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The fragmentation of rare-gas clusters Rgn (2 � n � 14 and Rg¼Ne, Ar and Kr) following
electron-impact ionization is reviewed, with a focus on the comparison of experiment and
theory. The most pertinent results are selected in this view, i.e. experiments with size selection
of the neutral clusters and simulations taking into account all the relevant electronic states
of the ions and their couplings. Simulation results obtained for argon and krypton clusters
are compared to abundances determined by experiments. Very good qualitative agreement
is found for both types of clusters, concerning the extensive character of the dissociation
and the tendency to form larger fragments when the parent ion size increases. For instance,
no trimer fragments are found for clusters smaller than the pentamer. In addition, very good
quantitative agreement is obtained for argon clusters, especially if the possibility for secondary
ionization of the neutral monomer fragments is taken into account. On the other hand, some
discrepancies are found between experiment and theory for krypton clusters. Even though
the experimental results for the sum of the monomer and dimer ionic fragment proportions
are well reproduced in the simulation, there is a disagreement concerning the relative propor-
tion of monomers and dimers. The experiment shows a large predominance of monomers
which is not found in the simulation. Several possible reasons for this difference are discussed.
The simulation results for neon, argon, and krypton cluster ionization are analysed in detail
and provide crucial information on the kinetics of the fragmentation and its mechanism. It is
shown that parent ion dissociation occurs within the first picoseconds, and that most of the
dynamics is completed within 10 picoseconds. However, the existence of long-lived (more
than 100 picoseconds) intermediate species is revealed for clusters larger than hexamers,
which are shown to preferentially lead to larger fragments. New results rationalizing the
parent ion lifetime dependence with size in terms of the number of coupled electronic states
and the symmetry of the neutral precursor are presented. Internal energy distributions and
the number of fragmentation events are shown to characterize the fragmentation mechanism
as explosive rather than evaporative. The effect of the spin–orbit coupling on the different
aspects of the fragmentation process is also examined.
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1. Introduction

Atomic and molecular clusters are a well-established research field with properties
between those of single molecules and the condensed phase. What is investigated is
the development of characteristic properties as a function of their size. The results
are especially well suited for the explanation of macroscopic effects on a molecular
level, which are difficult to access in the condensed phase. They also provide new
features of both basic behaviour and interesting applications which can be traced
back to their finite size [1]. Thus it is not surprising that fragmentation processes
which occur during the ionization of neutral clusters played historically a crucial role
when they were realized in the 1980s. They destroyed the dream of a straightforward
and simple detection of the neutral clusters in a mass spectrometer, which was taken
for granted in a series of articles at that time. The origin of the fragmentation is
a typical concept of molecular physics. Upon ionization the cluster undergoes an
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important structural relaxation which is usually combined with a substantial energy
release which, in turn, leads to the evaporation of atoms or molecules [2]. A character-
istic example of structural relaxation is the ionization of the weakly bound van der
Waals molecule Ar2 which leads to the strongly bound Arþ2 ion with a considerably
smaller equilibrium distance and a much deeper well depth. This process is independent
of the type of ionization and does not require any excess energy. Since ionization is very
fast compared to nuclear motions, Arþ2 is created near the equilibrium geometry of the
neutral dimer, and therefore with a considerable amount of internal energy. Similar
processes occur also for larger clusters and the relaxation of internal energy leads to
fragmentation.

Although these considerations were known for some time [3–6], a convincing experi-
mental proof was missing. For such a demonstration the neutral clusters have to be
labelled independently of the detection process. One possibility is to use vibrational
or rotational spectroscopic fingerprints [7–9]. Another method is based on resonant
two-photon ionization [10–12] in which the excited electronic state is chosen to be
cluster specific. Usually these methods are restricted to special transitions in dimers
or very small clusters. A more general method is to scatter the cluster beam from a
light atomic beam, usually helium, and to exploit the different kinematical behaviour
of the different sizes for cluster separation. By measuring their angular and velocity
distributions after the scattering process in a high resolution experiment, a complete
separation is achieved. This method was used by Buck and Meyer [13, 14] to size
select Arn clusters up to n¼ 6 and to measure directly the fragmentation probabilities
upon electron impact ionization. The fragmentation turned out to be quite strong
with the trimer totally fragmenting to dimers and monomers. Similar results were
obtained for n¼ 4, 5, and 6 which fragmented with a probability ratio
PðArþ2 Þ=½PðArþ2 Þ þ PðArþ3 Þ� of larger than 0.95 to Arþ2 . Because of experimental
problems, the monomer contribution was not investigated. The first contribution to
the Arþ3 ion came from pentamers. The dominant fragment channel was the dimer
ion Arþ2 in spite of the fact that Arþ3 is the core of the larger clusters [15, 16].

After these measurements on van der Waals systems and others on ionically bound
molecules [17], it was generally accepted that mass spectra of clusters do not reflect
the distributions of the neutral precursors but rather the properties of the ions [18].
Exceptions are systems which do not exhibit drastic changes in structure when going
from the neutral to the ionic configuration. These are, for instance, metals and aromatic
molecules with delocalized electrons where the loss of one electron does not change the
configuration appreciably.

Later on, the method was extended to clusters of the molecular van der Waals
systems C2H4 [19], CO2 [20], NO [21, 22], OCS [23], and O2 [24]. They are all,
as expected, dominated by strong fragmentation. The small closed shell molecules
O2, NO, CO2, and also the symmetric SF6 [8] exhibit a preference for the monomer
ion. Larger molecules which consist of several atoms like C2H4 and OCS show a frag-
ment pattern which is dominated by the most stable ions resulting from intracluster
ion–molecule reactions. Similar results have been observed for CS2 [25]. A special
behaviour is exhibited by the hydrogen bonded systems NH3 [26, 27], D2O [28],
N2H4 [23], HBr [29], and methyl lactate [30]. Here fast ion–molecule reactions [31]
form protonated species which are the dominant fragment channels. Review articles
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about most of these results are available [32, 33]. We note that the investigation of
sodium clusters using the scattering method confirmed the expected results that the
fragmentation mainly depends on the excess energy in the system [34, 35]. In this
case where neutral and ionic clusters have similar structures, vertical ionization without
excess energy does not lead to fragmentation.

Despite the detailed and partly surprising experimental results, theoretical calcula-
tions remained quite rare. Soler et al. [36] have conducted model calculation on
argon, krypton, and xenon cluster ionization by assuming the initial formation
of a dimer ion and following the evolution of the system by classical dynamics.
This study was completed in a subsequent paper by Sáenz et al. [37] who showed an
appreciable boiling off of argon atoms. Their results were confirmed by Stampfli [38]
who studied the fragmentation of neon and xenon clusters upon ionization using
classical dynamics on the ground electronic state. His results show that there is
always fragmentation for the trimers. The n¼ 13 and n¼ 55 clusters also undergo
strong fragmentation upon ionization. The first non-adiabatic calculation was
conducted by Kuntz and Hogreve using the classical path surface hopping
trajectory method [39]. This study included the lowest three adiabatic states from
a diatomics-in-molecules (DIM) model of the electronic Hamiltonian, and interpreted
the dissociation of the argon trimer upon ionization in terms of charge migration
and non-adiabatic effects. They mainly found dimer fragments, in contrast to the
experimental results where monomer ions were also observed. The first study taking
into account all the potential-energy surfaces involved in the dynamics was carried
out for Ar3 and Ar4 using a DIM model for the electronic Hamiltonian and
mean-field (‘hemiquantal’) dynamics [40]. The results showed good agreement with
experiment, both for the monomer and dimer fragment proportions and for the
fact that no Arþ3 was observed from Ar3 ionization and no Arþ3 nor Arþ4 from Ar4
ionization.

A couple of years ago, Halberstadt and coworkers started a larger project for
more complete simulations of the ionization and fragmentation of rare-gas clusters.
All potential surfaces close to the ground state and their couplings are taken into
account, and induced dipole–induced dipole interaction and spin–orbit corrections
are added [41]. First results were obtained for neon clusters embedded in liquid
helium droplets. The further applications of this improved theory were carried out
for pure neon [42], krypton [43], and argon [44] clusters, for sizes up to n¼ 14. As a
result of these simulations, a number of general features have been outlined. In agree-
ment with experimental findings, it was shown that ionization leads to extensive frag-
mentation of the parent ions. In the simulation, all the rare gases (neon, argon and
krypton) exhibit the same fragment pattern. Dimers are the most important fragments
in the size range studied, with their proportions increasing up to a maximum and then
decreasing again as a function of the neutral cluster size. The next important fragments
are monomers for small initial cluster sizes and trimers, then tetramers, for larger sizes.
The simulations also shed some light on the kinetics of the fragmentation, which was
not possible to obtain in the experiments. They showed that fragmentation of the
parent ions occurs in the picosecond time range. This is very fast compared to the
average flight time of the parent ions in the detection region of a typical experiment.
For the smaller cluster sizes all the dynamics is over in several tens of picoseconds.
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However, for the larger sizes studied, especially for the heavier rare gases, the simula-
tions revealed the existence of longer-lived species (100 ns or more) in a proportion
that seems to be increasing with the appearance of larger stable fragments (trimers
or more).

In the meantime, the measurements on Arn clusters were extended to n¼ 9 with the
monomer channels included [45]. Very recently also Krn was measured up to n¼ 7 [46].
Thus the new and detailed calculations can directly be compared with experiment
for these two systems.

It is the purpose of this article to directly confront the experimental and theoretical
results on the fragmentation dynamics of rare-gas clusters upon electron-impact ioniza-
tion. Rather than reviewing all the previous experimental and theoretical work on this
process, we have selected the most pertinent results in this view, i.e. experiments with
size selection of the neutral clusters and simulations taking into account all the relevant
electronic states of the ions. Section 2 briefly recalls the principles of the theoretical
modelling. Section 3 presents the neutral size selection method and the fragmentation
analysis used in the experiments, and gives an overview of the experimental results
on argon and krypton clusters, including the most recent ones. Section 4 is devoted
to the comparison of the experimental and theoretical results for argon and krypton
clusters. Following the validation of the simulation method in section 4, section 5
presents a detailed comparison of the fragmentation of neon, argon and krypton cluster
upon ionization, including the kinetics of the process, a discussion of the fragmentation
mechanisms, the existence of long-lived intermediate species, and the effect of
spin–orbit coupling. Finally, the results are discussed in section 6 and section 7 presents
conclusions and outlines perspectives for future work.

2. Theoretical modelling: a mixed quantum–classical approach

A purely quantum dynamics simulation of the fragmentation of ionized rare-gas
clusters would be impossible to perform beyond the trimer due to the many degrees
of freedom and the presence of a number of coupled electronic states. Because of
these coupled electronic states, a purely classical treatment would not be suitable
either. Mixed quantum–classical methods represent a good compromise since they
can treat a large number of degrees of freedom while retaining a quantum description
for one or a few crucial degrees of freedom (here the electronic states). Along the same
lines, it is not feasible to determine the ab initio potential-energy surfaces and couplings
for clusters larger than the trimer. The DIM (Diatomics In Molecules) model
[15, 47–49] gives an accurate description of all the potential-energy surfaces correlating
to the Rgþ(2P)þ (n� 1) Rg limit and their couplings for ionized rare-gas clusters.

Following these considerations, we have used the combined DIM-MDQT (Molecular
Dynamics with Quantum Transitions) method to model the fragmentation of rare-gas
clusters upon electron impact ionization. The MDQT method [50–52] was chosen
because it is a trajectory surface hopping method, which seemed more natural for
fragmenting systems. Other works [40], including very recent ones [53–55], use mean-
field methods, although so far only results for small cluster sizes have been published.
It would be very interesting to compare the results of the two different types of methods
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for an extensive range of sizes. The present DIM-MDQT method has been described
in details elsewhere [41–44] and we only recall here some essential features.

The DIM model uses the Rgþ2 and Rg2 potential curves to build the electronic
Hamiltonian matrix for Rgþn . It is particularly simple in the case of Rgþn since the
Hamiltonian matrix can be expressed in the basis set of p orbitals for the (single) elec-
tronic hole. Analytical forms for Rg2 curves were taken from the literature [56, 57]
whereas analytical forms for Rgþ2 curves have been fitted on ab initio calculations
from Ha et al. [58]. This traditional DIM model has been improved by including the
induced dipole–induced dipole interaction [59] and the spin–orbit (SO) coupling [58–60].

In our application of the MDQT method the nuclei are treated classically and
electrons (here the electronic hole) quantum mechanically. The nuclei evolve on one
adiabatic potential-energy surface at a time. The multisurface character of the problem
is taken into account by allowing for hops between surfaces, with hopping probabilities
governed by the time evolution of electronic state probabilities during the electronic
wave packet propagation. At a hopping event the sudden change in potential energy
imposes an adjustment of atomic momenta in order to conserve total energy.
Determining how this energy is dispatched among the atomic momenta amounts to
selecting a vector in the 3n space along which momenta are adjusted. The choice of
such a vector remains arbitrary although some justifications have been offered for
some specific choices [61, 62]. We have used the gradient of the potential energy
difference between the surfaces involved in the hop, namely rðVk � VjÞ for a hop
from state j to state k. A detailed discussion on the choice of this hopping vector
can be found in [42].

Initial conditions for the trajectories are designed to reproduce the experimental
conditions as closely as possible. The neutral clusters are formed in a supersonic
expansion and are therefore assumed to be in their ground vibrational state.
Electron-impact ionization performed with �70 eV electrons is very fast (less than a
femtosecond) compared to any nuclear motion. Therefore it is assumed to be ‘vertical’,
i.e. instantaneous and for fixed positions of the nuclei. The excess energy is assumed to
be shared between the ionizing and the other departing electron, so that the momenta
(velocities) of the nuclei are also unchanged. Since the energy width associated with
subfemtosecond excitation is of several eV, 70 eV ionization is assimilated to coherent
white light excitation. These experimental conditions are translated in the simulation
as follows. A classical trajectory is run for the neutral cluster at a total energy equal
to its zero-point energy. After some time for energy randomization, vertical ionization
is performed at regular time intervals. A new trajectory is started for the parent ion,
with initial positions and momenta of the nuclei equal to those in the neutral cluster
at the time of ionization and a randomly selected electronic state for the classical
propagation. The equivalence of all the electronic states is mirrored in the initial
condition for the electronic quantum wave packet by equal coefficients for all the
states. We have checked that starting the wave packet propagation from a randomly
chosen pure adiabatic electronic state does not affect the final fragment proportions.
Note however that fragmentation strongly depends on the initial electronic state
as will be discussed later, so that for a different ionization process that would
selectively ionize one of the electronic states of the parent ion the results would be
different [43, 44, 63].
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3. Experiments

3.1 Size selection

As described in detail in earlier publications [14, 32, 33], the scattering analysis of a
cluster beam enables us to find a unique correlation between detected cluster ions
and their neutral precursors, independent of the cluster size distribution in the primary
beam and the fragmentation process taking place in the ion source. The method relies
on the specific kinematic behaviour of clusters with different sizes scattered from
a target beam and is commonly described in terms of a velocity vector diagram as
shown in figure 1. Because of the scattering process of the rare-gas clusters with the
light helium target atoms, each cluster with a certain size can be scattered into
the laboratory (lab) system only within a certain angular range. This is visualized in
figure 1 by the different circles representing the final centre-of-mass (cm) velocities
of elastically scattered clusters. The largest circle represents the scattering of the
monomer, whereas the smaller circles define the corresponding values for the cluster
scattering up to the tetramer. The scattering process implies that for each cluster size
n a corresponding specific maximum scattering angle �maxðnÞ exists. Thus the selection
of a specific detection angle in the lab system is acting as a ‘low pass filter’. All larger
rare-gas clusters with n > nmaxð�Þ are excluded from being detected, since they have
smaller maximum scattering angles. At the laboratory scattering angle � depicted
in figure 1 only the cluster sizes n ¼ 1, 2, 3 are detected.

Under typical experimental conditions with moderate energy transfer during the
scattering process, clusters of different sizes that are scattered in one lab angle �
arrive with different velocities. This is shown pictorially in the right panel of figure 1
which displays the intensity contributions along the final velocity. This behaviour
allows us to disentangle the various cluster contributions measured at the mass of the
monomer. In order to get this information, velocity resolved measurements of the
scattered particles are necessary. The intensity of the scattered neutral cluster of size

n=1

n=3

n=1
n=1

n=2n=2

n=4

n=3

v

θ

VC

n=2

VS I

Figure 1. Schematic velocity vector diagram for the scattering of a cluster by an atomic beam. The cluster
n¼ 3 is selected by angular (left panel) and velocity (right panel) selection. VC and VS respectively denote the
cluster and the helium scattering beam velocities in the laboratory frame. The velocity VGn

of the He–Rgn
centre of mass Gn is constant. For elastic scattering, the modulus of the relative velocity Vn ¼ VC � VS is
conserved, hence the end of the cluster velocity vector in the lab frame after collision
V

0
C ¼ VGn

þ ½msðms þmCÞ�=V
0
n describes a circle centred on Gn and with radius ½msðms þmCÞ�=Vnj.
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n, at the laboratory angle �, final velocity v 0, and detected at the mass k of the mass
spectrometer is given by

Nnkð�, v
0Þ ¼ K�n�nCnfnk: ð1Þ

The constant K contains the variables concerning the scattering process which are
not relevant for the cluster separation, �n is the cluster density, �n is the differential scat-
tering cross-section with the helium scattering beam in the lab system, Cn is the total
ionization cross-section, fnk is the probability for the formation of an ion of mass k
from a cluster of size n with �kfnk ¼ 1. Here the signals are already corrected for differ-
ent transmissions of the mass filter. If no velocity analysis is applied, the signal Sk(�)
is summed over all neutral cluster sizes which may contribute at this scattering angle
to the fragment mass k

Skð�Þ ¼
Xnmaxð�Þ

n¼k

Nnk: ð2Þ

This clearly illustrates that in the case of fragmentation during the ionization process,
Nnk ionic fragments can be detected at the selected ion mass k from neutral clusters
with sizes n up to n¼ nmaxð�Þ.

3.2 Fragmentation analysis

Using the definition of equation (1) and the relation �kfnk ¼ 1, the fragmentation
probabilities fnk are given by

fnk ¼ Nnk

.Xn
k¼1

Nnk: ð3Þ

To determine the fragmentation probabilities fnk experimentally, it is necessary to
measure the intensities Nnkð�, v

0Þ at the specified deflection angle � and the final
velocity v0. There are two different ways to carry out these measurements. We will
briefly discuss them.

1. The easiest way to do this is to determine the velocity using a selector after
the collision has taken place. The detector is placed at a selected angle and
the velocity selector transmits only a certain velocity range. This is shown
pictorially at the right hand side of figure 1 for n¼ 3 in which the shaded
area is blocked and the bright area is passed by the selector. In this way, n is
completely specified and the intensities at the different fragment masses k
measured by the mass spectrometer give directly the fragmentation probabil-
ities. Such an arrangement has been used in the improved experiment on Arn
clusters [45].

2. If, in contrast, the velocity is measured by time-of-flight (TOF) techniques,
we only know after the analysis which neutral cluster size belongs to which
fragment mass. What is mainly measured in a TOF distribution are the
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amount of different n at one k. For the fragmentation probabilities fnk one needs
different k for one n. Therefore one has to relate the measurements at different k
to each other. In the original paper by Buck and Meyer the intensities Nnkð�, v

0Þ

were directly compared with each other [14]. This is the way in which the results
for the argon dimers and trimers have been obtained. Later on, it turned out [27]
that it is more convenient and accurate to use only the relative intensities of the
TOF distributions Xnk given by

Xnkð�Þ ¼ Nnk

. Xnmaxð�Þ

n¼k

Nnk, ð4Þ

and to relate them to the measured total scattered intensity Sk(�). By combining
equations (2) and (4) with equation (3) we get the probability fnk for a neutral
cluster of size n to fragment into an ion with mass k

fnk ¼ SkXnk

.Xn
k¼1

SkXnk: ð5Þ

Here fnk is expressed by two easily measurable quantities, Sk, obtained from the
differential cross-section measurements, and Xnk, obtained from the analysis of
time-of-flight measurements of the scattered beam. This is the way in which the
results for the krypton clusters have been obtained [46].

3.3 Results

The results of the fragmentation analysis for Arn and Krn clusters which are presented
in this article are obtained in two different crossed molecular beams apparatus. They
both consist of two supersonic nozzle beams which are generated in two differentially
pumped source chambers and which are crossed at an angle of 90� in the scattering
centre. For angular dependent measurements, the complete base of the scattering cham-
ber is rotated with respect to the scattering centre, while the detector position is fixed.
The detector consists of a time-of-flight (TOF) spectrometer, using the pseudorandom
chopping technique, and a mass spectrometer consisting of an electron bombardment
ionizer and a quadrupole mass filter. The electron beam was operated at an energy
of 70 eV. The first apparatus, called (A), has higher resolution in angle and velocity
[64]. The second apparatus, called (B), allows us to implement a velocity selector
after the scattering centre [29, 45]. For the details of the cluster production, the geome-
trical dimensions, and the data evaluation procedures, we refer to the original articles.
We will indicate the data set by the apparatus in which they are obtained, (A) or (B),
and the method which has been used in the fragmentation analysis, (1) with a velocity
selector or (2) with TOF analysis, presented in the previous subsection.

The experimental results of the fragmentation probabilities for the Arn and Krn
clusters are presented in tables 1 and 2. Argon was detected at m / z¼ 40 u and the
corresponding multiples. For krypton m / z¼ 84 u was chosen as the basis mass unit.
The results for Arn were obtained by procedure (A,2) for n¼ 2 and 3, and for the
rest by procedure (B,1). For Arn from n¼ 2 to n¼ 9 the dominant channel is, with
the exception of n¼ 4, the dimer ion Arþ2 . The remarkable fact is that for n¼ 4 and
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n¼ 3 no intensity was observed at other masses than those of dimer and monomer, the
parent masses included. These results agree with the tendency observed in the previous
measurement (A,2) [14] of the dimer ion channel which gave the relative probabilities
fn2=

P
k�2 fnk 1.00 for n¼ 4, 0.98 for n¼ 5, and 0.95 for n¼ 6. Note that in this experi-

ment the numbers refer to the dimer or larger products, since the monomer channel Arþ

was not measured. The results of the experiments (B,1) are 1.00, 0.94, and 0.93 for
the same probabilities.

In contrast, the main fragmentation channel of Krn clusters is the monomer ion Krþ

with a probability larger than 0.9 for n¼ 2 to n¼ 7. The probability of observing dimer
ions Krþ2 is much smaller than expected for each initial cluster size. The trimer ion Krþ3
appears first from the neutral Kr5, and its fraction increases with increasing neutral
cluster size n, but is always much smaller than that of the monomer or dimer.
This experiment was carried out with method (A,2). In an early stage of the experiment
the other apparatus (B,2) was used and the results agreed within experimental errors.
As an example of a typical measurement we present the angular dependent distributions
Sk(�) for krypton, measured at the seven fragment masses k [46]. The results are shown
in figure 2. The shaded areas mark the theoretical limiting scattering angles �n for the
neutral cluster n, broadened by the finite resolution of the apparatus. In general, the
dominating fragment is the monomer ion (black). The onset of the dimer ion intensity
(red) is in good agreement with the predicted limiting angle. The first contribution
of the trimer ion (green) comes from the neutral pentamer. Fragment ions larger
than the trimer ion are detected but contribute less than 1% of the total intensity for
neutral Krn clusters up to n¼ 7.

Table 1. Fragmentation probabilities fnk of the cluster size n to the ion
size k for argon. The data are obtained by method (A,2) [14] (n¼ 2, 3) and

method (B,1) [45] (n¼ 4–9).

n k¼ 1 k¼ 2 k¼ 3

2 0.40 0.60 –
3 0.30 0.70 0.00
4 0.56 0.44 0.00
5 0.29 0.67 0.04
6 0.42 0.54 0.04
7 0.22 0.71 0.07
8 0.22 0.73 0.05
9 0.34 0.51 0.15

Table 2. Fragmentation probabilities fnk of the cluster size n to the ion
size k for krypton. The data are obtained by method (A,2) [46].

n k¼ 1 k¼ 2 k¼ 3

2 0.951 0.049 –
3 0.973 0.027 –
4 0.961 0.039 –
5 0.965 0.029 0.006
6 0.926 0.053 0.021
7 0.902 0.063 0.035
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Although the final fragmentation probability in method (A,2) is obtained from
the additional measurement of the relative intensity Xnk of a TOF distribution
(see equation (5)), these values have to be multiplied by the total intensities Sk. Based
on the measurement of figure 2, it is obvious that the values of the monomer intensity
S1 is two orders of magnitude larger than that of the dimer fragment S2. These results
demonstrate pictorially the final result of krypton clusters which is dominated by
monomer fragments.

The results for krypton were quite surprising to us, and that is why we repeated the
initial experiments (B,2) on the second scattering machine that yields more precise
results (A,2). As a cross check the total angular distributions of argon clusters were
measured in apparatus (B) [65]. The result for the monomer and dimer fragments is
given in figure 3. Now the dimer fragment intensity S2 is only one order of magnitude
less than that of the monomer fragment intensity S1. This explains the large difference
with the krypton result and is a further experimental confirmation of the different
behaviour of the two systems.

4. Comparison between theory and experiment for Arn and Krn

The method described in section 2 provides a complete description of the rare-gas
cluster dynamics following ionization, including non-adiabatic and spin–orbit effects.
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Figure 2. Measured angular dependence of scattered krypton clusters Sk(�) at the masses k indicated [46].
The shaded areas mark the onset of the different neutral cluster sizes n.
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In particular, the final fragment distributions can be determined and compared with
experiment. Experiments like the ones pioneered by Buck and Meyer [13, 14, 32] and
described in section 3, in which the clusters are size-selected prior to ionization, are
particularly meaningful in this context: a direct comparison can be performed without
any need for averaging over an initial neutral cluster size distribution.

4.1 Fragmentation of the (Ar1n )
� parent ions

Figure 4 presents the simulated results of Bonhommeau et al. [44] for the sum of the
Arþ and Arþ2 fragment proportions as a function of initial cluster size n, n¼ 2–11, com-
pared with the experimental results of Buck and Meyer [14] and Lohbrandt et al. [45]
for n¼ 2–9. The experimental and theoretical results are in very good agreement.
In particular, they reveal very extensive fragmentation of the parent ions: the Arþ

and Arþ2 final proportions sum up to almost 100% for n � 6. They decrease monotoni-
cally with parent ion size for 6 � n � 11 but they still represent more than 65% of
detected fragments for n¼ 11.

However, a more careful examination of the experimental and theoretical results
reveals some differences. Figure 5 presents the Arþ, Arþ2 , Arþ3 , and Arþ4 fragment abun-
dances originating from the fragmentation of (Arþn )

� clusters (n¼ 2–11). The agreement
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Figure 3. Measured angular dependence of scattered argon clusters Sk(�) at the masses k indicated [65].
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Figure 5. Proportions (%) of (a) Arþ, (b) Arþ2 , (c) Arþ3 and (d) Arþ4 fragments as a function of the initial
cluster size. The simulation results [44] including (squares) or neglecting (circles) the SO interaction are
compared to available experimental data from Buck and Meyer [14], for n¼ 2, 3, and from Lohbrandt
et al. [14], for n¼ 4–9 (upward triangles). They are also compared to the simulation results of Bastida
et al. [40] (diamonds). The statistical uncertainty is only specified when it exceeds the size of the plotting
symbols. Reproduced from [44], figure 2, with permission.
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Figure 4. Sum of the Arþ and Arþ2 proportions (%) following electron-impact ionization of Arn for
n¼ 2–11. Comparison between the simulated results (circles) of Bonhommeau et al. [44] and the experimental
results from Buck and Meyer [14], for n¼ 2, 3, and from Lohbrandt et al. [45], for n¼ 4–9 (upward triangles).
Simulated results correspond to 100 ps propagation, involving SO couplings up to n¼ 9, and neglecting it
for n¼ 10 and n¼ 11. Reproduced from [44], figure 1, with permission.
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is very satisfactory for the larger Arþp ( p¼ 3–4) fragments: Arþ3 fragments start appear-
ing for n � 5, their abundance monotonically increasing with the parent ion size, and no
Arþ4 fragment is produced for n < 9. Moreover, Arþ2 are the most abundant fragments
for all initial cluster sizes, which also agrees with experimental results by Lohbrandt
et al. [45] (except for n¼ 4). However, the individual theoretical proportions of Arþ

and Arþ2 do not fit the experimental results. The theoretical modelling predicts a
systematic and monotonic evolution of Arþ and Arþ2 proportions. The monomer abun-
dance decreases from 34% for n¼ 2 to zero for n¼ 9 and the dimer abundance increases
from 66% for n¼ 2 to a maximum value of 95% for n¼ 6 before decreasing down to
67% for n¼ 11. Experimental proportions are in good agreement with the theoretical
ones for n¼ 2–3, but then begin to oscillate for n � 4 with a slight tendency to decrease
for ionic monomers and no significant tendency for dimers. Moreover, the experimental
abundance in dimers (resp. monomers) is smaller (resp. larger) than the theoretical
one for a given parent ion size.

Figures 5(a) and 5(b) also present the theoretical results obtained by Bastida et al. [40]
for n¼ 3–4. Their simulation uses the same kind of potential-energy surfaces (without
including the SO interaction) as in our method, and a different approach to model
the dynamics of the ionized argon clusters, namely the mean-field approach. Their
results are very close to the experimental ones, but it cannot be checked whether they
would reproduce the experimental oscillations since they were restricted to n¼ 3–4. A
recent study [54] limited to the trimer and using the same approach gives 24% and
27% of Arþ fragments without and with SO interaction, respectively, which is closer
to our results. The difference with the results of Bastida et al. must originate from
different input potential curves. We also note that including the SO interaction
would certainly alter the fragment abundances obtained by Bastida et al. This interac-
tion has a significant effect on small clusters, as can be seen in figure 5: the Arþ

abundance is doubled when the SO interaction is taken into account in the dynamics
of (Arþ2 )

�. Inclusion of the SO interaction in the (Arþ3 )
� dynamics increases the Arþ

fragment proportion by about 30%. It also suppresses the production of Arþ3 , which
originated from the existence of a potential well in the neutral trimer Franck–
Condon region for one of the (Arþ3 )

� electronic states. However, the SO interaction
does not change the theoretical results for n� 6, which justifies neglecting it for
larger clusters (n� 10).

4.2 Fragmentation of the (Kr1n )
� parent ions

We now turn to the comparison of the results of the calculations [43] with the experi-
ments introduced and discussed in section 3 [46] for krypton clusters. As discussed
in [46], both theory and experiment reveal extensive fragmentation and they agree
on the minimum parent ion size for the appearance of the trimer ion channel. This is
demonstrated in figure 6, where the fragmentation probabilities for the trimer ion fn3
and the sum of that for the monomer and the dimer ion fn1 þ fn2 are plotted as a func-
tion of the initial cluster size n. The figure also contains the results without spin–orbit
interaction. While the results for the larger clusters do not differ very much from those
with spin–orbit interaction included, there is a pronounced difference for the trimer.
An appreciable fraction of Krþ3 originates from the existence of a minimum in one
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of the electronic states close to the equilibrium configuration of neutral Kr3, which
disappears when the spin–orbit interaction is included [43] in agreement with
experiment.

However, if we look at the direct comparison of the fragmentation probabilities
fn1 and fn2 into the monomer and the dimer ion channels, the agreement is less good.
There is a qualitative agreement in the sense that the abundance in Krþ decreases
while the abundances in Krþ2 and Krþ3 increase with parent ion size. On the other
hand, the calculations predict that 50% of the dimers fragment to Krþ monomers
upon ionization, and this fraction drops rapidly with increasing neutral cluster size.
For n > 4, the calculated probability of observing the Krþ monomer ion is always
less than 20%, whereas the experimental value remains close to 90% up to n¼ 7, the
largest neutral size studied. Similar discrepancies occur for the fragmentation probabil-
ities fn2 to the dimer ion. Here the calculated values increase from 49% for n¼ 2 to a
maximum at 84% for n¼ 6 and then drop again to 63% for n¼ 9, while the experi-
mental values oscillate between 2.7% and 6.3%. There is good agreement between
experiment and theory as for the strong fragmentation into monomer and dimers
ions, but the main disagreement is specifically the branching ratio between monomer
and dimer ions.

We note that including the spin–orbit interaction in the calculation significantly
increases the fragmentation to the Krþ monomer for n¼ 2 and 3. This effect is
masked in figure 6 by the simultaneous decrease of the fragmentation
probability to dimer ions. Given that the effects of spin–orbit excitation double the
calculated probability of obtaining Krþ monomer ions from ionization of the
neutral dimer, it may be worth further exploring the details of the excitation cross-
sections to spin–orbit excited states to improve the agreement between experiment
and theory.
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Figure 6. Comparison of measured [46] and calculated [43] fragmentation probabilities of fn1 þ fn2 and fn3
for Krn, n¼ 2–9. Experiment: closed symbols, calculation: open symbols, circles without and squares with
spin–orbit interactions.
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4.3 Secondary ionization of neutral fragments

The partial disagreement of the experimental and theoretical results can have very
diverse origins. On the one hand, the calculations might have neglected contributions
which turned out to be important. On the other hand, the experimental results might
not be exactly what is calculated. A possible contribution to this latter case is the
fact that in the ion source neutral fragments which originate from the fragmentation
process are ionized and increase the corresponding signal. The calculations demonstrate
that for each neutral cluster size, aside from the ionic fragments, also about n� 2
neutral monomer fragments are generated. Provided that these fragment atoms are
also ionized by the electrons of the ion source, the intensity of the monomer ions will
increase appreciably. This correction is simple in the case of the Arn clusters, since
the main results have been obtained by the velocity selector method (1). We have
evaluated this correction by assuming that all neutral monomers are ionized. The
result is displayed in figure 7. The agreement is much better: the qualitative behaviour
of the theoretical and experimental curves is the same and the oscillations are damped;
the quantitative behaviour is also very satisfactory for all cluster sizes. Analysis of the
simulations also revealed that the fragmentation dynamics occur on the picosecond
time scale (see section 5.1.1) and that the vast majority of neutral fragments are mono-
mers. Given the microsecond flight time of the clusters in the ionization region, it is thus
plausible that neutral monomer fragments are ionized which tends to confirm our
hypothesis.

The case of the krypton clusters is more complicated. The main difference is
that already the result for the dimer, which agreed in the argon case, exhibits
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Figure 7. Comparison of measured [14, 45] and calculated [44] fragmentation probabilities for Arn,
n¼ 2–11. Experiment, corrected for secondary ionization of monomer fragments: closed symbols;
calculations: open symbols.
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large discrepancies. Since we do not expect any corrections of the secondary ionization
for the dimer, the main reason for the general discrepancy should be a different one.
Nevertheless we applied this correction also to the krypton clusters. In this case the
TOF method (2) was used in the experiment. Here both the total intensities S1 and
the Xn1 values of the time-of-flight distributions are affected and have to be corrected.
A tentative correction of this effect was carried out and compared with theoretical
results for n � 11 and new calculations for larger cluster sizes. The results are presented
in figure 8. This correction leads indeed to a drastic decrease of the monomer ion
contribution, especially for the larger clusters. The qualitative behaviour of the
experimental and theoretical curves for n � 7, which is the largest size experimentally
investigated, is similar. The abundance of Krþ decreases while the amount of Krþ2
and Krþ3 increases with growing parent size. But the deviations in absolute values are
still large. Note that Janec̆ek et al. [54] also obtain a small proportion of Krþ fragments
(24%) in their DIMþmean field study of Kr3 ionization. It appears that if the
discrepancy which already occurs for the dimer parent ion is understood and removed,
the agreement in all three channels would be appreciably improved.

5. Theoretical comparison of the ðNe1n Þ
�, ðAr1n Þ

� and ðKr1n Þ
� fragmentation

The comparison with experiment has validated the results of the simulation. In particu-
lar, extensive fragmentation of parent ions is found with no trimer fragment for n<5.
We can now turn to a more detailed analysis of the results of the simulation, which can
be extended not only to cluster sizes n>9 but also to other rare-gas clusters like the
neon ones which have not yet been experimentally studied. We compare in this section
the theoretical results obtained for neon, argon and krypton clusters (n¼ 2–14). Unless
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Figure 8. Theoretical (solid curves) and experimental (dashed curves) [46] fragment abundances (%) as
a function of the initial cluster size (n¼ 2–13): Krþ (circles), Krþ2 (squares) and Krþ3 (upward triangles). The
experimental results are corrected for secondary ionization of neutral monomer fragments. The theoretical
results are derived from [43] for n � 11 and unpublished results for n¼ 12 and n¼ 13.
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otherwise specified, the symbol Rg will refer to all the studied clusters, i.e. neon (Ne),
argon (Ar) and krypton (Kr) clusters.

Figure 9 presents the Rgþ, Rgþ2 , Rgþ3 and Rgþ4 fragment abundances following
electron-impact ionization of Rgn clusters (n¼ 2–14). Larger Rgþp (p � 5) fragments
are also produced but their contribution never exceeds 1–2% for all the neutral cluster
sizes examined here. For instance, the fragmentation of (Arþ13Þ

� leads to 2:0� 0:5%
of Arþ5 and the fragmentation of (Krþ13Þ

� leads to 1:4� 0:4% of Krþ5 and some larger
fragments. The present work is focused on the smaller ionic fragments (n � 4).

The results presented in figure 9 demonstrate that the fragmentation of ionized
rare-gas clusters is extensive for all rare gases: the size of the fragments is much smaller
than that of the parent ions. Figure 9(b) also reveals that Rgþ2 are the most abundant
fragments in most cases. (Arþ13Þ

�, (Krþ12Þ
� and (Krþ13Þ

� are the only parent ions whose
fragmentation preferentially leads to the ionic trimer rather than to the ionic dimer
(see figure 9(b) and figure 9(c)).

The fragment proportion curves exhibit the same trends for all the rare gases.
The proportion of Rgþ steadily decreases to zero (or almost zero) for n¼ 9
(see figure 9(a)). The proportion of Rgþ2 starts increasing, reaches a maximum (n¼ 9

Figure 9. Theoretical abundance (%) of the (a) Rgþ, (b) Rgþ2 , (c) Rgþ3 and (d) Rgþ4 fragments following
electron-impact ionization of neon (circles), argon (squares) and krypton (diamonds) clusters, as a function
of the initial cluster size (n¼ 2–14). These results are obtained from a 100 ps mixed quantum–classical
propagation, neglecting (solid curves) or including (dashed curves) the SO interaction. Statistical uncertainties
are only specified when they exceed the size of the plotting symbols.
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for neon clusters and n¼ 6 for argon and krypton clusters), and then decreases
(see figure 9(b)). Moreover, the increase in neutral cluster size leads to the stabilization
of larger fragments. The proportions of Rgþ3 and Rgþ4 monotonically grow with parent
ion size, except for the particular case of (Krþ13Þ

� (see figure 9(c) and figure 9(d)),
which might indicate that Krþ3 proportion has reached its maximum for n¼ 12.
The proportion of trimer fragment ions starts being significant (�0.5%) for n¼ 9, 6
and 5 for neon, argon and krypton clusters, respectively. Heavier rare gases tend to
give larger fragments, the main difference being between neon and the other
rare gases (krypton and argon). This propensity can be accounted for
by considering the relative binding energies of the rare-gas clusters. Although the
Krþ2 potential energy well (De(Krþ2 )¼ 11006 cm�1) is shallower than the Arþ2 one
(De(Arþ2 )¼ 11236 cm�1), which is itself shallower than the Neþ2 one (De(Neþ2 )¼
12162 cm�1) [42–44, 58], the dissociation energy of additional atoms is in the reverse
order, certainly because of the larger polarizability of the heavier rare gases. Since
the fragmentation process occurs most often by the loss of neutral monomers, it relaxes
more energy at each step for the heavier rare gases, therefore leading to larger final
fragments.

5.1 Characteristic times of the dynamics

In this section we present characteristic times of the fragmentation dynamics following
electron-impact ionization of neon, argon and krypton clusters obtained from the
simulation. In addition to characterizing the fragmentation dynamics, these predicted
times give indications on the mechanism of the process. An experimental determination
would be very interesting in order to confirm the validity of the predictions.

Figure 10 presents the time evolution of intermediate-species abundances during the
fragmentation process of (Neþ9 Þ

�, (Arþ9 Þ
� and (Krþ9 Þ

�. The fragmentation is clearly
sequential: the octamer peak occurs before the heptamer peak, which occurs before
the hexamer peak, etc. until obtaining stable fragments, i.e. mainly Neþ2 for neon
clusters, Rgþ2 and Rgþ3 for argon and krypton clusters. This result is general for all the
studied cluster sizes. Although final fragment proportions are nearly converged after
10 ps in the case of neon clusters, it takes much more time for argon and krypton clusters
to reach convergence. This will be discussed in section 5.1.2. However, all the parent ions
fragment rapidly. Section 5.1.1 presents their lifetimes and analyses the factors governing
them. It is seen that the evolution with parent ion size is not always monotonic. A new
theoretical interpretation is presented, showing that this modulation can be related to
the equilibrium configuration symmetry of the initial neutral cluster, and that the
importance of this modulation depends on the zero-point energy.

5.1.1 Parent ion lifetimes. The lifetimes of the parent ions are determined by fitting
their disappearance curves (like those presented in figure 10 for ionic nonamers) to
a simple analytical exponential form

fðtÞ ¼ 100 exp
�ðt� t0Þ

�

� �
ð6Þ
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where � is the parent ion lifetime and t0 the time delay for the first atoms to reach the
fragmentation distance (fixed to 8, 11 and 11.5 Å for neon [42], argon [44] and krypton
[43] clusters respectively).

The resulting parent ion lifetimes are presented in figure 11. They become longer as
the rare-gas mass increases. The fragmentation of the argon parent ions is about 1.5 to 2
times slower than for neon clusters and 1.3 to 2.3 times faster than for krypton clusters.

Figure 10. Time-dependent evolution of intermediate-species abundances during the fragmentation process
of (a) (Neþ9 Þ

�, (b) (Arþ9 Þ
� and (c) (Krþ9 Þ

�. (The SO interaction is not included.) Plot (a) is reproduced from [42],
figure 7, and plot (c) from [43], figure 4, with permission.
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Moreover, the (Neþn Þ
� lifetime decreases monotonically with increasing parent ion size.

Adding one atom to a cluster increases by 3 the number of coupled electronic states,
which accelerates electronic relaxation and leads to faster fragmentation. However,
for argon and krypton clusters the lifetime decreases down to a minimum for n¼ 10
and n¼ 8 respectively, but with some singular points, and n¼ 13 is a clear maximum
for krypton.

To understand the origin of this effect, first note that (Krþ4 Þ
�, (Krþ6 Þ

�, (Krþ8 Þ
� and

(Krþ13Þ
� are special points on the parent ion lifetime curve in figure 11: (Krþ4 Þ

� is the
first maximum of the curve, (Krþ6 Þ

� is a local maximum, (Krþ8 Þ
� corresponds to the

minimum of the curve and (Krþ13Þ
� is a second maximum. A longer lifetime indicates

a smaller number of coupled electronic states at the beginning of the dynamics.
Because the zero-point energy (ZPE) is very small for neutral krypton clusters [43,
66], vertical ionization prepares the corresponding ions in a configuration close to
the most stable configuration of the neutral cluster. The energy spectrum of the
(Krþn Þ

� parent ions electronic states for these configurations is presented in figure 12.
It is strongly influenced by the symmetry of the neutral cluster configuration: the
higher the symmetry of the neutral cluster structure, the larger the number of degenera-
cies in the ion electronic states. This can result in a small number of distinct energies,
each one corresponding to a number of degenerate electronic states. Because of large
energy separations these groups of electronic states are only weakly coupled to each
other, resulting in a longer lifetime. This is the case for the lifetime maxima observed:
(Krþ4 Þ

� has tetrahedral symmetry (Td), and its 12 states group into five distinct energies;
(Krþ6 Þ

� has octahedral symmetry (Oh), and its 18 states also group into five distinct
energies; and (Krþ13Þ

� has icosahedral symmetry (Ih) and its 39 states group into 11
distinct energies. On the other hand, (Krþ8 Þ

� which corresponds to the minimum
of the lifetime curve only has Cs symmetry (reflection through the plane orthogonal
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Figure 11. Parent ion lifetimes of (Neþn Þ
� (circles), (Arþn Þ

� (squares) and (Krþn Þ
� (diamonds) as a function of

their size (3 � n � 14). Lifetimes when neglecting (solid curves) or including (dashed curves) the SO interac-
tion are both presented. Statistical uncertainties are only specified when they exceed the size of plotting
symbols. No lifetime was determined for trimers in the calculations that neglect spin–orbit couplings since
the coexistence of the two A0 and A00 symmetry classes would have required the determination of a lifetime for
each of them.
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to the main axis of the cluster). The fragmentation efficiency of the parent ions
therefore strongly depends on the configuration of initial neutral clusters.

When the SO interaction is included, the (Krþ8 Þ
� lifetime still corresponds to a

minimum but no specific behaviour is visible for (Krþ4 Þ
� nor (Krþ6 Þ

�. The inclusion
of the relativistic correction removes some degeneracies: in the case of (Krþ6 Þ

� the
number of distinct energies changes from five (from 18 states) to 12 over the 18
a priori possible values (doubly degenerated energy levels). The same is true for
(Krþ4 Þ

�: eight distinct energies over the 12 a priori possible values (12 doubly degener-
ated energy levels), compared to five distinct energies (from 12 states) when the SO
interaction is neglected. Including the SO interaction therefore makes the fragmentation
of the highly symmetric parent ions more efficient by lifting the degeneracy between
their electronic states. With more distinct electronic states, which are on average
closer to each other, non-adiabatic couplings are stronger and hence electronic relaxa-
tion is more efficient. A faster electronic relaxation brings more energy to the nuclear
coordinates and fragmentation is faster.

This influence of the symmetry of the neutral precursor is not seen for neon and
argon, even though all the neutral rare-gas clusters have the same equilibrium config-
uration. This is due to the effect of the neutral cluster ZPE, which determines the initial
conditions for the ionic cluster dynamics. Initial conditions are determined by running
a classical trajectory for the neutral cluster with a total energy equal to its ZPE, and
assuming a vertical ionization at regular time intervals. In the krypton cluster case,
the ZPE is so weak (� 8% of the potential well) that the dynamics of ionized krypton
clusters starts very close from the most stable configuration of the neutral clusters.
Neon clusters have a high ZPE (� 40% of the potential well) and a light mass: therefore

n
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Figure 12. Potential energy spectrum of (Krþn Þ
� (n¼ 3–13) associated with the most stable configuration

of Krn clusters (the SO interaction is neglected). The symmetry group for each configuration is specified
at the top of the figure.
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the parent ion dynamics starts from configurations far from the most stable neutral
ones. For instance, the trimer (Neþ3 Þ

� starts from initial configurations ranging from
an equilateral triangle to a linear structure, whereas all the initial krypton trimer
configurations are very close to the equilateral triangle. As a consequence, no effect
of the initial neutral cluster symmetry can be seen on the (Neþn Þ

� lifetimes. Argon
clusters, with a ZPE around 15% of their potential well, are intermediate between
neon and krypton clusters. Some symmetry effects are still noticeable: a first maximum
for n¼ 4, a minimum for n¼ 10 and a second maximum for the icosahedral
structure (n¼ 13).

The inclusion of the SO interaction in the neon cluster dynamics leads to a systematic
albeit modest acceleration of the parent ion fragmentation for all sizes. This is not the
case for argon and krypton clusters, even though the SO splitting is about twice larger
for argon (�E ¼ 1431:5831 cm�1) than for neon (�E ¼ 780:424 cm�1) and four times
larger for krypton (�E ¼ 5370:1 cm�1) than for argon. This may be due to two compe-
titive effects. On the one hand the SO interaction, which is an additional coupling,
tends to speed up electronic relaxation and fragmentation, on the other hand the gap
between electronic states due to the SO splitting tends to slow down the relaxation.
This would explain why only the highly symmetrical krypton clusters (n¼ 4 and
n¼ 6) have their lifetimes shortened upon inclusion of the SO interaction.

Based on our results, we can predict that the lifetime of the larger krypton parent ions
corresponding to highly symmetric configurations of the neutral cluster will be longer
than that of similar size clusters. The same behaviour should be even enhanced for
heavier rare-gas clusters like xenon, which have a still smaller ZPE.

5.1.2 Fragment stabilization time. We now turn to another characteristic time of the
fragmentation dynamics of rare-gas clusters, the time needed to reach stable fragments,
and therefore complete the dynamics. The time tform needed to stabilize Rgþ2 fragments
coming from the electron-impact ionization of Rg4, Rg6, and Rg8 are reported in
table 3. tform is obtained by fitting the Rgþ2 appearance curve to an exponential function

gðtÞ ¼ A 1� exp
�ðt� t0Þ

tform

� �� �
ð7Þ

where A is fixed to the asymptotic Rgþ2 abundance and t0 is the time delay for
the appearance of the first fragment. Also reported in table 3 are the values for
tstabðX%Þ, the time needed to stabilize ð100� XÞ% of Rgþ2 fragments (rounded off to
the picosecond).

The most striking result is the change in time scales between neon, argon, and
krypton clusters. The production of Rgþ2 fragments is two to three times slower for
argon than for neon and three to five times slower for krypton than for neon as
shown by the tform values. The stabilization time also depends on the initial cluster
size: the larger the cluster, the slower the dynamics. This behaviour contrasts with
that of the parent ion lifetimes, which decrease with increasing parent ion size for
neon clusters and exhibit a minimum for argon (n¼ 10) and krypton (n¼ 8) clusters.
Hence the fragment stabilization dynamics primarily slows down with cluster size,
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whereas this size dependence is inverted and modulated by the initial neutral cluster
symmetry (particularly visible on krypton clusters) for parent ion fragmentation.
This can be understood as follows. The increased number of coupled electronic states
with parent ion size accelerates electronic state relaxation: the closer the electronic
states, the larger the non-adiabatic couplings, hence the faster the electronic relaxation.
This explains why the parent ion lifetimes tend to decrease with size. This first
electronic relaxation step was shown to be complete in about 1 ps for neon clusters
[42]. Thereafter all the dynamics occurs on the ground electronic state. Larger clusters
have more degrees of freedom, which makes it more difficult to find the exit channel
for fragmentation, hence the time required to reach stable fragments increases with
cluster size.

Two effects have thus been highlighted: (i) an increased parent ion relaxation and
fragmentation rate with cluster size due to the increased density of coupled electronic
states, this effect being modulated by the symmetry of the neutral precursors when
the ZPE is small; and (ii) a slower final fragmentation stage for larger clusters due to
the larger number of degrees of freedom. The inclusion of the SO interaction does
not affect these conclusions. Neon parent ions decay faster and lead to a faster
production of fragments (about one picosecond less) when including the relativistic
correction. For argon and krypton parent ions, fragmentation is faster only for the
tetramer (tetrahedral configuration). This is another manifestation of the two competi-
tive effects of the spin–orbit interaction: improvement of the relaxation efficiency
because of the additional couplings between electronic states and slowing down of
the relaxation due to the large SO splitting.

Table 3. Stabilization time tstab and time constant tform in picoseconds for the most abundant fragment,
i.e., Rgþ2 , coming from the ionization of Rg4, Rg6 and Rg8 clusters. The upper and lower halves of the

table correspond to calculations neglecting and including the SO interaction, respectively.

Rgn tform tstab (2%) tstab (1%)

W Ne4 0.90� 0.03 5 6
I Ne6 1.10� 0.02 6 8
T Ne8 1.40� 0.02 8 11
H
O Ar4 2.02� 0.07 10 14
U Ar6 2.76� 0.05 18 25
T Ar8 4.23� 0.05 30 39

S Kr4 2.89� 0.11 16 23
O Kr6 4.36� 0.10 30 41

Kr8 7.00� 0.27 45 66

Ne4 0.76� 0.03 4 5
Ne6 1.00� 0.02 6 7

W Ne8 1.31� 0.04 7 8
I
T Ar4 1.71� 0.05 9 11
H Ar6 2.70� 0.05 17 30

Ar8 4.16� 0.06 32 47
S
O Kr4 2.32� 0.10 11 14

Kr6 4.65� 0.08 30 53
Kr8 6.76� 0.30 51 60
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5.2 Fragmentation mechanism

We have seen in figure 10 of the preceding section that the fragmentation of ionized
rare-gas clusters is sequential, subjected to configurational and size effects. We now
turn to specify whether this fragmentation is rather evaporative or explosive. This
problem has been treated in former publications [42, 43] on neon and krypton clusters.
We generalize these results to the whole set of Rgþn clusters that we have studied.

The most abundant neutral fragments are by far the monomers. For instance, in
the case of (Neþ9 Þ

�, (Arþ9 Þ
� and (Krþ9 Þ

�, the abundance in neutral dimers and trimers
is only about 0.6%, 2.3% and 3.3% of the total number of atoms ejected during the
fragmentation, respectively. Figure 13 compares the mean number of fragmentation
events per trajectory to the mean number of fragmentation events characterizing
an atom by atom evaporation as a function of parent ion size. For all rare gases,
there are fewer fragmentation events than for a pure atom by atom evaporation.
Since most neutral fragments are monomers, this must be due to several atoms
departing during the same fragmentation event. The fragmentation therefore appears
explosive rather than evaporative.

Another argument confirms the rather explosive nature of the fragmentation of elec-
tron impact ionized rare-gas clusters. Figures 14(a) and 14(b) present the average
kinetic energy per degree of freedom available to the (Rgþn Þ

� parent ions and the average
kinetic energy available to the Rgþ2 fragments, respectively, as a function of cluster size.
The Rgþ2 available kinetic energy is much smaller than the total kinetic energy initially
available for the parent ions. For instance, there is about 1.5 eV (0.25 eV per degree
of freedom) of kinetic energy available for the parent ion (Krþ4 )

�, and about 0.5 eV
in the Krþ2 fragment, i.e. about 2=3 of the available kinetic energy (1 eV) has been
dissipated during the dissociation. However, the energy of the dimer fragments is
much larger than the parent ion energy per degree of freedom (see figure 14(a)) for
all cluster sizes. In an evaporative process the ionic subsystem would cool down by
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Figure 13. Comparison between the mean number of fragmentation events per trajectory (dashed curves)
and the number of fragmentation events characterizing an atom by atom evaporation (solid curves) as a
function of the parent ion size (n¼ 3–14) for neon (circles), argon (squares) and krypton (diamonds) clusters.
Only trajectories that have lead to stable fragments are taken into account and the SO interaction is neglected.
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atomic evaporation, i.e. the average kinetic energy per degree of freedom would
decrease for each departing atom. This is clearly not the case, which shows that the
internal energy does not have time to be redistributed over all the degrees of freedom.

We can also see in figure 14(a) that the available kinetic energy per degree of freedom
in the parent ions is not significantly modified by the inclusion of the SO interaction.

Figure 14. Kinetic energy per degree of freedom initially available for parent ion fragmentation (a), and for
Rgþ2 (b), and Rgþ3 fragments (c). Rg¼Ne (circles), Ar (squares), Kr (diamonds). The simulations neglected
(solid curves) or included (dashed curves) the SO interaction.
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This means that the average potential energies reached upon ionization are not affected
by this correction. Note that neon clusters always have more kinetic energy than
argon or krypton clusters. This is directly related to the vertical ionization process.
Franck–Condon excitation from the neutral configurations leads to ionized neon
clusters in the asymptotic regions of the electronic state curves because of the
differences in equilibrium distances between neutral and ionic clusters. In the case
of argon and krypton clusters the region reached upon ionization is less asymptotic
since the C4/R

4 asymptotic term of the Rgþ2 ion-dipole interaction is larger than
for neon.

We can also note that the inclusion of the SO interaction does not affect the results
obtained for argon clusters, except for n¼ 3, whereas this interaction has a significant
effect on krypton clusters. For n � 6, the Krþ2 fragment kinetic energy is weaker
with the SO correction than without. For larger clusters this tendency is reversed.
Since the SO interaction has little effect on the fragmentation rate of the (Krþn Þ

�

parent ions and on Krþ2 stabilization times (see section 5.1), finding a reason for this
behaviour is not obvious. When the SO interaction is included in the dynamics, the
number of electronic states changes from 3n to 6n. We can advance that doubling
the number of electronic states should provide a better energy relaxation. This effect
should be more important for the smallest clusters since they have a higher parent
ion internal energy per degree of freedom. However, it should also be true for argon
clusters and this is not the case. One reason could be that since fragmentation is
slower for krypton than for argon clusters (see figure 10 and table 3), this can provide
enough time to the system to improve its thermalization between two fragmentations.

Figure 14(c) presents the kinetic energy per degree of freedom available to Rgþ3 frag-
ments as a function of the parent ion size. No result concerning neon clusters is reported
because the Neþ3 fragments abundance is too small. The decrease in the kinetic energy
of Rgþ3 fragments with increasing parent ion size is due to the fact that larger parent
ions lose more atoms and consequently more kinetic energy to lead to triatomic
fragments. The kinetic energy of Arþ3 fragments is clearly smaller than that of Krþ3
fragments. This can originate from the energy difference between the minima of the
Rgþ3 and Rgþ2 ground state potential-energy curves (Rg¼Ar and Kr): it is about
0.18 eV for argon clusters [44] and 0.24 eV for krypton clusters [43]. This sets a limit
of 0.06 eV and 0.08 eV for the kinetic energy per degree of freedom of Arþ3 and Krþ3
respectively (a Rgþ3 fragment is considered stable when its internal energy is below
the classical minimum energy of Rgþ2 ). Krþ3 fragments can thus take away a kinetic
energy larger than that of Arþ3 fragments. Finally, the SO interaction has no relevant
effect on Rgþ3 kinetic energies. This observation shows that this interaction mainly
affects the Rgþ and Rgþ2 fragment abundances but has no significant effect on larger
fragments (see section 5.4).

5.3 Existence of long-lived trajectories

The fragment proportions presented in figure 9 do not sum up to 100%. This comes
from the existence of long-lived trajectories that reach the time limit, i.e. 100 ps, with
intermediate species that are still able to fragment. The proportion of these trajectories
is shown in figure 15 as a function of parent ion size (n¼ 2–14) for neon, argon
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and krypton clusters. The first remarkable feature is the sharp increase for n>7 and
n>6 for argon and krypton clusters respectively. For smaller clusters, these trajectories
contribute to at most 1% of the whole number of trajectories (except for the particular
case of n¼ 3 without SO coupling which was discussed above). The proportion of these
trajectories reaches 19:7� 1:2% for (Arþ13Þ

� and 41:4� 1:2% for (Krþ13Þ
�. For n � 7,

these trajectories correspond to (Rgþp Þ
� (p � n) intermediate species that evolve

on their ground electronic state with an internal energy above the dissociation limit.
We have checked for krypton clusters that hardly 5–10% of these long-lived trajectories
evolve in the attraction basin of an excited isomer (the attraction basin of a given isomer
is defined as the phase space region for which a local energy minimization leads to the
minimum energy of the isomer). The rest corresponds to trajectories that evolve in
the attraction basin of the most stable isomer of the intermediate species.
Proportions of (Rgþp Þ

� (Rg¼Ar and Kr, p � 3) excited intermediate species are
collected in table 4. These species are obtained after a 100 ps mixed quantum–classical
propagation of Rgn (n � 7) clusters ionized by electron impact. Their size increases
with the parent ion size and the mass of the rare gas considered. For instance,
from the 19.70% of long-lived trajectories coming from the ionization of Ar13, 30%
correspond to (Arþ3 Þ

� and 7% correspond to species with more than six atoms.
For Kr13 hardly 5% of long-lived trajectories correspond to (Krþ3 Þ

� and 27% corre-
spond to species with more than six atoms. Note that neon clusters are not examined
here because their long-lived trajectories proportion never exceeds 1.5% and their
study would thus not be statistically significant.

We can surmise that the existence of long-lived trajectories is related to the produc-
tion of larger fragments. Krþ3 fragments start appearing for n � 5 which coincides with
the increase in the amount of long-lived trajectories. This is also true for neon
and argon clusters: for Ne14, the abundance in Neþ3 fragment equals 6.17% and the
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Figure 15. Proportion of long-lived trajectories for neon (circles), argon (squares) and krypton (diamonds)
clusters as a function of the parent ion size (n¼ 2–14): after a 100 ps mixed quantum–classical propagation
(solid curves without and dashed-dotted curves with SO interaction), and after an additional 10 ns adiabatic
propagation on the ground electronic state of the system (dashed curves). Statistical uncertainties are only
specified when they exceed the size of plotting symbols.
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proportion of long-lived trajectories reaches 1.42%, which is quite close to the case of
Ar8 (5.75% of Arþ3 fragments and 1.42% of long-lived trajectories) and Kr7 (6.44% of
Krþ3 fragments and 1.96% of long-lived trajectories).

In order to get a better understanding of the role played by long-lived trajectories,
we have propagated them adiabatically on the ground electronic state during
an extra 1 and 10 nanoseconds. Arþp and Krþp fragment proportions obtained after
these additional propagations are reported in tables 5 and 6 respectively. After a

Table 4. Percentage of long-lived trajectories, i.e., trajectories for which unstable intermediate species
ðRgþp Þ

� still evolve after a 100 ps propagation, and relative abundances of the intermediate species at
t¼ 100 ps. These proportions are normalized to 100% and the SO interaction is not taken into account.

Rgn Long-lived trajectories (Rgþ3 )* ðRgþ4 Þ
�

ðRgþ5 Þ
�

ðRgþ6 Þ
�

ðRgþp Þ
� ( p� 7)

Ar7 1.06� 0.19 98 2 0 0 0
Ar8 1.42� 0.14 93 7 0 0 0
Ar9 2.72� 0.13 67 27 5 1 0
Ar10 5.72� 0.87 54 35 9 0 2
Ar11 7.31� 0.29 33 40 16 8 3
Ar12 13.73� 1.10 41 23 13 7 2
Ar13 19.70� 1.22 30 26 14 10 7

Kr7 1.96� 0.16 99 1 0 0 0
Kr8 3.00� 0.18 87 12 1 0 0
Kr9 5.19� 0.31 67 26 5 2 0
Kr10 8.82� 0.78 35 49 14 2 0
Kr11 14.01� 1.10 19 37 29 10 5
Kr12 24.80� 0.91 10 27 23 20 20
Kr13 41.37� 1.17 5 25 28 15 27

Table 5. Abundances in Arþp fragments (%) obtained after additional 1 and 10 ns adiabatic propagations
of the long-lived trajectories on the ground electronic state of the system. The last column gives the

proportion of trajectories that have not reached stable fragments at the end of the additional
propagation. The SO interaction is not taken into account.

Additional
propagation
time (ns) Arn Arþ2 Arþ3 Arþ4

Arþp
( p� 5)

Long-lived
trajectories

1 Ar7 66.04 1.89 0 0 32.08
Ar8 46.48 7.04 0 0 46.48
Ar9 43.38 16.91 4.41 0 35.29
Ar10 29.82 17.54 7.02 0 45.61
Ar11 16.44 23.29 5.48 4.11 50.68
Ar12 8.76 25.55 10.22 13.14 42.34
Ar13 7.65 15.82 12.76 12.75 51.02

10 Ar7 80.77 1.92 0 0 17.31
Ar8 69.23 7.69 0 0 23.08
Ar9 50.76 24.24 5.30 0 19.70
Ar10 45.61 24.56 8.77 0 21.05
Ar11 20.55 31.51 9.59 6.85 31.51
Ar12 10.22 34.31 12.41 16.79 26.28
Ar13 8.67 21.94 18.88 16.33 34.18
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10 ns propagation, the number of long-lived trajectories is on average a factor of two
smaller than after a 1 ns propagation.

Figure 16 presents Rgþ, Rgþ2 , Rgþ3 and Rgþ4 fragment abundances obtained after a
100 ps mixed quantum–classical propagation, followed by a 10 ns adiabatic propagation
when the dynamics was not completed at t¼ 100 ps. Abundances in ionic monomers are
not modified by the contribution of long-lived trajectories: these fragments come from
rather fast dissociations that occur when the dynamics involves a highly energetic
excited state [43, 44, 63]. Abundances in ionic dimers Rgþ2 (Rg¼Ar and Kr) change
very slightly when including long-lived trajectories, but the qualitative behaviour of
Rgþ2 proportion curves is not affected (see figure 16). The first relevant differences
appear for fragments with more than three atoms. In particular, figure 16(d) reveals
that the abundance in ionic tetramer Krþ4 is more than doubled for larger parent ion
sizes when the contribution of long-lived trajectories is included. These modifications
are limited to larger clusters and do not consequently affect the general trends deduced
from calculations performed during the first 100 ps, at least for fragments with less than
four atoms. Finally, these trajectories are certainly the manifestation of an
evaporative mechanism starting to take place in the dynamics of larger parent ions
on long time scales.

5.4 Effect of the spin–orbit interaction

The SO interaction is described using the semiempirical treatment by Cohen and
Schneider [60], which was illustrated on Xeþn clusters by Amarouche et al. [59].
The SO Hamiltonian is expressed as

ĤSO ¼ A ~L 	 ~S ð8Þ

Table 6. Abundances in Krþp fragments (%) obtained after additional 1 and 10 ns adiabatic propagations
of the long-lived trajectories on the ground electronic state of the system. The last column gives

the proportion of trajectories that have not reached stable fragments at the end of the
additional propagation. The SO interaction is not taken into account.

Additional
propagation
time (ns) Krn Krþ2 Krþ3 Krþ4

Krþp
( p� 5)

Long-lived
trajectories

1 Kr7 63.27 0 0 0 36.73
Kr8 45.64 5.37 1.34 0 47.65
Kr9 37.07 17.76 3.86 0.39 40.93
Kr10 21.59 27.27 7.95 2.27 40.91
Kr11 10.00 25.00 12.86 7.14 45.00
Kr12 4.86 12.96 10.93 14.57 56.68
Kr13 2.18 16.99 13.59 9.71 57.52

10 Kr7 81.52 1.09 0 0 17.39
Kr8 62.59 9.52 1.36 0 26.53
Kr9 46.80 23.60 4.80 0.40 24.40
Kr10 24.14 36.78 11.49 2.30 25.29
Kr11 14.39 28.78 18.71 10.07 28.06
Kr12 7.29 19.84 17.00 24.29 31.58
Kr13 2.43 19.67 18.93 16.50 42.48
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where A ¼ � 2
3�E, �E being the SO splitting between the 2P3=2 and 2P1=2 Rgþ states,

~L is the orbital angular momentum and ~S the electronic spin. The spin–orbit splitting
�E is equal to 780.424 cm�1, 1431.5831 cm�1 and 5370.1 cm�1 for neon, argon, and
krypton ionic monomers, respectively [58].

As can be seen in figure 9, the SO interaction does not affect the general trends of the
fragment proportions except for n¼ 3. In this case, the SO interaction couples the A0

and A00 states which are otherwise uncoupled (they could be coupled by overall rotation
but the calculations presented here are for zero total angular momentum). For argon
and krypton trimers, one of the A00 states has a well in the Franck–Condon region
for vertical ionization, which leads to metastable Rgþ3 (A

00) fragments in the absence
of SO coupling. These fragments no longer appear when A0 and A00 states are coupled.
Although the qualitative behaviour of the fragment proportion curves in figure 9 is
generally conserved, figure 9(a) and 9(b) show that the SO interaction favours the
formation of Rgþ fragments at the expense of Rgþ2 fragments and that the difference
decreases with parent ion size.

Figure 16. Theoretical abundance (%) in (a) Rgþ , (b) Rgþ2 , (c) Rgþ3 and (d) Rgþ4 fragments as a function
of the initial cluster size (n¼ 2–14). Solid curves correspond to results obtained after a 100 ps mixed
quantum–classical propagation for neon (circles), argon (squares) and krypton (diamonds) clusters.
Dashed curves correspond to proportions that take into account long-lived trajectories which have
fragmented after an additional 10 ns adiabatic propagation on the ground electronic state of the system.
Statistical uncertainties are only specified when they exceed the size of plotting symbols. The spin–orbit
coupling is neglected.
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As expected, the effect of the SO interaction increases with its magnitude. One reason
for this is based on the total energy distributions. They are presented in figure 17 for
(Neþ3 Þ

�, (Arþ3 Þ
� and (Krþ3 Þ

�, neglecting or including the SO interaction. Since the initial
conditions originate from vertical ionization of the neutral cluster, they correspond to
configurations close to the asymptotic region where the (Rgþn Þ

� states correlate to the
Rgþ(2P)þ (n� 1)Rg dissociation limit. Inclusion of the SO coupling splits the

Figure 17. Total energy distributions of (Neþ3 Þ
� (plots a and b), (Arþ3 Þ

� (plots c and d), (Krþ3 Þ
� (plots e and f)

when neglecting (left column) and including (right column) the SO interaction. The thick curves represent the
total energies for the most stable Rg3 configuration in the different electronic states of Rgþ3 . Plots (a) and (b)
are reproduced from [42], figure 6, and plots (e) and (f) from [43], figure 8, with permission.
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Rgþ(2P) level into 2P1=2 and 2P3=2, which creates two subsets of electronic states
correlating to the corresponding dissociation limits. The subset correlating with
the excited SO state induces initial conditions with a higher total energy on average.
This is particularly clear for Krþ, which has a SO splitting of 5370.1 cm�1 (see
figures 17(e) and (f)). Since the spin–orbit splitting is smaller than the Rgþ2 well
depth, even for krypton, transitions between SO states are efficient. Inclusion of the
SO coupling increases the number of trajectories with positive total energy, which are
the only ones that can lead to monomer fragments. Hence, the increased monomer frag-
ment proportion originates from energetic reasons. Potential energies corresponding to
the most stable configurations of the initial neutral cluster are also specified (thick lines)
in figure 17.

The SO interaction does not significantly affect Rgþp (p � 3) proportions
(see figures 9(c) and (d)). Rgþp (p � 3) fragments are mostly generated in trajectories
for which the system has relaxed to its ground electronic state: once the ground state
is reached, the SO interaction does not seem to influence the ability of the system
to find its way to stable fragments.

Finally, it is worth noting that the inclusion of the SO interaction in the dynamics
of krypton clusters quantitatively modifies the monomer and dimer proportions for
all cluster sizes investigated. This behaviour is not found for neon and argon clusters.
It is thus essential to take into account the SO interaction in order to simulate the
dynamics of krypton clusters and a fortiori the dynamics of heavier clusters like
xenon clusters.

6. Discussion of the comparison between theory and experiment

The comparison of the detailed calculations with the experimental results for Arn and
Krn clusters reveals that the general trends, severe fragmentation, the predominance
of the dimer and monomer ion channels, and the threshold for the appearance of
the trimer ion channel at n¼ 5 of the neutral precursor, are correctly predicted.
However, if we look at the details, especially at the relative amount of the dimer to
the monomer ion channel, some discrepancies appear. In the case of Arn, experiment
and theory are in good agreement. The experimental results for the smaller clusters
n¼ 2 and n¼ 3 are well reproduced in the simulation, and the dimer ion was primarily
the largest channel both in the calculation and in the experiment. The fluctuations of the
experiment, which do not show up in the calculations, are very probably due to experi-
mental uncertainties. Interestingly, the remaining discrepancies disappear when the
corrections of the secondary ionization of neutral monomer fragments is applied.
Although this is not a stringent proof, the results look very convincing.

For Krn clusters the situation is not as satisfactory as for the Arn case. Here the
calculations exhibit the predominance of the Krþ2 channel increasing from 50% to
80%, while the experiments present the monomer Krþ ion as main channel with
probabilities larger than 90%. The correction due to the secondary ionization of neutral
monomer fragments, which worked so well for Arn, does not really help, since the
problem occurs already for the dimer. The calculations in this case correctly predict
the evolution of the monomer fragment proportion as a function of the rare gas
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nature, with 35% for argon and 50% for krypton, but not the surprising dominance of
95% for Krþ.

Possible sources for this discrepancy have already been discussed [44, 46]. We
summarize them here and present new hypotheses. Let us briefly discuss first possible
errors of the experiment with respect to the calculations. Experimental errors caused
by finite resolution and data evaluation effects were estimated in [46] to be not larger
than 5%. Similar considerations hold for the influence of collisional dissociation
which would increase the amount of monomers. Estimations of the transferred
energy [46] and the addition of energy in the simulation [43] lead to the conclusion
that this effect is negligible. The effect of secondary ionization of neutral monomer frag-
ments has already been discussed. It decreases the amount of monomers, especially for
the larger clusters, but has no effect on the observed discrepancy for the dimer parent
ions.

A limitation of the calculation is apparently the time scale of the trajectories.
The time limit has been set to 100 ps in the mixed quantum–classical simulation,
and long-lived trajectories, i.e. trajectories which had not reached stable fragments
after 100 ps, were propagated classically for an additional 10 ns. In the experiment,
however, time scales in the order of ms are available for the ions on their way from
the ion source to the entrance of the quadrupole. This might lead to further
evaporative processes resulting in Krþ. However, for the smaller clusters (n<6 for
krypton, n<7 for argon, all the studied sizes for neon) almost all the trajectories
have reached stable fragments within the 100 ps time limit, which precludes any
further evaporation. For the larger clusters, the calculated ‘long-lived trajectories’
tend to lead to larger fragments than the ones reaching stable fragments within
the time limit of 100 ps. Therefore the long time scale of the experiment cannot
affect the monomer fraction, and in particular not the one coming from the
dimer ionization.

One possible source of errors in the simulation is the preference for downward
hops in the MDQT method: a number of upward transitions are forbidden by energy
conservation, and this is the main source of error compared with quantum simulations
[67–69]. This could result in an overestimation of the electronic relaxation rate, which
could lead to more violent kinetic energy relaxation in the initial steps of the fragmen-
tation. This would leave the ionic core with too small internal energy to further frag-
ment. However, this method gives good results for argon clusters, so it is difficult to
understand why this possible source of error would become important for krypton.
In addition, it could not explain the large amount of missing monomer fragments
for the smallest parent ions since the number of fragmentation steps is very small
for these sizes.

A possibility for increasing the calculated proportion of monomer ion fragments
would be the preferential population of electronically excited states of the parent
ions, in particular spin–orbit excited states. The smallest fragments mainly originate
from trajectories initiated in the highest electronic states [43, 44, 63], and the spin–
orbit excited states of the dimers all give monomer fragments by energy conservation.
In the simulation it is assumed that all electronic states of the parent ion Krþn are
equiprobably populated. However, larger clusters produce almost no monomer ions
even for trajectories starting on the highest electronic states: for instance, the highest
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electronic state of (Arþ9 )
� leads to less than 1% of Arþ. It is also not conceivable why

special states should be selected in the ionization process.
Another possibility to get a larger proportion of monomer fragments would be the

production of higher excited states in the ionization process. All the states that correlate
with Rgþ(2P3=2)þ (n� 1) Rg and Rgþ(2P1=2)þ (n� 1) Rg are included in the simulation.
The next higher states in energy are the electronic states that correlate with
Rgþ(2S)þ (n� 1)Rg (which correspond to a hole in the next higher s orbital).
They would certainly lead to more extensive fragmentation since they lie about
10 eV higher in energy. However, the electron-impact ionization cross-section of Rg
to Rgþ(2S) is about 15 to 30 times lower than that to Rgþ(2P) for incident electron
energies between 50 and 150 eV [70]. Assuming the same ratio for the ionization
cross-sections in the cluster, this could only add about 5% of monomer fragments at
most, which is far less than the difference between simulated and experimental results.

None of these possibilities appears to be effective enough to be responsible for the
large discrepancy which occurs already for the fragmentation of the neutral krypton
dimer Kr2. Thus we are left for the moment with the problem why krypton dimers
exhibit a larger fragmentation probability to monomer ions than argon dimers.

We suggest here several new hypotheses for mechanisms which could cause such
a difference. There is a possibility to increase the monomer fraction if the potential
energy curves for the dimer were different in the long-range part. If the majority of
the ionic dimer potential curves were repulsive in that region, or only very slightly
attractive, this would lead to an increased fragmentation, especially for the dimer.
Another possibility is that the excess energy in the ionization process is not completely
taken away by the electrons and a certain amount is left in the krypton clusters.
This would require the modelling of the ionization process itself. However in this
case we would have to understand why this is not true for argon clusters. A further
option is the internal temperature of the clusters as they are formed during the isentro-
pic expansion: for krypton clusters the condensation energy is a bit higher than for
argon clusters. This effect might lead to a higher temperature of the krypton clusters
and could lead to more dissociation.

7. Conclusion

We have reviewed the fragmentation of rare-gas clusters Rgn (2 � n � 14 and Rg¼Ne,
Ar and Kr) upon electron-impact ionization. The accent was put on the confrontation
of experimental and theoretical results. Therefore only experiments which size-selected
the neutral clusters prior to ionization were considered, as well as only the most realistic
simulations which included all the relevant electronic states of the ionic clusters and
their couplings.

The comparison of the experimental and theoretical results for the argon and
krypton clusters has revealed a very good agreement concerning the extensive character
of the fragmentation, and the tendency to form larger fragments as the size of the
neutral precursor increases. For argon clusters the agreement is quantitative, especially
if the possibility for secondary neutral monomer ionization is taken into account.
For krypton clusters there are some discrepancies concerning the monomer to dimer
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fragment ion proportion. Several possible reasons for this discrepancies have been
proposed and discussed.

After this validation of the simulation by comparison with the experimental results,
a more detailed analysis of the theoretical results has been presented, including results
for neon clusters for which no experimental results are yet available. This analysis has
provided some crucial information concerning the kinetics of the fragmentation process
and its mechanism. It was shown that fragmentation is very fast, on the timescale of
picoseconds, and that it is closer to an explosive rather than evaporative mechanism.
However, for the larger sizes of the argon and krypton clusters, some longer-lived
trajectories start appearing. Their existence, together with their propensity to favour
larger fragments, could indicate that an evaporative mechanism is starting to take
place in large clusters.

We have also shown new results that help rationalizing the evolution of the charac-
teristic lifetimes of the dynamics with parent ion size. The beginning of the dynamics
is dominated by electronic relaxation rate, which is directly related to the density of
coupled electronic states. Hence the parent ion lifetimes decrease on average with size
(each new atom brings three additional electronic states). This propensity is modulated
by the symmetry of the initial configuration, which results in groups of degenerate levels
with weak inter-group coupling because of energy separation. The effect is strongest
for krypton clusters for which the initial configuration of the parent ions is very
close to that of the neutral precursors at equilibrium because of their small ZPE.
Once electronic relaxation has taken place (about one picosecond), the second part
of the fragmentation dynamics takes place in the ground electronic state of the inter-
mediate species. In this second part, a larger number of degrees of freedom results
in a longer time to find the exit channel to dissociation and hence to reach stable
fragments.

We have characterized the fragmentation as explosive, rather than evaporative, based
on two arguments. One was the existence of a number of dissociative events correspond-
ing to the departure of more than one neutral atom. The other one was based on the
analysis of the available kinetic energy per degree of freedom, which showed that
even though a large energy was dissipated during the fragmentation dynamics,
the available kinetic energy per degree of freedom (‘internal temperature’) was higher
in the final products than in the parent ion.

It would be interesting to study larger clusters, both experimentally and theoretically,
to determine when the threshold for evaporative fragmentation is taking place. The
neutral n¼ 13 rare-gas cluster is a closed structure (icosahedron), but the resulting
core trimer ion is not completely surrounded by neighbours. It may take another
shell of rare-gas atoms in the neutral cluster to start seeing some important effects
of hindered dissociation, and hence energy relaxation within the cluster which can
lead to an evaporative mechanism.

It would also be interesting to obtain experimental results both for the lighter (neon)
and heavier (xenon) rare gases. Neon clusters are predicted to be the most extensively
fragmenting clusters. On the other hand, getting results on the xenon clusters
could help understanding why the monomer fragments are so predominant in the
krypton clusters. Preliminary results show that this is also the case for xenon
clusters [71].
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[37] J. J. Sáenz, J. M. Soler, and N. Garcı́a, Surf. Sci. 156, 121 (1985).
[38] P. Stampfli, Z. Phys. D 40, 345 (1997).
[39] P. J. Kuntz and J. J. Hogreve, J. Chem. Phys. 95, 156 (1991).

Fragmentation of rare-gas clusters ionized by electron impact 389

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
4
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



[40] A. Bastida, N. Halberstadt, J. A. Beswick, F. X. Gadéa, U. Buck, R. Galonska, and C. Lauenstein,
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