
Abstract. NaI molecules predissociate after excitation
with ultrashort pulses at a peak wavelength of 320 nm.
In rare gas environments at higher pressures the process
of geminate recombination is likely to occur. We studied
the dynamics of these processes under various pressure
conditions and for di�erent collision partners. The
calculations were performed within a three-dimensional
statistical model which simulates the NaI wave-packet
dynamics with classical trajectories and the collisions via
an instantaneous hard-sphere scattering.
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1 Introduction

In recent experiments the predissociation of NaI in rare
gas environments was investigated under high-pressure
conditions with the help of time-resolved femtoscond
spectroscopy [1]. It was found that the oscillating
transient signals which re¯ect the gas-phase predissoci-
ation dynamics [2±4] are destroyed with increasing
pressure. Furthermore, it could be shown that the
dissociation yield decreases with increasing pressure.
This stabilization e�ect is due to energy relaxation in the
NaI molecule, which reduces the Landau-Zener proba-
bility for transition into the exit channel. The NaI
experiments are in the line of other femtosecond studies
investigating high-pressure e�ects in I2-rare gas colli-
sions [5±7]. In the latter studies, clear evidence for caging
of I2, i.e. recombination through collisions, was found.
Also, it could be shown by Zewail and co-workers [8]
that the iodine molecule is able to recombine after short-

pulse excitation above its B-state dissociation limit and
single collisions with Ar atoms [9].

From a theoretical point of view the above-men-
tioned processes are di�cult to simulate. A correct
treatment would include a proper description of the fe-
mtosecond pump-and-probe transitions in the observed
molecules and of the interaction of these systems with
the environment. A very promising approach is to
approximate the molecular wave-packet dynamics with
swarms of classical trajectories and account for the
collisions via a molecular dynamics calculation [10±15].
In previous work on the NaI-rare gas system we chose a
similar but simpler approach [16, 17]. The wave packets
were represented by a sample of classical trajectories but
the collisions were treated as instantaneous and were
assumed to occur with the hard-sphere scattering cross-
section. This model could explain the trends observed
in the experiments [16]. However, possible geminate
recombination processes of NaI were ignored in our
studies. The objective of the present paper is to remove
this shortcoming and to investigate to which extent these
e�ects play a role and possibly could be detected in
a time-resolved femtosecond experiment. The paper is
organized as follows: Sect. 2 summarizes the theoretical
model. The results are given in Sect. 3 and Sect. 4 con-
tains a summary and outlook.

2 Theory and model

The predissociation process of the NaI molecule was extensively
investigated with the help of femtosecond pump/probe spectros-
copy in the gas phase [2±4]. Figure 1 shows the relevant excitation
scheme: femtosecond excitation from the electronic ground state j0i
results in the preparation of a wave packet in the excited state j1i.
The potential curves of these states are of alike symmetry and show
an avoided crossing around 7 AÊ . The non-adiabatic coupling in-
duces a bifurcation of the packet each time it reaches the crossing
region: the splitting results in a fraction which remains bound and a
fraction which enters the asymptotic region. Thus we ®nd a quasi-
bound vibrational motion which is damped due to probability ¯ux
into the exit channel.

Here we set up a simple three-dimensional model where gem-
inate recombination occurs if free Na and I atoms approach each
other closer than the region of the crossing point (see Fig. 1). This
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model yields relative recombination rates and in more detail we use
the following description:

1. Trajectories describing free Na and I are started at the dis-
tance of the crossing point RX with a ®xed kinetic energy. The
kinetic energy is taken from the energy distribution of the pump-
pulse which prepares the excited state wave packet. The center-of-
mass motion of NaI is taken into account by sampling from a
Maxwell-Boltzmann distribution at a given temperature. The initial
rotational motion of NaI is ignored.

2. The spatial distribution of the rare-gas atoms is assumed to
be isotropic and the velocities are assumed to obey a Maxwell-
Boltzmann distribution for a temperature of 960 K [1].

3. At each timestep Dt we choose at random the velocities of the
rare gas atoms according to the Maxwell-Boltzmann statistics and
calculate the collision probability P . The latter depends on Dt, the
relative velocity vrel of the collision partners, the cross section r,
and the density q of the rare gas atoms. The density of NaI is
assumed to be negligible [1]. Thus we have

P � qrjvreljDt �1�
The cross sections were taken to be r � p�ra � rb�2, were ra; rb are
atomic radii of the collision partners, i.e. we assume hard sphere
scattering. The values of ra; rb were taken from Lennard-Jones
distances [18] and the density is related to the pressure via the ideal
gas equation. Care was taken to ensure that the probability is
smaller than 1 even for large velocities jvrelj by choosing the time-
step Dt small choose enough.

4. We choose a random number s from the unit interval and if
s < P a collision occurs. The collision leaves the center-of-mass
velocity of the collision partners unchanged as well as the magni-
tude of their relative velocity. The orientation of the relative
velocity after the collision is chosen at random. Since an isotropic
distribution of the rare gas atoms is assumed, this amounts to an
average over all impact parameters [19].

5. The calculation is stopped if Na and I are found at a distance
smaller than the crossing point.

6. If recombination occurs, we calculate the Landau-Zener
probability for surface hopping between the adiabatic electronic
states [20]. A random number sh is chosen from the unit interval
and if sh < PLZ we ®nd the system in the excited electronic state j1i.
We note that because of the small relative velocity of the recom-
bining atoms PLZ is close to zero so that most trajectories remain in
the ground electronic state.

From the above description it should be clear that the model
simply consists of the integration of the classical equations for the
relative motion of NaI and various Monte Carlo samplings. It is
thus very easy to implement and computationally very e�cient.

3 Results

Within the model described in the last section we may
calculate the relative recombination ratio

Gr�t� � n�t�
Nr

�2�

where n�t�, is the number of trajectories for which the
Na-I distance becomes smaller than the crossing point
RX at time t and Nr is the total number of trajectories.
Figure 2 displays this time-dependent function for Ar-
NaI collisions at di�erent pressures. As can be expected,
we ®nd the recombination to be more e�ective at higher
pressures. The curves increase with time yielding asymp-
totic values which, even for the 2000 bar case, do not
exceed 40%.

A change of the collision partner, going from He to
Xe, increases the probability for recombination. This is
documented in Fig. 3 which contains Gr�t� at a pressure
of 1000 bar. Kinematic considerations show that, com-
pared to Ar for example, a large number of collisions are
necessary for recombination in the He case. This is more
clearly demonstrated in Fig. 4. The upper panel (a)
shows the recombination ratio at a time of 2 ps as a
function of the number of collisions Nc. This quantity is
de®ned as

Fig. 1. Schematic illustration of the femtosecond excitation and
recombination processes. Adiabatic potential curves for two
electronic states of NaI which show an avoided crossing are
displayed. The vertical arrow illustrates the excitation with a
frequency xp which results in the preparation of a wave packet.
The predissociation process can be reversed through geminate
recombination (GR) induced by collisions

Fig. 2. Time-dependence of the relative recombination yield of free
Na and I atoms induced by Ar collisions. Curves are displayed for

Fig. 3. Recombination yield of NaI molecules obtained from
collisions with di�erent rare gas atoms at a pressure of 1000 bar
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Gr�Nc; t� � n�t;Nc�
Nr

�3�

where n�t;Nc� is the number of trajectories leading to
recombination if Nc collisions occur. The ®rst informa-
tion we can take from the ®gure is that for Ar and Xe
most recombination processes result from single colli-
sions. This explains the fast increase of Gr�t� for Ar and
Xe as seen in Figs. 2 and 3. A di�erent situation is
encountered in the case of He, where recombinations are
most probable for Nc between 5 and 15. Recombination
induced by He-Na or He-I single collisions require He
atoms which move very fast. This is only a small fraction
under the present conditions and a strong dependence
on temperature is to be expected. For longer times,
multiple collisions become more probable, as can be seen
in Fig. 4b which shows results obtained after a time of 10
ps. Again, for the heavier rare-gas atoms the single
collisions yield most of the recombination yield. For He,
multiple collisions over a wide range of Nc (10±30) result
in similar values of Gr�Nc; t�. It is clear that these
multiple collisions are more probable for the faster He
atoms. Note also that only a very small number of
trajectories recombine in the He case. Therefore our
signals, which were obtained with 2� 106 trajectories,
show a remaining statistical noise.

Until now the model is not able to predict total re-
combination yields. To estimate these we use a classical
description of the wave-packet dynamics in the quasi-
bound molecule. This approximation was applied to the
NaI-rare gas problem before [16, 17]. Brie¯y we use a set
of classical trajectories Rn�t� which are chosen to repre-
sent the quantum mechanical probability distribution. A

Gaussian envelope function is assumed for the pump-
pulse so that its spectral width de®nes a Gaussian energy
distribution peaked at the energy corresponding to the
laser frequency xp. According to the time and frequency
distribution of the pulse we sample at random times tn
and energies �n and start trajectories at times tn with zero
momentum at the inner classical turning point where
V1 � �n. Within this method the classical counterpart of
the quantum mechanical wave packet prepared by the
pump pulse in state j1i is

qcl
1 �R; t� �

1

Ntot

XNtot

n�1
Rn�t� �4�

where Rn�t� are the trajectories with the initial conditions
as speci®ed above and Ntot is the total number of
trajectories. If the trajectories reach the crossing region
we calculate the Landau-Zener probability for the
hopping process and proceed as described above to
estimate on which electronic state the time-evolution is
continued. The trajectories which leave the crossing
region on the lower state are chosen as an input for our
model of the recombination process (see above). In this
way we are able to calculate the total recombination
yield

Gtot�t� � n�t�
Ntot

�5�

where n�t� is the number of trajectories which represent
recombination.

Figure 5 shows Gtot�t� for NaI-Ar collisions. Only a
small recombination yield is predicted in the time-
interval regarded here. Since the adiabatic coupling be-
tween the electronic states is weak, one ®nds only about
40% dissociation probability after 5 ps for zero pressure.
However, at a pressure of about 500 bar the dissociation
yield is just 15% at this time. This is due to the e�ective
energy relaxation of the NaI molecules in the excited
electronic state which reduced the dissociation proba-
bility. Regarding this number, it is understandable that
only about 1% of the total number of trajectories cor-
respond to recombination processes. This number is still
an upper limit since our calculations stop in the moment
a recombination occurs. The trajectories which reach
distances smaller than the crossing point may still vanish

Fig. 4a, b. Relative recombination ratio Gr�Nc; t� as a function of
the number of collisions and for ®xed times t. Results are displayed
for He (multiplied with a factor of 5), Ar, and Xe and for times
t � 2 ps (a) and t � 10 ps (b)

Fig. 5. Total recombination yield as a function of time and for the
NaI-Ar system at di�erent pressures
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in the asymptotic region at a later time. This is, however,
not very probable since following collisions result in a
vibrational relaxation in the ground state so that the
orbits become bound.

The small yields do not change signi®cantly if higher
pressures or heavier collision partners are used. Con-
cerning a pump/probe experiment under high pressure
conditions, we conclude that the process of geminate
recombination is very unlikely to be detected. This is
demonstrated in Fig. 6, which compares calculations
including and neglecting recombination processes. Fig-
ure 6a shows the total amount of dissociated molecules
Pfree�t� for a pressure of 500 bar. The curve was obtained
by counting the number of free trajectories in state j1i as
a function of time. The characteristic step function,
which is also found experimentally in case when the
probe-pulse wavelength is chosen to detect free sodium
atoms [2±4], re¯ects the quasi-bound motion of the
molecule and the stepwise increase of the fragment
population. There are only minor deviations in the two
curves. The lower panel (Fig. 6b) displays the amount of
bound molecules within the electronic ground state
(P0�t�). Here only those molecules which were excited in
the pump process and return to the ground state are
taken into account. Again, the temporal structure stems
from the wave-packet motion and the separation of the
peaks re¯ect the period of the vibrational motion. Al-
though the two curves obtained with and without gem-
inate recombination di�er for longer times, the deviation
is not dramatic so that the e�ect of recombination does
not introduce a signi®cant change of the basic temporal
behavior.

4 Summary

We have investigated geminate recombination processes
in the NaI predissociation process taking place in rare
gas environments. The fragmentation is initiated by
femtosecond excitation of NaI and recombination
occurs via momentum transfer from He, Ar, or Xe to
the Na and I atoms during collisions. A simple hard-
sphere three-dimensional model is used to calculate
recombination rates via Monte Carlo sampling. The
e�ciency of recombination is increased with increasing
pressure and mass of the collision partner. However, the
total recombination yield is found to be in the order of
1% of the number of dissociated molecules. An increase
in pressure to much higher values will not result in a
more e�cient recombination, since at high pressures the
NaI molecules become stable through energy relaxation
which reduces the fragmentation probability.

In conclusion we predict that geminate recombina-
tion processes for the NaI-rare gas system occur only
with small probability. As a consequence, femtosecond
pump/probe signals will most likely not yield informa-
tion about these processes.

The computational scheme we used here is very e�-
cient and easy to implement. We have recently applied
this model to the experiments of Wan et al. [8] on the
caging dynamics of I2 and found excellent agreement
with experiment and also with quite involved quantum
calculations [9]. This con®rms our expectation that re-
liable results can be obtained using the model presented
here.
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