissociation,T4, which occurs at 7624 cm-1 (0.034738
au) for NA ) 61. Between thresholdsT3 and T4 direct
dissociation is possible by tunneling. However, we found that
tunneling is only important (yield>1%) for states very close
to T4. The competition between predissociation and direct
dissociation will be discussed elsewhere.39 Only states for which
the yield of direct dissociation is smaller than 1% are included
in the current work. Although we emphasized that absolute
lifetimes are not the concern of this work, we point out that the
experimental lifetimes for theVA ) 11 andVA ) 12 state, are
89 and 76 fs, respectively.12 The calculated values of this work
are 153 and 139 fs, respectively, thus showing the same trend
of decreasingτ with increasingV.

Evidently there appear to be regularities in these RIS. For
example, there is a regularity in the shift of the position of,
e.g., the first RIS when going fromVA ) 8 to VA ) 12. Also,
there is a periodicity in the RIS; i.e., the energy distance of
first and second RIS is very similar for different vibrational
states. Within one vibrational state the maximum lifetime
increases when going from the first to the second RIS. At the
same time the width of the RIS becomes smaller. In the
following we attempt to resolve the physical origin of these
regularities (see also Figure 3 of ref 31).

The results discussed above indicate that a different repre-
sentation of the lifetime results may be helpful, i.e., a repre-
sentation on a common energy scale for all vibrational states.
A helpful energy reference turns out to be the energy where
the zero-order rotronic states cross (cf. Figure 1). As pointed
out earlier, this crossing energy slightly depends on the repulsive
state chosen (the energy difference between the highest and the
lowest crossing point is about 300 cm-1). We also note that
different channels dominate the predissociation for different
rovibrational states. Here, we have chosen the crossing between
the A 2Σ+ state and the4Π state as the reference. The crossing
with the 4Σ- state is about 100 cm-1 lower in energy, and that
with the 2Σ- state about 200 cm-1 higher in energy. This new
representation is shown in Figure 3. Plotting the lifetimes
referenced to one of the other crossing energies would simply
shift the graph in relative energy.

Evidently, several RIS occur at very similar∆Ec values in
consecutive vibrational states. More specifically, the first RIS
occurs for nearly the same∆Ec in VA ) 8 and 9. ForVA )
10-12 the position of the first RIS moves toward smaller∆Ec

values. The average position of this first RIS is at about∆Ec ≈
0.005 au. The fact that the RIS do not occur at identical∆Ec

values most likely correlates with the existence of three channels
contributing to this predissociation. ForVA ) 9 to VA ) 13
another RIS is observed around∆Ec ≈ 0.0085 au. This RIS
occurs at nearly the same∆Ec for all vibrational states. A third
RIS is observed forVA ) 13 and 14 (and less clear forVA )
12) around∆Ec ≈ 0.0115. Here, the third RIS forVA ) 14
occurs at slightly higher relative energy than that forVA ) 13.
The average energetic distance between first and second RIS
and second and third RIS is about 0.0035 au and 0.003 au,
respectively. For the first RIS there seems to be a trend toward
slightly smaller∆Ec values with increasingVA. For the third
RIS the trend indicates larger∆Ec values with increasingVA.
The position of the intermediate second RIS is almost inde-
pendent of the vibrational state. The fastest decay is observed
slightly above the energy∆Ec ) 0.0116 with about 80 fs. The
line connecting the regions of minimum lifetime shows a
positive slope; i.e., the minimum lifetime increases with
increasing∆Ec.

III.1.2. HCl. To better understand the molecular origin of
the RIS, it is helpful to compare the results obtained for DCl+

with those for its isotopomer HCl+. Predissociation lifetimes
of the HCl+ have also been presented in earlier work.31

However, the calculations of the current work are based on
slightly improved potential energy curves compared to previous
work, such that recalculation was considered to be necessary.

From experiments it is known that the predissociation
threshold in HCl+ occurs in theVA ) 7 manifold between the
rotational statesNA ) 0 andNA ) 1.11 For the higher vibrational
states all rotational states predissociate.12 For the lower vibra-
tional states rotational states predissociate above a certain
rotational quantum number. Calculated predissociation lifetimes
are presented in Figure 4 for the vibrational statesVA ) 5 to VA

) 10. We first discuss theVA ) 9 state. For this vibrational
state the calculated lifetime at threshold is about 4 ps. Again
the exact value is very sensitive to details of the potential curves,
which are beyond the accuracy of the current ab initio data.
Above the predissociation threshold in theVA ) 7 state the
predissociation lifetime first decreases with increasing rotational
energy. ForNA ) 7 the calculated lifetime is about 800 fs. This

Figure 3. Predissociation lifetime of DCl+ in theVA ) 8-12 states as
a function of the energy difference between the rovibronic dissociating
state and the zero-order crossing of the rotronic states.

Figure 4. Predissociation lifetime of HCl+ in theVA ) 5-9 states as
a function of the rotational energy relative to the predissociation
threshold.
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trend qualitatively agrees with the corresponding experimental
lifetimes, which drop from 1.56 ps forNA ) 1 to 920 fs forNA

) 7.12 Between aboutNA ) 15 and 25 a plateau of minimum
lifetime τ of ca. 100 fs is reached. AtNA ) 30 a first RIS occurs.
Beyond this state the lifetime decreases again, runs through a
minimum, before increasing toward even higher rotational
energy. As in the DCl+ RIS are observed for all other vibrational
states. In summary, the following quantum states represent
RIS: VA ) 5, NA ) 43 (4568 fs);VA ) 6, NA ) 37 (2924 fs);
VA ) 7, NA ) 30 (1947 fs);VA ) 8, NA ) 21 (1254 fs) and 33
(1952 fs);VA ) 9, NA ) 4 (855 fs) and 25 (1188 fs). For the
vibrational statesVA ) 8 andVA ) 9 the calculated lifetimes at
threshold (NA ) 0) are 95 and 825 fs, respectively. Again the
qualitative trend of increasing lifetime with increasingVA is also
observed in the experimental values, which are 63 and 139 fs,
respectively.12 With increasingVA the first RIS becomes lower
in absolute lifetime and wider in terms of theN dependence.
Qualitatively, the current results for HCl+ agree with previous
reports;31 however, the absolute numbers differ slightly.

In analogy to the discussion of the DCl+ results, we again
replot the results for HCl+ as the function of the energy
difference between the rovibrational energy and the crossing
energy between the rotronic potentials of the A state and the
repulsive4Π state (cf. Figure 5).

Similar to the case for DCl+ in Figure 5, several RIS occur
at very similar∆Ec for HCl+. More specifically, the first RIS
is observed around∆Ec ) 0.0065 au forVA ) 5 andVA ) 6
and∆Ec ) 0.0060 au forVA ) 7-9. A second RIS occurs for
VA ) 9 and 10 at almost identical∆Ec values (0.0105 au). There
is a qualitative trend of increasing∆Ec for decreasingVA in the
first RIS but increasing∆Ec for increasingVA for the second
RIS. ForVA ) 8 andVA ) 9 two RIS are observed, with the
second RIS showing a higher lifetime and a narrower width
similar to the observation for DCl+ (cf. Figure 3).

III.2. Decay of “Eigenstates” with Optical Excitation. All
results presented above have been obtained by starting from
|ΨA(r,t)|2 ) 1 without taking into account the optical excitation
from the ion ground state. From the experimental point of view
the process of bringing the population from the X state into the
A state and the beginning of spin-orbit coupling cannot be
separated. Particularly for very fast predissociation dynamics,
the process of populating the A state, e.g., by a short laser pulse,
could in principle have an effect on the dynamics and the

multichannel interactions. In the following we address the
question whether this optical excitation has a significant effect
on the calculated lifetimes, i.e., whether it needs to be taken
into account. For this we have solved the time dependent
Schrödinger equation given in eq 1-5 (see above) with the
appropriate transition dipole moments and the laser field as
described in eq 9.

As will become obvious below, these calculations are more
time-consuming than the free decay of eigenstate approach.
Because of this difference in the required computation time,
we decided to focused on three characteristic regions of the
predissociation dynamics, (i) the threshold region with relatively
slow decay, (ii) the region of fastest decay, and (iii) the region
of a RIS with again very slow decay. At first glance one might
expect that taking into account optical excitation is more
important in region ii than in region iii. As we will show below,
this is not the case.

The current test calculations with optical excitation have been
performed for theVA ) 8 state in the DCl+ ion. In the following
we present lifetimes obtained by calculating the excitation
spectrum of the ions of interest, followed by fitting a Lorentzian
line shape function to that spectrum and converting this to the
corresponding lifetime. Obviously, any significant deviation
from Lorentzian line shape would be noticed immediately.

Numerically, the excitation spectrum of the ion is obtained
by summing all populations that do not reside in the electronic
ground state (X state) at the end of the wave packet propagation
(1 - |ΨX|2) for different excitation frequencies. More specif-
ically, the transitions chosen are typically of the P1 type. We
carefully checked that the results do not depend on the specific
transition but are solely determined by the properties of the final
state. Inherently, this approach takes into account multichannel
interactions, which are key points of dynamics as opposed to
classical kinetics. Figure 6 shows the product ion yield spectrum
obtained via absorption leading into theVA ) 8, NA ) 36 state.
Evidently, the yield spectrum obtained numerically can be well
approximated by a Lorentzian line shape. Figure 6 also shows
the relative contribution of the three predissociation channels
kj. These channel contributions are defined as the ratio of each
individual flux Flux(Ψj) to the sum of all predissociation fluxes

Figure 5. Predissociation lifetime of HCl+ in theVA ) 5-10 states as
a function of the energy difference between the rovibrational state and
the zero-order crossing of the rotronic potentials.

Figure 6. Product yield spectrum obtained via the final stateVA ) 8,
NA ) 36 of DCl+: (symbols) numerical data; (line) Lorentzian function.
Relative contribution of the three repulsive states to the overall
predissociation process as a function of the excitation frequency (labeled
k3, k4, andk5).

kj )
Flux(Ψj)

∑
j)3

5

Flux(Ψj)

(10)
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The kj’s do not vary noticeably with the excitation frequency
in this case. We note that channel no. 4 (2Σ-) does not contribute
to the dynamics. The reason is that the corresponding rovibronic
eigenstate lies below the crossing of the A2Σ+ state with the
2Σ- state (but above the crossing with the4Σ- and the4Π states).
The lifetime concluded from the width of this spectrum,τ )
1.33 ps, agrees well with that obtained without the optical
excitation,τ ) 1.37 ps (cf. Table 1).

Figure 7 presents the product yield spectrum obtained via
the final DCl+ state,VA ) 8, NA ) 46, which correlates with a
region of fast decay. Here we indicate calculations with two
different lengths of the laser pulse, i.e.,tl ) 20 (×) andtl ) 40
ps (O). These two sets of calculations lead to almost identical
results, giving evidence that the laser pulses employed were
long enough. Both data sets are well represented by a Lorentzian
curve, also indicated in Figure 8 (a close inspection, however,
reveals deviation from a Lorentzian line shape at the 1% level).
The lifetime derived from the line shape analysis is 90 fs. The

relative contribution of the three predissociation channels varies
slightly with the excitation frequency. In contrast to the threshold
region (Figure 6), here all three channels contribute to the
predissociation, with almost equal weight of channels 3 and 5
and about 10% contribution from channel 4. We note that
channels 3 and 5 are also associated with a larger spin-orbit
coupling compared to channel 4.28 More specifically,k4 andk5

slightly increase with increasing laser frequency, whereask3

decreases. This gives evidence for multichannel interaction in
the predissociation dynamics.

Finally Figure 8 shows the product yield spectrum obtained
via the final DCl+ state,V′ ) 8, NA ) 53, which is a RIS state.
Again the results of the numerical calculation agree perfectly
with a Lorentzian line shape. In contrast to theNA ) 46 state
(Figure 7), here channel 4 clearly dominates the predissociation.
Subtle differences also appear in the frequency dependence of
the channel yields. Here, the contributions ofk4 andk5 decrease
with increasing frequency, whereask3 increases. Again the
observation of frequency dependent channel yieldssin particular
the difference betweenNA ) 53 andNA ) 46sdirectly reflects
the dynamical character of multichannel interactions, which
would not be easily accounted for in a classical kinetic
description.

As briefly indicated above, our wave packet propagation
includes the analysis of the time dependence of populations in
all electronic states considered and also the individual flux given
in eq 10. Here, we wish to emphasize that for all product
channels the flux increases monotonically with time. Oscillations
of population are not observed under the current conditions.
We also note that a transient population appears in the A state.
At the end of the laser pulse this population decreases to zero
again and all population is in the products.

Table 1 lists a comparison of the calculated predissociation
lifetimes with and without optical excitation for the statesVA

) 8, NA ) 36 (i, threshold),VA ) 8, NA ) 46 (ii, fast decay),
VA ) 8, NA ) 53 (iii, RIS), andVA ) 8, NA ) 60 (ii, again fast
decay). The latter is included because it is the last quasi-bound
state below the top of the centrifugal barrierT4, for which the
yield of direct dissociation (leading to formation of H+) is below
1%. For even higher rotational states direct dissociation can
effectively compete with predissociation. This will be the subject
of future work.39

The results show almost numerical agreement for the two
cases of fast decay and still very good agreement to within about
5% for the two cases of slow decay (threshold and RIS). These
results prove that taking into account the optical excitation is
not intrinsically important for representing correct predissocia-
tion lifetimes. The reason the calculated lifetimes differ in the
case of slow decay is not related to any possible shortcoming
of the free decay approach. It is rather related to the effect that
the lifetimes in the region of a RIS strongly depend on the
absolute energy of the molecule. This energy, however, is
slightly shifted when the optical excitation is included. This shift
occurs for both slow and fast decaying states; however, it only
becomes relevant for the RIS, because only there does the
lifetime change significantly with absolute energy. We will come
back to this point below. Overall, the calculations provide
evidence that the “free decay of eigenstate” model presented in
the first part of this work gives reliable results. We also
emphasize that calculations for HCl+ lead to very similar
conclusions regarding the reliability of the free decay approach.

IV. Discussion

In the previous section we have shown that the RIS in HCl+

and DCl+ are periodic features. The question remains, what is

TABLE 1: Calculated Predissociation Lifetimes for DCl+ (W
) 8) without and with Excitation Taken into Account [ NA )
36 (Threshold),NA ) 46 (Fast Decay),NA ) 53 (RIS), NA )
60 (Fast Decay)]

NA without excitation with excitation

36 1.37 ps 1.33 ps
46 93 fs 90 fs
53 1.7 ps 1.6 ps
60 411 fs 409 fs

Figure 7. Product ion yield spectrum obtained via the final stateVA

) 8, NA ) 46 of DCl+: (symbols) numerical data (× ) 20 ps,O ) 40
ps); (line) Lorentzian function. Relative contribution of the three
repulsive states to the overall predissociation process as a function of
the excitation frequency (labeledk3, k4, andk5).

Figure 8. Product ion yield spectrum obtained via the final stateVA

) 8, NA ) 53 of DCl+: (symbols) numerical data; (line) Lorentzian
function. Relative contribution of the three repulsive states to the overall
predissociation process as a function of the excitation frequency (labeled
k3, k4, andk5).
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the molecular origin of the RIS, and what are the vibrational
state specific characteristics of the RIS? This is connected to
the question for the maximum number of RIS possible in a given
vibrational state. Clearly, energetic periodicities exist, which
appear to result from unfavorable interaction of the bound A
state with each of the repulsive states. A closer inspection
indicates multichannel interaction. Here the actual situation
including three repulsive states certainly leads to smearing out
the effect of the RIS. The signature of the RIS is expected to
be more pronounced for the situation of only one repulsive curve
crossing with one bound curve. To further investigate the
molecular origin of the RIS, we have performed model
calculations with just two potential curves. This situation is
obtained by simply dropping two states (j ) 3, 4) from the
calculations described above. Because taking into account optical
excitation was not found to be crucial for HCl+ and DCl+, we
also go back to the model of free decay of an eigenfunction.
We then continuously shift the repulsive state potential from
the dissociation limit of the bound state (shift) 0) down to the
minimum of the bound state potential (cf. inset of Figure 9).
For each relative position the predissociation lifetime is
calculated and plotted in Figure 9. More specifically, the
calculations are performed starting fromVA ) 6 andNA ) 37
in the HCl+ ion.

Besides from a threshold region for shift) 0, Figure 9
exhibits a total of six maxima in the predissociation lifetime,
i.e., RIS. The maximum lifetime in these RIS is much larger
than those discussed in the Results. The main reason is we here
consider a basically continuous shift of the relative position,
whereas we were restricted to real molecular eigenstates in the
calculations of the first part of this work. A minor effect is that
the RIS due to a specific channel are not smeared out by a
neighboring channel in this model. Again, the absolute value
of the maximum lifetime is not the aim of this work. Studying
the relevant nuclear wave functions, however, turns out to be
very instructive. In Figure 10 we show the bound state potential
together with the square of the corresponding nuclear wave
function in the A state,|ΨB|2 (B ) bound). Because it is aV )
6 state, we observe 6 nodes. Furthermore, Figure 10 includes
the square of the nuclear wave function of the repulsive state,
|ΨR|2 (R ) repulsive), for six different energetic positions
corresponding to the six RIS observed in Figure 10. For better
illustration these wave functions are shifted on the vertical
energy axis. The important point to note is that, for each|ΨR|2,
its maximum value coincides with an internuclear distance,
where|ΨB|2 exhibits a node. Thus, the condition for observing

a RIS requires that the overlap between the bound state wave
function and the repulsive state wave function is unfavorable.
Basically, this condition needs to be met at all times. If this
overlap is favorable at any time, the zero-order eigenstate will
decay. By careful variation of the model conditions we have
validated the reasoning presented above. For example, using a
different starting point for shifting the potentials just leads to a
shift of all the RIS. Decreasing the spin-orbit coupling by a
factor of 5 changes the absolute lifetimes, but not the position
of the RIS, as expected.

The analysis presented above is able to rationalize the origin
of the RIS. In fact, there are other published reports of related
observations in the predissociation of diatomic molecules,14,22,40-44

sometimes referred to as fragmentary rotational structure. It is
interesting to note, however, that the literature examples all refer
to the situation of crossing between just two potentials, which
we just discussed as a simplification of the more complex
situation in DCl+ predissociation. In the case of interaction
between two potentials, oscillation of lifetimes can in principle
be rationalized by frequency domain and time domain models.
Basically, both models point at the phase relation between the
relevant wave functions. Inherently, models based on stationary
wave functions cannot reflect their time evolution. That,
however, is important in fast predissociation processes such as
in HCl+ and even moreso in HBr+.27,28

We finally come back to the true situation in DCl+ and HCl+,
with the presence of three instead of just one repulsive state.
Here, the perhaps surprising observation is RIS also occur in a
multichannel system without being completely smeared out. For
illustration, Figure 11 presents the rotronic potentials of all five
electronic states involved in the predissociation of DCl+, VA )
8, NA ) 46 (fast decay), together with the corresponding wave
functions. Evidently, both the internuclear distance at which the
states cross and the crossing energy differ slightly for the three
repulsive states. However, the square of the wave functions of
the three repulsive states all exhibit a maximum, where also
the square of the bound state wave function exhibits a maximum.
The current picture corresponds to timet ) tl/2; however, we
emphasize that very similar results are obtained at all other
times.

For comparison Figure 12 shows the analogous situation for
DCl+, VA ) 8, NA ) 53 (RIS). Here|Ψ3|2 and |Ψ5|2 exhibit
maxima exactly where|ΨA|2 exhibits a minimum, whereas the
maximum of|Ψ4|2 basically coincides with that of|ΨA|2. The
former favors slow decay and is in fact the reason this state is
a RIS. The latter would in principle favor fast decay. This is

Figure 9. Predissociation lifetime of the HCl+ as a function of the
shift between the bound and a single repulsive state. The reference
energy is the predissociation limit of the ion.

Figure 10. Bound state potential for the HCl+ together with the square
of the wave function of the bound state|ΨB|2 and of the model repulsive
state|ΨR|2 for six different relative positions of bound and repulsive
states. For further explanation see the text.
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indeed in agreement with Figure 8, wherek4 was observed to
account for 70% of the predissociation yield. However, still
channel 4 does not appear to be effective enough for destroying
the RIS characteristics completely.

V. Summary

We have investigated the predissociation lifetimes of HCl+

and DCl+ in several rovibrational states of the electronic A2Σ+

state. The results show pronounced lifetime oscillations with
rotational islands of stability (RIS). The maximum lifetime of
the RIS appears to be higher in HCl+ compared to DCl+;
however, the minimum lifetime is smaller in HCl+. In other
words, the contrast of lifetimes is larger in HCl+. At the
threshold of predissociation, the calculated lifetime is also larger
in HCl+. The calculated lifetimes presented in this work are in
qualitative agreement with experimental data where available.

We have shown that the RIS are characterized by a common
energy difference between the rovibronic energy and the zero-
order crossing of rotronic states. More specifically, RIS are
observed for∆Ec ≈ 0.006 au and∆Ec ≈ 0.0105 au in HCl+

but ∆Ec ≈ 0.0055 au and∆Ec ≈ 0.0085 au in DCl+. The
frequency domain period of the RIS in the∆Ec domain is thus
smaller in DCl+ than in HCl+. We found the ratio of these two

periods of RIS to be close to the ratio of the square root of
reduced masses of DCl+ and HCl+, i.e., the ratio of vibrational
frequencies. Our current calculations, explicitly taking into
account optical excitation, led to Lorentzian line shapes. These
are associated with single time constants, which in turn reflect
first-order kinetics. The observation of frequency dependence
in the individual channel contributions, however, reflects the
dynamical character of multichannel interactions.

Experimental observation of the RIS described in this work
requires access to a wide range of rotational states. The lowest
rotational quantum numbers for which clear RIS are predicted
areN ) 17 in DCl+ (Figure 2) andN ) 21 in HCl+ (Figure 4).
The relevant states are easily accessible for diatomic molecules
with small rotational constants, e.g., ICl.41 In DCl, experiments
with N ) 17 should be possible at modest temperatures of about
500 K. Thermal experiments with HCl would require even
higher temperatures of about 1000 K. However, we also note
that the preparation of Cl2 in extremely high rotational states
(up to N ) 420) has been realized by the application of two
counter-rotating circularly polarized fs laser pulses.45 We hope
that the current investigation stimulates future experimental work
along this question.
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